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Foreword 


N INTRODUCING to researchers in engineering the present volume of the TRANs- 
ACTIONS of The American Society of Mechanical Engineers, an explanation of the 
changes which have taken place in its physical appearance and its contents is due. 


CHANGE IN PUBLICATION POLICY 


A revision of the publication policy of the A.S.M.E. consummated in 1928 resulted in 
important changes in the TRANSACTIONS. Physically, the page size was increased to 
conform to that of the Society’s journal Mechanical Engineering. In order to bring the 
published papers of the Society more quickly to its members, and to bring to each 
member only the papers in which he had an interest, the old plan of publishing once a 
year a single volume, expensively bound and sent without charge to every member of 
the Society, was abandoned in favor of a radically different scheme. 

The new plan provides for the issuing in pamphlet form of groups of selected 
papers presented at meetings and other miscellaneous contributions. ‘These pamphlets, 
forming sections of the TRANSACTIONS, are issued periodically at the rate of about three a 
month, and each section is sponsored by one of the Society’s professional divisions. 

The new plan has made possible a change in the principles underlying the selection of 
papers for inclusion in the TRANSACTIONS. Under the old plan, publication was delayed 
by the custom of printing but once a year, and this delay, combined with the expense, 
limited the choice of papers to a relatively few which were considered to be of per- 
manent reference value. Much valuable material which could not be presented in the 
Society’s journal, Mechanical Engineering, was therefore excluded from publication. 

Under the new plan a member of the Society may register in any three professional 
divisions and may receive, without cost, the sections of the TRANSACTIONS which are 
sponsored by these divisions. The periodical publication of these sections in magazine 
form has a feature of timeliness which justifies the inclusion of papers of possible tem- 
porary interest. It also offers a medium for the printing of papers of specific interest to 
a single group of members without the cost of distribution to all. 

The new policy, combined with increased activity on the part of the professional 
divisions, has made available a much greater number of engineering papers, as may be 
judged by comparing volume 48 (1926) with its 38 papers and the present volume with 
its 257 papers. 


COMPLETE TRANSACTIONS FOR DEPOSITORIES AND LIBRARIES 


For permanent record and for reference use in libraries, and in the Society’s deposi- 
tories all over the world, a number of sets comprising all of the sections of TRANSACTIONS 
have been provided. When each section of the TRANSACTIONS was printed, extra 
impressions were laid aside, and these have been bound in the two books which form 
parts I and II of volume 49-50. 
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VoLUMES 49 AND 50 PUBLISHED TOGETHER AS VOLUME 49-50 


The valuable feature of a shorter time interval between the presentation of a paper 
and its publication under the new plan made it possible to publish the papers which 
would have comprised volumes 49 (1927) and 50 (1928) under the old plan simulta- 
neously during 1928 without delaying the appearance of the 1927 papers. (Under the 
old plan volume 49 would have appeared in book form in the summer of 1928.) 

The division of the complete TRANSACTIONS into two books known as parts I and II 
is for convenience in binding and does not differentiate volumes 49 and 50. No differ- 
entiation exists. The combined volume is known as volume 49-50 (1927-1928). In 
numbering the papers in accordance with the scheme outlined below, all papers are 
referred to as of volume 50. 


NUMBERING OF PAPERS AND ARRANGEMENT IN COMPLETE TRANSACTIONS 


The definite sponsorship of every paper by one of the professional divisions has led 
to the abandonment of the former system of numbering papers serially: The new 
system designates each paper by a symbol composed of key letters and significant num- 
bers. The letters refer to the section of TRANSACTIONS to which the paper is assigned. 
Thus AER refers to the Aeronautic section, IS to the Iron and Steel section, etc. The 
first number which follows the letters is the volume number, as volume 50, and the 
second is the serial number within the section of the paper in question. Thus FSP-50-3 
indicates that the paper so numbered is a part of the Fuels and Steam Power section 
of volume 50 of TRANSACTIONS, and is the third paper of that series. The arrangement 
of papers in the bound TRANSACTIONS is alphabetical by sections, and numerical within 
the section. All papers of the Management section, for instance, will be found to- 
gether in numerical order under the symbol MAN. 


How To USE THE INDEX 


In each of the two books forming parts I and II of volume 49-50 will be found a 
complete index to both parts of the volume so that either may be consulted. Reference 
to the individual items comprising the index is by paper number, explained above, the 
page number being included in parentheses. Thus MH-50-8 (15) means that the refer- 
ence is to be found in the Materials-Handling section, vol. 50, paper no. 8, page 15. In 
part I of the bound volume are all papers belonging to sections whose key letters are 
between AER and FSP, and in part II all those whose key letters are between HYD 
and WDI. 


CONCERNING BLANK PAGES 


In order to make the papers comprising the TRANSACTIONS available as reprints, it is 
necessary to print them so that the number of pages they contain is a multiple of four. 
This accounts for the blank pages which will be found scattered throughout the volume. 
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AER-50-1 


Progress in Aeronautics 
Contributed by the Aeronautics Division 


Executive Committee: Edwin E. Aldrin, Chairman, Alexander Klemin, Secretary, William 
Knight, Archibald Black, Elmer A. Sperry, and William F. Durand 


HE year has been marked by rapid growth in every phase 
I of aviation activity. The remarkable flights of Lind- 
bergh, Chamberlin, and Byrd were a testimonial to 
the reliability of the modern air-cooled engine, and to the value 
of such navigating instruments as the earth-inductor compass. 
They did not demonstrate the immediate possibility of regular 
transatlantic services. Rather the general impression remains 
that an immense amount of work is still to be done: in securing 
an adequate weather service for ocean pilots, far more complete 
that the spasmodic reports now received from surface craft; 
in constructing very large multi-engined seaplanes, capable of 
continuing flights with one or two engines out of commission 
and quite seaworthy after alighting; and in the improvement 
of methods of aerial navigation. But the flights did have the 
effect of focusing the attention of the entire country on aviation. 
The tremendous popular interest they aroused has had a most 
gratifying effect in stimulating air-transport operations, in the 
construction of a large number of airports (with the exception 
of New York, practically every city of importance has already 
established an airport), in increasing the sale of commercial 
craft of every description, and in the increase of flying instruction, 
air-taxi work, and every other form of aerial-service activity; 
and while technical developments have been steady and suc- 
cessful in many phases of the art, it is the remarkable develop- 
ments of commercial aviation that is the outstanding phenom- 
enon of the year. 


Power Puant! 


An interesting feature of the year has been the predominance 
of the air-cooled type of engine; only two water-cooled engines 
worthy of note have been brought out during the past twelve 
months, namely, a twelve-cylinder V-engine built by the Curtiss 
Aeroplane & Motor Company, and a_ twenty-four-cylinder 
X-engine built by the Packard Motor Car Company. 

The Curtiss engine has a displacement of approximately 
1550 cu. in. and is built both in direct and geared models. The 
weight of the geared model (Gv-1550) is approximately 840 lb. 
and that of the direct drive (V-1550) is 755 lb. With normal 
compression ratio the engine develops 600 hp. at 2400 r.p.m. 
By resorting to high compression and slightly increased r.p.m. 
the direct-drive engine can develop sufficient power to bring 
its weight rating to practically one pound per horsepower. This 
is a distinct advance for American engines, though it is believed 
that the racing Napier Lion and Fiat engines come well within 
the pound-per-horsepower class. 

The Packard twenty-four-cylinder X-engine is virtually 
two Packard 1500 engines, one upright and the other inverted, 
assembled to a common crankcase, having a displacement 
of 2775 cu. in. and developing approximately 1300 hp. and weigh- 
ing about 1475 lb. It is built for the Navy and passed its accep- 
tance tests in a very satisfactory manner. It is an exceptionally 
light and compact engine for its power rating. 

The Wright Whirlwind, a nine-cylinder air-cooled radial engine 
—the result of seven years’ development—rated at 225 hp. at 
2000 r.p.m., has been adopted as the standard training engine 


1 Prepared by Capt. T. E. Tillinghast, Chief, Power Plant 
Branch, Army Air Corps., Wright Field, Dayton, O. 


for both the Navy and the Army, and has contributed in no small 
amount to the success of such feasts as Lindbergh’s New York- 
to-Paris Flight, Byrd’s Transatlantic Flight, the San Francisco 
and Hawaii Flights, and Schlee and Brock’s attempted flight 
around the world. 

The Pratt & Whitney Wasp engine brought out last year is 
a nine-cylinder radial engine rated at 425 hp. at 1900 r.p.m., 
at normal compression ratio, weighing approximately 650 Ib. 
without accessories. It has been adopted as standard by the 
Navy for their single-seater fighters and for their two-seater 
observation planes for shipboard use. 

Both of these types of airplanes equipped with the Wasp 
have an all-around performance at least equal to, if not better 
than, that of the same types equipped with a water-covled 
engine of comparable horsepower. The excellent cooling qualities 
of the Wasp cylinder are amply demonstrated by its performance 
under supercharged conditions. Lt. C.C. Champion of the Navy 
flying the Wright Apache, equipped as a seaplane and powered 
with a supercharged Wasp, attained an officially recognized 
altitude of 37,995 ft., a new altitude record for seaplanes. 

In conjunction with the Navy the Pratt & Whitney Com- 
pany have designed and built a larger nine-cylinder radial 
of approximately 1700 cu. in. displacement, known as the 
Hornet, of which the Wasp was the prototype. This engine 
weighs about 750 lb. without starter and generator, and is rated 
conservatively at 525 hp. at 1900 r.p.m. It has passed all of 
its preliminary ground and air tests with great success, and 
the Navy has placed a substantial production order for the 
engines for a single-engine torpedoplane. 

The Wright Aeronautical Corporation have also developed 
for the Navy a nine-cylinder radial air-cooled engine of approxi- 
mately 1750 cu. in. displacement, known as the Wright Cyclone. 
This engine is rated conservatively at 525 hp. at 1900 r.p.m. 
and weighs approximately 795 lb. It has made an excellent 
showing on its preliminary tests. 

As a result of the promising results obtained with the air-cooled 
Liberty engine built for the Air Corps by the Allison Engineering 
Company, Indianapolis, Ind., the Wright Aeronautical Cor- 
poration have been encouraged by the Army to design a V 
air-cooled engine. The first engine of this type is now prac- 
tically completed and is expected to go on test shortly. It is 
an inverted V-engine having a displacement of approximately 
1456 cu. in., and designated as the V-1460. It is smaller than 
the air-cooled Liberty in overall dimensions and is estimated to 
develop 600 hp. at 2500 r.p.m., and to weigh 900 lb. 

The Curtiss Aeroplane & Motor Company are developing 
a very interesting air-cooled engine for the Air Corps, known 
as the Hex-1640. It is a double-row radial engine having 
twelve cylinders, with the cylinders in tandem instead of the 
conventional staggered arrangement. It has a displacement 
of approximately 1640 cu. in. and employs the air-cooled V 
method of cooling the cylinders. The first engine, weighing 
900 Ib. and developing 600 hp. at 2250 r.p.m., is now undergoing 
development tests. 

It will be seen in comparing the weights of the 525-hp. radial 
engines with those of the V and Hex types, that the radials 
are much lighter per cubic inch of displacement and slightly 
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lighter in weight per horsepower. There is, however, an excellent 
possibility of obtaining a greater displacement per minute in 
the V and Hex types by resorting to higher crankshaft speeds than 
would be safe in the radial, thereby obtaining weights per horse- 
power comparable to those of the radial types. It is also thought 
that due to the smaller frontal area the Hex and V types may 
have less resistance than the radial, and better fighting visi- 
bility. 

For the past few years the war surplus of Curtiss OX engines 
has been fast diminishing, and the need for some replacement 
for commercial service has encouraged many engineers to pro- 
duce air-cooled engines in this size. Brief mention of some 
of these engines follows. 

The Cam engine, built by the Fairchild Caminez Engine Cor- 
poration, has recently passed a very successful 50-hour test, 
developing 100 hp., and is being placed in regular commercial 
operation. It is a 4-cylinder engine with pistons acting directly 
on a cam, dispensing with the conventional crank and con- 
necting rods. This results in each of the four cylinders complet- 
ing its four-stroke cycle for one revolution of the crankshaft. 
The engine weighs approximately 340 lb. 

The Aeronautical Industries, Inc., of Detroit, Mich. have 
recently designed and built a small seven-cylinder radial air- 
cooled engine weighing approximately 275 lb. and developing 
110 hp. The engine has passed a very creditable 50-hour test 
at 110 hp. at 1800 r.p.m., and is undergoing flight tests at present. 

The Klamath Air Service Company, of Klamath Falls, Ore., 
are building the Bailey Bull’s Eye engine, a seven-cylinder, 
L-head, air-cooled radial developing 140 hp. at 1850 r.p.m. 
and weighing 325 lb. 

The Kinney Manufacturing Company, of Boston, Mass., 
are building the Kinney-Noble five-cylinder air-cooled radial 
which develops 75 hp. at 1800 r.p.m. and weighs 147 lb. An 
interesting feature of this design is its hydraulic valve gear. 

It is particularly gratifying to note that the many new engines 
built have been forced to undergo no laborious periods of testing 
and changes. Almost from their first layout on the board, their 
design, while not lacking in originality and improvements, 
has been consistent with good engineering practice, and the 
first model has acquitted itself remarkably well on test. This 
marks a new era in the art of aeronautical-engine design. 


AIRPLANE DESIGN AND CONSTRUCTION 


The airplane has for the time being reached a stage where 
progress is a matter of gradual evolution. American designers 
are constantly improving the structure and aerodynamics of 
their craft, but it is only in what might be called the subsidiary 
parts of the airplane that decided novelties may be noted. 
Some of these are: independent wheel brakes; hydraulic wheel 
brakes, as employed by the Curtiss Aeroplane & Motor Cor- 
poration; general use of oleo gear in application to the landing 
gear, and sometimes to the tail skid; differential aileron con- 
trol; balanced ailerons of the “Bristol Frise” type; adjustable 
seats with automatically compensating pedals; single-dual 
control for large two-pilot machines, duralumin tanks, nickel- 
plated and soldered. In the Loening Amphibians the adjustable 
stabilizer has been replaced by a “Bungee” system in which 
a spring adjustment on the elevator compensates for tail or 
nose heaviness. 

A number of new amphibian planes have been produced by 
constructors such as Sikorsky and Ireland, and this type of 
craft is now generally recognized as being of real commercial 
utility. 

Metal construction is now largely recognized as likely to re- 
place wood construction completely. American designers such 
as Charles Ward Hall, W. B. Stout, and others have carried 


metal construction to a high degree of excellence and to remark- 
able values of strength-weight ratio. Designers are now turning 
their attention to ease of production by the substitution of open 
tubes for closed tubes, the use of pressed sections and similar 
methods both for wing, spars, ribs, and pontoon and hull parts. 
Much attention has also successfully been given to the easy 
production of corrugated-metal covering and to riveting proc- 
esses. 

In commercial airplanes a great many new firms are engaging 
in the construction of small three-seater planes for aerial service 
work. These planes when equipped with the OX-5 engine are 
sold at prices around $2250, and are entering on a real production 
phase. Some factories are said to be producing and selling three 
planes a day of this type, which is a condition unprecedented 
in the airplane industry either here or abroad. A larger and 
more expensive commercial type is that of the five-seater, en- 
closed-cabin monoplane such as the Ryan, Fairchild, Bellanca, 
Stinson, etc., equipped with the Wright Whirlwind engine and 
selling at about $11,500. 

This type of plane has almost been standardized in the form 
of a braced monoplane, with pilot as well as passengers enclosed 
and with considerable attention given to interior finish and passen- 
ger accommodation. It is also being used for carrying mail on 
the feeder air lines. 

So many small commercial planes are now on the market that 
a statistical summary is impossible. The two following planes 
may, however, be taken as fairly representative of their types. 

Advance Aircraft, “Waco” biplane; pilot and two passengers; 
Curtiss OX-5 engine, 90 hp. at 1400 r.p.m.; overall length, 
23 ft. 5 in.; overall height, 9 ft. 3 in.; span, 31 ft. 7 in.; chord, 
62!/2 in.; area, 283.6 sq. ft.; weight empty, 1148.5 lb.; gas and 
oil, 254 lb.; useful load, 800 lb.; gross weight, 1948.5 lb.; high 
speed, 100 m.p.h.; landing speed, 36 m.p.h.; cruising speed, 
85 m.p.h.; cruising range, 3.7 hr.; climb to 1000 ft., 1 min. 48 sec.; 
useful load in per cent of gross weight, 41.67; weight per hp., 
21.64 lb.; weight per sq. ft., 6.87 lb. 

Fairchild FC-2 monoplane; pilot and four passengers; Wright 
Whirlwind engine, 200 hp. at 1800 r.p.m.; overall length, 
30 ft. 11 in.; overall height, 9 ft.; span, 44 ft.; chord, 7 ft.; area, 
290 sq. ft.; weight empty, 775 lb.; gas and oil, 560 lb.; useful 
load, 1425 lb.; gross weight, 3200 lb.; high speed, 120 m.p.h.; 
landing speed, 47.5 m.p.h.; cruising range 4.75 hr.; climb to 
10,000 ft., 25 min.; useful load in per cent of gross weight, 
44.53; weight per hp., 16 lb.; weight per sq. ft., 11 Ib. 

Particularly in Europe where passenger travel is much more 
common, the following problems in multi-engine design have been 
the subject of much discussion and some experimentation: 
namely, the heating and ventilating of passenger cabins, and the 
muffling of gas-engine exhausts and in general the decrease of 
noise. Preliminary reports in England indicate that a pusher- 
screw airplane can be made as efficient as one having a tractor 
screw. Such a design would be particularly interesting from the 
same point of view of noise elimination in the cabin. In the 
larger three-engine types the number designed and built has 
been small. Yet the multi-engined plane is considered by 
many constructors and operators an essential preliminary to 
the carrying of passengers. The Daniel Guggenheim Fund for 
the Promotion of Aeronautics has announced a plan whereby 
equipment loans will be made to a selected airline for the pur- 
chase of multi-engined passenger-carrying planes. 

That airplane speed has not yet reached its final value is 
demonstrated by the results of the Schneider Trophy race. The 
race, held in Venice on September 26, was won by Lt. S. N. 
Webster of the British Royal Air Force, flying the supermarine 
Napier S 5. The average speed over a course of 217.483 miles 
was 281.488 m.p.h. TheS 5, a twin-float, low-wing monoplane, 
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is powered with a twelve-cylinder Napier Lion engine with three 
banks of four cylinders each. The seaplane exemplifies the last 
word in aerodynamic refinement, with the engine cowling 
fairing into the fuselage, tail surfaces fairing into the rear part 
of the fuselage, wing-surface radiators, and a type of windshield 
which offers a minimum of resistance. A Gloster-Napier 
biplane actually attained a speed of 289.75 m.p.h. over one 
lap of the course. A comparison of the high speed of the winners 
of the Schneider Trophy race for various years brings out the 
interesting fact that from 1921 the high speed has increased 
approximately 30 m.p.h. each year. 

The only design of a radically novel character which has 
appeared during the year is that of the Focke-Wulf “Ente,” 
in which the horizontal tail surfaces are placed ahead of the wing. 
Apparently longitudinal stability has been secured, and the 
design offers two great advantages: (1) As the tail surfaces 
reach their maximum lift first, the craft cannot be readily stalled; 
and (2) the danger of nosing over is eliminated. 


AERODYNAMICS 


In aerodynamics, progress is a matter of completely inter- 
national character, and no developments can be regarded as 
belonging specifically to the United States. 

Perhaps the outstanding event of aerodynamic importance 
during the past year has been the announcement of the Daniel 
Guggenheim Safe Aircraft competition for the improvement of 
the aerodynamic safety characteristics of heavier-than-air 
craft. The carefully framed rules of the competition call for a 
plane capable of slow landing, short landing run, short get- 
away run, steep climb, with ability to land in restricted territory 
by aslow, steep glide, stability in varied flight conditions, and the 
avoidance of all danger of spinning at the “stall.” The com- 
petition is engaging the world-wide attention of designers and 
aerodynamicists, and is expected to forward the art con- 
siderably. 

As a means of achieving slow landings without sacrifice of 
the high-speed characteristics of the plane, a variety of high- 
lift-producing devices are being studied. These include the 
Handley Page front slot in conjunction with a rear slotted 
flap, which has now been developed so as to be automatic in 
action, the application of suction to the upper surface of the 
wing to prevent breaking away of the air flow at high angles of inci- 
dence, and the ejection of compressed air for the same purpose. 
German periodicals report several important investigations on 
the latter two methods. The removal of the boundary layer 
by suction has also been investigated by British and American 
laboratories. There seems little doubt that this method can 
be made to improve the flow at high incidence with the expen- 
diture of little power. 

The National Advisory Committee for Aeronautics has given 
much attention to the elucidation of scale effects, correlating 
work in the compressed-air tunnel with full-flight tests. 

The British have continued their studies of slot-and-flap 
ailerons and aileron control, and have definitely succeeded in 
securing lateral control effective at angles at or beyond the 
“stall.” The British Air Ministry has fitted this control to 
airplanes of various services, apparently with little reduction 
of maximum speed. 

American designers have given special attention to the use 
of constant-pressure wings with slightly-turned-up trailing 
edges, as a means of reducing structural weight and combining 
stability with good maneuverability. The results have not been 
as promising as was at first anticipated, because movement of 
the ailerons causes an appreciable displacement of the center 
of pressure. 

Designers have also sought to combine the two wings of a 


biplane with different center-of-pressure motions to secure a 
constant center of pressure for the entire cellule. 

Important British publications have appeared during the 
year dealing with the problem of spinning, which give promise 
of a complete understanding of its phenomena. At the National 
Physical Laboratory apparatus is being constructed which will 
allow the full representation of a spin in the wind tunnel. 

Investigations on wing flutter appear in the reports of several 
American and European laboratories. It has been found possible 
to reproduce every type of wing flutter by the construction 
of special models in the wind tunnel. To eliminate flutter it ap- 
pears desirable to design ailerons so that their center of gravity 
comes on the hinge and so that an appreciable part of their length 
comes inside the outer strut. A stiffer structure should also be 
of assistance in preventing flutter at anything but the highest 
speeds. 

A valuable addition to photographic studies of air flow has 
been made by the Aeronautical Research Institute of Tokyo. A 
wheel about two feet in diameter is accurately ground with highly 
polished facets on its circumference. The image to be photo- 
graphed is reflected by these polished surfaces to a cylinder 
on which the film is wound. By having the wheel and cylinder 
revolve in synchronism, with the cylinder at the same time 
moving along its axis, a new portion of film is continually pre- 
sented for the reflected picture. In this manner 20,000 exposures 
per second have been obtained. 


Atk TRANSPORT AND AERIAL SERVICE? 


In the Progress Report for 1926 it was stated that the air- 
transport industry in this country was then passing through a 
period of probation. 

Substantial results have now been accomplished in the build- 
ing up of traffic. The volume of mail, packages, and passengers 
has been increased by the constant pressure of the various opera- 
tors. One of the most substantial of the operators of scheduled 
routes is known to be making a comfortable profit, while several 
others are earning enough to cover actual costs. The outlook is 
excellent, and there is every reason to expect that many others 
will bring their accounts ‘out of the red’’ within the next year 
or so. Since the 1926 Report, however, some of the “weaker 
sisters” among the operating companies have been forced to 
suspend. 


TABLE 1 MILEAGE AND TRAFFIC STATISTICS FOR PRIVATELY 
OPERATED U. a FOR YEAR ENDING 


(Post Office Department figures.) 


Pounds Mail Miles 

of mail revenue! flown 
28,158 $78,072 189,457 
35,495 103,314 213,969 
37,823 109,488 215,686 
January, 1927 32,510 93,550 205,612 
March.. 42,111 121, 3,308 
46,132 133,733 248,109 
55,026 159,202 250,491 


1 This figure represents the amount paid to the contractor, not the sum 
received by the Post Office. 

Air-mail traffic has undergone constant development, the 
extent of which will be better appreciated by study of Table 1, 
based upon information furnished by Mr. C. C. Gove, Acting 
Assistant Postmaster-General. The carriage of express matter 
in cooperation with the American Railway Express Company 
has been in operation for only a few months, and the figures 


2Compiled by Archibald Black, Garden City, N. Y. Mem. 
A.S.M.E. 
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available to date on such traffic TABLE 2 
are of limited value. However, 
a report of the Department of 


STATISTICS ON SCHEDULED AIR-TRANSPORT ROUTES FOR SIX MONTHS ENDING 
JUNE 30, 1927 


(Figures from U. S. Department of Commerce.) 


: Miles flown, Mail Express 
Commerce (see Table 2) includes . scheduled Passengers carried, carried, Air-mail 
estionstes of the incidental trips (f) carried Ib. Ib. income 
ome adhe San Francisco-New York (a) (b) (x).... 913,031 none 212,976 none 
traffic in packages carried by ston (b) (x)... 88,048 none aés 
operators before the American M St. Louis: “Chicago 68,987 16,999 21,651 113:024-77 
i 43, 9 51,274 none 654. 
Railway Express contractsbecame Salt Lake City (a) 204.972 147 88.746 20 «266,235.93 
effective. Several of the routes M Salt Lake City- +1 eaael ‘ none 22,612 pone 67,838.63 
etroit-Clevelan none 26 894.30 
are now carrying passengers and M mone 364,099 20.85 
imi j eee 31 ,420 none ,374.89 
S limited volume of traffic is de- M_ Chicago-Minneapolis-St. Paul......... 8,32 none 11,418 none 31,400.70 
veloping in this field also, al- M Cleveland. Pittsburgh (e). 16,959 12874 none 14,020.87 
ueblo as 2, 2 ,606 none 6,819.4 
though the operators have con- M_ Pilottown-New Orleans 25,920 none 37,896 none 16,208.10 
hej 0,764 11 ,836 none ,200 .00 
centrated most of their efforts on Detroit-Grand Rapids................ 41/300 1,087 none 2,404 (e) 
the more lucrative fields of mail Louisville-Cleveland................+- 23,940 30 none 244 (e) 
and packages. reer rere 30,956 none none 10,105 (A) 
The amount of civil flying in 2,642,364 1,891 621,236 1,045,222 $773,280.95 
the United States has shown a Yearly rate on this basis.............. 5,284,728 3,782 1,242,472 2,090,444 $1,546,562.00 


steady increase in all branches, 
and a tremendous total mileage 
is now being accumulated. The hs 
report of the Assistant Secre- 
tary of Commerce for Aeronautics, 
covering the first six months of 
1927 and given in Table 3, 
indicates that regularly operated 
air routes in the United States are accumulating mileage at the 
rate of about 5,284,728 airplane-miles per year, without including 
their special trips and incidental flying. The operators of 
“aerial taxi” and similar services are now running at the rate 
of 18,746,640 airplane-miles per year, and the total operations 
of the two classes of service will reach the surprising sum of 24,755,- 
866 airplane-miles per year if assumed to continue at the same 
rate for the next six months. 

The most trustworthy estimates for European countries 
indicate that the combined operations of all regular air services 
on that continent in 1926 totaled about 9,316,509 airplane-miles 
during 1926. (These and cther figures are given in Table 4.) 
As very little civil flying is done in Europe apart from the opera- 
tion of scheduled subsidized services, it is reasonably safe to 
assume that the total of all civil flying there did not exceed 
about 12,000,000 airplane-miles in 1926. From a comparison 
with Table 3 it is thus evident that the aircraft operators in the 
United States are flying as much in six months as all of the 
operators on the entire continent of Europe fly in a whole year. 

The erroneous impression of European leadership in flying 
(which still persists in some quarters in the United States) 
may be due to the fact that European flying operations are based 
largely upon passenger transport. The visitor to Europe is 
therefore brought into more intimate contact with their activi- 
ties than he is with American services. 

The changes in air-transport equipment in the past year have 
been mainly along the lines of increased horsepower and greater 
carrying capacity, and in the very pronounced tendency to dis- 
card the converted war-surplus equipment in favor of modern 
designs. Air-cooled engines have become almost standard 
equipment in the operation of air routes, although many water- 
cooled engines are still in use among the “taxi” services. Indica- 
tions are that the remainder of the water-cooled engines will 
be retired and superseded by air-cooled models in the near 
future. 


Key: 
M Mail contract route. 


f 
this, hence the figures are low. 


AERIAL SURVEYING 


The Fairchild Aerial Surveys reports that technique has been 
developed for making a reasonably high-quality and reasonably 
accurate large-area map with a comparatively short-focal- 


a Government-operated service (now privately operated). 

Both day and night services operated (formerly Government, now contractor). 

d Private express and public mail. 

e Started only on April 21, 1927. 

Obviously additional mileage was flown on uncompleted trips but it is not possible to account for 


vernment-operated during the period covered. 
h Private express route, no mail contract; started March 28, 1927. 
x Has American Railway Express Company contract. 


TABLE 3 TOTAL FLYING IN THE UNITED STATES DURING 
FIRST SIX MONTHS OF 1927 
(Figures from U. S. Department of Commerce.) 


Miles flown Passengers (b) 


Scheduled flying by airway operators.. 2,642,364 1,891 

Miscellaneous flying by airway operators 362,249 8,305 

Flying by air-service operators, including 

aerial taxi and all other classes........ 9.373.320 (a) 385,450 (a) 

Contests, races, meets, etc.............. Unknown Unknown 
Year total on this basis of operations 24,755,866 791,292 


(a) Estimated. 
(6) Includes both those carried free and for hire. 


FLYING OPERATIONS ON AIR-TRANSPORT ROUTES 
F THE WORLD FOR 1926 SO FAR AS AVAILABLE 


(Scheduled services only.) 


Europe: Airplane-miles 
German-operated routes... 3,816,144! 
French-operated routes. . 3,243,900 


British-operated routes. . 
Dutch-operated routes. . 
Russian-operated routes 
Czechoslovakian- routes 
Danish-operated routes. . awk 

Other countries: 


1 All services suspended for 3 months due to financial difficulties. 
2 Incomplete figures. 
3 Including some non-scheduled flying. 


length lens used at a high altitude. This means that the map 
can be produced with very few negatives, and as the negative 
rather than the square mile is the unit of production and of 
cost of the aerial photographic map, a low-cost map is secured 
which will serve most purposes. 

Methods of calculating print scales in order to secure uniform 
accuracy both in short and long distances have been somewhat 
changed and materially improved, and this particular process 
cheapened. 

The copies of the master mosaic made up of prints from aerial 
negatives have been improved, with the result that the finished 
map made of prints from these copy negatives shows finer detail 
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and greater contrast, and is in every way more accurate, service- 
able, and durable than previously. 
A simple instrument has been originated and produced for 


platting the coverage on a map of obliquely taken pictures, com- ° 


monly called “obliques,” for determining the altitude and 
slope at which they should be taken and the proper map position 
of the airplane at the time of exposure. 

The Aerocartograph, an instrument of German manufacture, 
invented by Dr. Hugershoff, has been developed for the purpose 
of securing greater utilization of data in aerial photographs 
and specifically for the accurate measurement of the parallax 
of objects at different altitudes, so that high-quality photo- 
graphic maps may be made from the aerial negative with a 
minimum, if any, of field work in securing control elevations 
and distances. 

Brock and Weymouth, in the field of engineering mapping, 
report the development of new instruments of precision and 
special methods by which topographic maps of engineering scale 
and accuracy are derived largely from aerial photographs, which 
are caused to yield all of the details of elevation, contour, location, 
culture, etc. Recent developments in this field have been the 
extension of these special processes to new limits of scale, both 
large and small, and corresponding varieties of contour interval. 
The development of the process has involved the design and 
construction of some interesting machines or precision instru- 
ments with which, for example, measurements of photographic 
parallax are made to the thousandth of an inch or less. The 
development has been well justified by utilization in various 
branches of engineering, such as power and water supply, irriga- 
tion, drainage, canals, transmission lines, pipe lines, etc. 


DEPARTMENT OF COMMERCE, AERONAUTICS BRANCH 


Air Regulations as finally adopted and made effective on 
December 31, 1926, were the result of numerous conferences 
attended by representatives from every interested branch 
of aeronautics. They provided in detail for the licensing of 
pilots, mechanics, and aircraft. A medical director and about 
200 physicians and surgeons have been appointed to give the 
physical examination for pilots. Fifteen men have been given 
appointments as pilot, aircraft, and engine inspectors. This 
nucleus is expected to reach the number of fifty within a year. 
A limited number of airplanes have been purchased by the 
Department to facilitate travel by inspectors. By the end 
of June, 1927, the Division of Air Regulations was fairly well 
organized, although the pressure of licensing work is tremendous 
owing to the continual increase in the number of pilots and 
planes in the United States. 

The 1927 appropriation of $300,000 for air-navigation facili- 
ties was expended for the establishment of lighting facilities on 
1386 miles of airways. Five routes were included in this mileage, 
all operated by air-transport companies carrying mail on regular 
night schedules that made flight in darkness necessary at some 
time during operations. The routes were New York to Boston, 
St. Louis to Chicago, Dallas to Chicago, Salt Lake City to Pasco, 
and Los Angeles to Salt Lake City. Thirty-two lighted inter- 
mediate fields were placed on the five routes, and 107 airway 
lights were established. 

A radio equisignal range beacon for aircraft was established at 
Hadley Field, New Brunswick, N. J., and here experimental work 
has been conducted looking to the development of small airplane 
receivers suitable for single-pilot planes. Another radio beacon 
was installed on the transcontinental airway at Bellefonte, Pa. 

Safety of navigation requires that information regarding 
landing and weather conditions be made available to air pilots 
approaching terminal fields, as well as periodic information 
as to changes in barometric pressures at points of known elevation 


for adjustment of the altimeter while in flight. Installation 
of radio telephones to communicate information of this sort 
to aircraft is being planned. 

The Weather Bureau of the Department of Agriculture has 
established during the year, twenty-two new upper-air meteor- 
ological stations in addition to fifteen existing ones, many of 
which are located at airports. Weather data collected through- 
out the United States are transmitted to Weather Bureau offices 
twice daily, and forecasts of flying conditions are made available 
to pilots taking off at all terminal fields. A system of com- 
munication is being established under which the maintenance 
personnel on the airways will also furnish to the Weather Bureau 
forecasters information regarding local storms, fogs, and weather 
changes. 

The airways follow the best flying country between designated 
airports, and have been determined after aerial reconnaissance. 
Intermediate landing fields, averaging about forty acres in extent, 
have been located about thirty miles apart between airports. 

The airways are maintained under the general supervision of the 
Lighthouse District offices. Each airway is divided into 
sections, each section being in charge of an airway mechanician. 
For 4121 miles of lighted airways, 31 mechanicians and 161 
caretakers were required. 

Much was accomplished during the year in the improvement 
of airway apparatus and structures. The 24-in. rotating air- 
way beacon has been improved by the addition of a flashing 
mechanism for identifying lights, and the motor of the beacon 
is employed for the driving mechanism, thereby synchronizing 
the supplementary lights with the flash of the beacon. An 
improved and reliable lamp exchanger for the beacons has been 
developed commercially. 

Airways structures have been numbered on a mileage basis 
for identification of location with respect to the airway. This 
numbering system has been incorporated in the lighting system 
in order that the distinctive characteristics may locate the 
beacon for the pilot aloft. 

A flashing electric beacon using a 360-deg. Fresnel lens and 
top section showing from the horizon to the zenith, and so 
designed that equal candlepower is visible to the pilot approach- 
ing the light, is now being tried out on the Los Angeles-Salt 
Lake City airway. 

Astronomic clocks have been introduced for the control 
of automatic lights. 

Improvements have been made in the design of the internally 
lighted wind cone, making the device more reliable and eliminat- 
ing the slip rings carrying current to the lights. 


AtRcRAFT MATERIALS 


In the employment of aircraft materials, the problem of 
protecting duralumin against corrosion has been attracting much 
attention. The anodic treatment of duralumin is meeting with 
success. The Aluminum Company of America has developed 
the material “Alclad,” in which the duralumin is protected 
by an outer thin coating of pure aluminum for which corrosion 
need not be feared. In airplane fuselages for Army use there is 
a tendency to substitute chrome-molybdenum steel unheat- 
treated for the low-carbon steel used previously. Investigations 
are being made on the use of magnesium-alloy tubing and sheet 
for plane contruction. The B. F. Goodrich Company have 
developed a hard-rubber product termed ‘“‘Aeroboard,” suitable 
for use in hydroplane-float construction. The material ap- 
proaches wood from a weight-strength point of view, and eliminates 
soaking up of water. 


AERONAUTICAL ACTIVITIES OF THE NAVY 
Very satisfactory progress has been made in Naval aero- 
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nautical development during the past year. The Navy uses the fol- 
lowing five types of aircraft: fighters; observation planes; combined 
scout, torpedo, and bombing planes; patrol planes; and training 
planes. Some years ago the Navy Department initiated the 
development of a line of three air-cooled radial engines of 800, 
1300, and 1700 cu. in. displacement, corresponding respectively 
to 200, 425, and 525 hp. The 800-cu. in. engine is the Wright 
Whirlwind, which has been used so extensively in the last six 
years by the Navy and has recently come into such prominence 
in civil flying. The 1300-cu. in. engine is the Pratt & Whitney 
Wasp, which has recently established numerous world’s records 
and is now in quantity production. The 1700-cu.in. engine 
involves two models, the Pratt & Whitney Hornet, which is 
similar in design to the Wasp, and the Wright Cyclone. Both 
of these engines are now in the limited-production stage. This 
line of engines was developed with the idea that the Whirlwind 
would be employed in the training-plane class, the Wasp in the 
fast single-and two-seat fighting and observation airplanes, with 
the Cyclone and Hornet in the scout, torpedo, and bombing 
field as well as the patrol field. Simultaneously with the develop- 
ment of the engines the design and development of the air- 
planes has gone forward. Naval aircraft must not be inferior 
in performance to any shore-based aircraft, and they must meet 
certain other limitations. They must have low landing speed 
for use on carriers and as seaplanes in rough water. They must 
be convertible from landplanes to seaplanes to enable their 
being launched from catapults or received on the decks of carriers. 
The superior performance of the air-cooled engine makes it pos- 
sible to meet these requirements and still have superior aircraft. 
Aircraft of all the five classes have been thoroughly tested 
and have now gone into production. The Navy is now suc- 
cessfully using the Curtiss and Boeing single-seater shipboard 
fighters of high performance; the Vought Corsair two-seat 
observation airplane; the Loening amphibians; the Martin 
T4M; the Hornet engine in the combined scout, torpedo, 
and bombing area for single-engined airplanes; and the Dougias 
twin-engined torpedoplene around the Wright Cyclone. Direct 
and geared air-cooled engines are being rapidly installed in patrol 
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planes of the PN-type, replacing the water-cooled engines. 
The standard training plane employs the Wright Whirlwind. 

A commanding position in the matter of material is claimed. 
In case of war very large production around thoroughly proved 
and acceptable types of aircraft could be undertaken imme- 
diately. 


AIRSHIPS® 


The Aircraft Development Corporation of Detroit, during 
1927, erected its small hangar for construction of the -first ship 
MC-a. About 15 per cent of the ship is built. The general 
design and layout for a 1,250,000-cu. ft. military ship are com- 
pleted, but there is no order for it in sight until the first ship 
has been demonstrated. 

The Goodyear-Zeppelin Corporation has completed the gen- 
eral design for a 6,500,000-cu. ft. military-training airship of 
most promising performance, and is continuing research work; 
but the actual construction is awaiting the Government contract. 
Details and arrangements of this design are the private property 
of the Navy and Goodyear-Zeppelin, and cannot be made 
public. 

In England, the program of consistent research and the work 
of the Airworthiness of Airships Panel continues, and during 
the year has been supplemented by the test of a full-size section 
of the hull for one of the two 5,000,000-cu. ft. ships now under 
construction. Heavy-oil motors are being developed; and large 
hangers and mooring towers are being erected in Egypt, India, 
Australia, and Canada. 

Germany has regained its freedom to continue the remarkable 
work which Count Zeppelin started almost 30 years ago. A 
3,500,000-cu. ft. ship for Spanish-South American service is half 
completed, and it is the intention of the experienced firm 
building it to fly it around the world next year before it starts 
running on the first airship route in the history of transporta- 
tion. 

ALEXANDER KLEIN, Secretary. 


3 Compiled by G. Betancourt, Airship Development Corporation, 
Detroit, Mich. 
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Facilities for Research Work in Aeronautics 
in the United States 


Particulars Regarding Laboratories and Laboratory Equipment at New York University, 
Massachusetts Institute of Technology, University of Michigan, California Institute 
of Technology, and Stanford University 


The Daniel Guggenheim School of Aeronau- 
tics, New York University 


” 1921 the growing importance of aviation in military, naval, 
and commercial applications led to an investigation of its 
possibilities by the department of mechanical engineering of 
New York University. A course of lectures given to senior stu- 
dents in mechanical engineering during the academic year 1921— 
1922 aroused notable interest. 

The generosity and far-sightedness of Mr. Daniel Guggen- 
heim quickly made possible the realization of plans for a perma- 
nent endowment of the aeronautical work. In a letter to the 
Chancellor of the University, dated June 12, 1925, Mr. Guggen- 
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York UNIVERSITY 


heim signified his intention of endowing the Daniel Guggenheim 
School of Aeronautics with a munificent gift of $500,000. 

The undergraduate courses in aeronautical engineering at 
New York University are open to juniors and seniors in the 
Mechanical Engineering School, and lead to a B.S. degree in 
M.E. A one-year graduate course leads to the degree of A.E. 
(Aeronautical Engineer). The specialized course in aeronautics 
includes such subjects as aerodynamics, theory and practice of 
design—which includes complete specifications, drawings, and 
stress analysis for a plane, propeller theory and design, materials 
and methods of aircraft construction, elements of navigation, air- 
craft instruments and meteorology, airplane engines, advanced 
aerodynamics, dynamics of aircraft, and air transport. 


LaBoraTory FAcI.ities 


The School of Aeronautics, Fig. 1, is housed in a two-story build- 
ing 85 ft. by 120 ft., containing a large drafting room, two other 
class rooms, three offices, an experimental room, a calculating 
room, a room for the Air Corps division of the R.O.T.C., a large ex- 
perimental laboratory, and a completely equipped machine shop. 


The rear extension of the building houses the new wind-tunnel 
room, 50 ft. by 95 ft., and the motor room. The wind tunnel 
is of the Witoszynski type with double returns. The working 


Fig. 3 Prope.tter Enp or 9-Fr. TuNNEL, New York UNIVERSITY 
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section, which is removable, is octagonal, and 9 ft. in diameter. 
The propeller is 13 ft. 8 in. in diameter, of cast aluminum alloy 
with a cast-steel hub, and the power plant a 250-hp. d.c. motor. 
The balance is of the six-component wire type, with automatically 
balancing beams. A wind speed of 100 miles per hour is easily 
obtainable in the working section. Figs. 2 and 3 show the intake 
end and the propeller end of the tunnel. 

The old wind tunnel, housed in a separate building, is an open 
tunnel 4 ft. by 4 ft., with a modified Zahm type of balance capable 
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of measuring lift, drag, pitching moment, and yawing and rolling 
moments. This tunnel is driven by a 25-hp. d.c. motor, and 
has a 4-bladed propeller 8 ft. in diameter. The tunnel has a speed 
variation of from 5 to 60 miles per hour. 

In the large laboratory, a section is reserved for engines and 
apparatus is being designed. A rib-testing machine of approved 
type is in use and will test a rib up to a 16-ft. chord. This 
machine (see Fig. 4) is also equipped with deflectometers which 
indicate deformation in hundredths of an inch, and they can be 
placed to measure deflections at any position desired. The 
machine is shown in Fig. 4 with a rib in a position for test. 

For testing full-size airplane wings, a special wall attachment 
has been incorporated in the design of the laboratory to which 
the wings may be anchored while they are being ‘“‘sand tested.” 
The laboratory has on hand 12,000 Ib. of iron filings in 25-lb., 
10-Ib., and 5-lb. bags, with which the wings are loaded. Other 
structural members such as struts and fittings are tested in the 


testing machines of the Department of Mechanical Engineering. 

A model shop completely equipped is available to the students. 
In this shop students very frequently construct their own models 
or apparatus which they use in conjunction with thesis work. 

The school has nearly every type of instrument used in air- 
planes, and is fully equipped to test and calibrate these instru- 
ments so that accurate measurements of a plane’s performance 
may be obtained. Many full-flight performance tests have been 
run, giving the students first-hand information of accurate per- 
formance-testing methods. 

Another interesting piece of apparatus is a model of the large 
wind tunnel, built on a one-ninth scale before the big tunnel was 
constructed. This was done to determine the type of bends 
that gave the best conditions of airflow, and will always be 
valuable for investigating problems on the flow of air. Fig. 5 
shows the model tunnel before the return channels were attached. 

An aeronautical museum with examples of various types of 
aircraft and engine parts to serve mainly as exhibits in design 
work, is maintained in the drafting room. 

The working section of the large wind tunnel is removable so 
that propeller-testing equipment may be installed in its place. 
Apparatus is in process of development for testing propellers in 
conjunction with the complete airplane model, for the investi- 
gation of plane and propeller coordination. 

With this amount of experimental material and laboratories 
available, New York University is making great strides in 
aeronautical education, and each year turns over to the ever- 
developing industry a well-trained and enterprising group of 
engineers. 


Research Facilities of the Department of Aero- 
nautical Engineering at the Massachusetts 
Institute of Technology 


N ADDITION to the undergraduate and graduate courses in 
aeronautical engineering offered by the Massachesetts 


Fie. 6 New AERONAUTICAL BUILDING OF THE MAssacuuseETtTs IN- 
STITUTE OF TECHNOLOGY 


Institute of Technology, a rather extensive program of re- 
search is being carried out at all times. 

Within the next few months all of the research facilities de- 
scribed herewith, with the exception of the engine laboratory, will 
be located in the new Daniel Guggenheim Aeronautical Labora- 
tory. This isa four-story building 150 ft. long and 60 ft. wide, the 
architect’s drawing of which is shown in Fig. 6. In addition 
to the large rooms which house the wind tunnels, this building 
will be very completely equipped with smaller research rooms, 
drafting rooms, class rooms, and offices for the staff. 

The research facilities broadly speaking, fall into the following 
divisions: aerodynamic, structural, power-plant, and instrument. 
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The equipment for the carry- 
ing out of aerodynamic research 
consists, in the main, of two wind 
tunnels. These tunnels are both 
of the circular-section venturi 
type and are similar in most 
respects. Thesmaller of the two 
is 4 ft. in diameter at the working 
section, which is parallel for 6 ft. 
The air stream is set in motion 
by a four-bladed fan 7 ft. 6 in. 
in diameter, chain driven by a 
17-hp. electric motor. A honey- 
comb composed of metal tubes 
3 in. in diameter and 12 in. long 
is located immediately before 
the parallel portion of the tunnel. 
Measurements of forces upon 
models supported in the air 
stream are made by means of an 
N.P.L. type balance. The maxi- 
mum wind speed obtainable is 
60 m.p.h. 

It is expected that this 4ft. 
wind tunnel will not be moved 
into the new building, but will be 
replaced by a 5-ft. tunnel of the 
same general design, but equipped 
with the latest form of auto- 
matic wire suspension balances 
as well as the N.P.L. balance. 

The large tunnel was built more recently. The diameter of 
the working section, which is parallel for 15 ft., is 7 ft. 6 in. 
The entrance cone, similar to that of the small tunnel, is 15 ft. 
in diameter and 20 ft. long. The honeycomb is made up of 
tapered tubes 3 in. in maximum diameter and 14 in. long and 
placed 11 ft. 3 in. forward of the parallel portion. The exit 
cone has a diameter at the fan of 14 ft. 3 in. An electric motor 
of 98 hp. drives the 14-ft. four bladed fan direct through a long 
shaft. The maximum air speed obtainable in this tunnel is 
90 m.p.h. A general view of this tunnel is shown in Fig. 7. 

The aerodynamic balance for the large tunnel is mounted on a 
cast-iron table on the overhead platform, which is supported by 
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concrete pillars direct from the foundations, thereby minimizing 
vibration. The balance is of the all-wire suspension type and 
similar to that employed by Dr. Prandtl at Géttingen. Fig. 9 
shows a model suspended in the tunnel for test. The forces 
on the wires are measured by individual automatic beam balances, 
each equipped with a small electric motor, and by means of special 
contact points at the end of the beam, the motors are so con- 
trolled as to maintain the beams in balance at all times. It has 
been found that these automatic balances are extremely accurate 
and reliable. 

The 7-ft. tunnel is equipped with a propeller dynamometer 
consisting of a 15-hp. electric motor mounted above the tunnel 
but below the observation platform. The propeller, placed in 


Fig. 7 7-Fr. Winp TuNNEL, Massacuusetts INSTITUTE OF the tunnel, is connected to the dynamometer through a gear 
TECHNOLOGY train, and the axis of the propeller may be inclined to the air 
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stream at various angles. Propellers may also be tested in the 
presence of a model. 

Special provision will be made for experiments in heat transfer 
from radiators and air-cooled cylinders. 

‘The aeronautical-engine laboratory is located in a building 
not far from the Guggenheim laboratory and occupies a floor 
space of approximately 1500 sq. ft. The photograph of Fig. 8 
shows a typical view in this laboratory. An underground ex- 
haust system passes through the center of the room and has open- 
ings at each of the dynamometers. Noise, and high tempera- 
tures of the exhaust pipes, are practically eliminated by suitable 
water injection. A fuel-supply system handling three different 
kinds of fuel is piped to each engine. The main fuel tanks are 
underground outside the building. At one end of the laboratory 
is an office with desk and drafting board to accommodate such 
work as is most conveniently done in close proximity to the 
laboratory apparatus. 

At the present time the principal pieces of apparatus installed 
include two 45-hp. and one 75-hp. Sprague electric cradle dy- 
namometers with complete measuring apparatus for torque, 
speed, fuel and air quantities, temperatures, pressures, etc. 

For air cooling, an air blast with a maximum velocity of 120 
m.p.h. is supplied by means of a centrifugal blower separately 
driven by a 35-hp. motor. To the inlet side of this blower is 
connected a small high-speed wind tunnel, designed expressly 
for the purpose of conducting heat-transfer tests from finned 
surfaces such as are used on an air-cooled cylinder. Air speeds 
of over 135 m.p.h. may be obtained in this tunnel, which is also 
suitable for testing air-speed indicators and other small apparatus. 

Besides several motors which are in the engine laboratory there 
are several forms of high-speed, high-pressure engine indicators, 
air-quantity meters of various kinds, and some special equip- 
ment for use in connection with heat-transfer experiments on 
cylinders and pistons. 

The engine laboratory has been designed for the purpose of 
conducting research into the fundamental principles of internal- 
combustion engineering rather than for developmental pur- 
poses, and is used principally by graduate students and men hold- 
ing research fellowships for investigations of an advanced nature. 

The structural laboratory includes facilities for the static 
testing of complete airplanes or individual airplane parts, includ- 
ing full-sized wings and wing ribs. 

The materials laboratories of the Institute in the Department 
of Mechanical Engineering are at all times available and many 
investigations of especial interest in connection with aircraft and 
aircraft-engine design are conducted in these laboratories. 

The Guggenheim building will also provide a number of rooms 
for research on navigation and control instruments, aerial photog- 
raphy, and other specialized phases of aeronautical activity. 

The Aeronautical Engineering Department maintains at all 
times a museum containing both historical exhibits and examples 
of recent developments in aeronautical engineering. The ex- 
hibits in this museum are open to the public, as well as available 
to staff, students, and research workers for use in connection 
with their work. Included in the collection are several full- 
sized airplanes and engines as well as a large number of parts, 
fittings, pictures, etc. 


The Daniel Guggenheim Aeronautic Labora- 
tory at Stanford University, California 


F THE educational institutions in America engaged in 
research in the field of aeronautics, Stanford University 
is one of the pioneers. The first laboratory was built in 1916 
and equipment was provided for experimental research on 
air propellers. Since that time this work has been continued 


and the laboratory has been improved in facilities, but until the 
present year, funds available for salaries of research workers 
and for equipment have been so limited that only a moderate 
program of instruction and research has been undertaken each 
year. The building was a temporary wood structure built to 
meet the bare necessities. 

Through a generous gift from the Daniel Guggenheim Fund 
for the Promotion of Aeronautics, the University has been en- 
abled to establish a well-equipped permanent aeronautic labo- 
ratory and to provide a staff of instructors and assistants to 
carry on a ten-year program of research and instruction in aero- 
nautic engineering. 

For a building a brick and concrete structure 188 ft. x 50 ft. 
was available, so that an expenditure of $15,000 only was required 
for alterations necessary to provide the needed office, class- 
room, and drafting-room space, as well as suitable housing for 
the wind tunnel. 

The wind tunnel is of the Eiffel type, having a throat diameter 
of 8 ft. It is placed centrally in a room 110 ft. X 50 ft. with 
24-ft. headroom. The arrangement and principal dimensions 
are shown in Fig. 10. 

Fig. 11 shows a view of the tunnel as seen from the entrance 
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Fic. 10 ARRANGEMENT AND PRINCIPAL DIMENSIONS OF WIND TuUN- 
NEL AT STANFORD UNIVERSITY 


end, and Fig. 12 a view looking from the exit end. Fig. 13 shows 
the experiment chamber with the propeller-testing dynamometer 
in place. 

The honeycomb, placed 3 ft. from the end of the collector, is of 
hexagon cells, 1'/2 in. across the corners and 6 in. deep. Just 
ahead of the fan is placed a protecting screen made of !/,-in. X 
1/,-in. flat cold-rolled steel wire formed into 6-in.-square mesh. 

The tunnel fan is of the propeller type, 12 ft. in. diameter, and 
having eight blades. The blades are of wood covered with alu- 
minum leaf and are set inacast-ironhub. The fanis driven from 
a 100-hp. motor through a belt. The motor speed is controlled 
by rheostat adjustment. A wind speed of 84 miles per hour is 
attained with the driving motor delivering 125 hp., or 25 per cent 
overload, at which it may be operated for a period of three hours. 
The ratio of the energy in the wind stream to the power output of 
the driving motor is thus about 1.6. 

The propeller testing dynamometer, shown in Fig. 13, is 
mounted on a track so that it can be moved to one side, out of 
the windstream, for other work. This dynamometer is of the 
cradle type. The driving motor is supported on thin steel-plate 
knife edges, the friction of all bearings being thus eliminated, 
and the only correction applied to the torque readings is for 
armature windage. The motor is a direct-current one, capable of 
delivering 25 hp. at a maximum speed of 5000 r.p.m. Thrust 
and torque are weighed directly, and revolutions are counted 
by means of a motor-driven chronograph of special design. Wind 
speed is measured by means of the reduction of pressure in the 
experiment chamber, which is related to the velocity of the wind 
stream through a pitot-tube calibration. 

The dynamometer is arranged for tilting so that propeller 
models may be tested in any angle of yaw up to 25 deg. 
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For testing aerofoils and other models a six-component wire 
balance is provided. The balance table is placed above the 
experiment chamber and is supported from the roof trusses, being 
thus free from the effect of tunnel vibrations. The balance 
beams are automatic, except for the adjustment of large weights. 

The course of instruction as at present planned provides for 
three main divisions of work: theoretical aerodynamics, theory 
and practice of aircraft structure and stress analysis, and ex- 
perimental aerodynamics. 

While no courses in flying or in aerial navigation are at present 
planned, such courses are available at nearby flying fields, and 
a number of surplus U. S. Army and Navy planes have been 
secured. These, together with a full line of navigating and 
piloting instruments, will serve to give the students such familiar- 
ity with construction, rigging, and operation as may be gained 
through ground study. 

The courses are open for the most part only to graduate stu- 
dents who have received the A.B. degree from the Stanford 
School of Engineering or its equivalent. 

By this plan and with the present facilities, as well as with 
ample funds for the purchase of additional equipment needed 
for carrying on special researches, it is believed that serious- 
minded students will be attracted to Stanford in sufficient 
numbers. 

It is hoped that the staff will be able to devote a considerable 
part of its time to investigation and research upon the many 
problems that are developing in aeronautics, and for this reason 
a few able students only are desired. 


The Daniel Guggenheim Graduate School of 
Aeronautics of the California Institute 
of Technology 


HIS school has been founded for the dual purpose of training 

scientific men in the fields associated with aeronautics, i.e., 
aerodynamics, hydrodynamics, metallurgy, elasticity and the 
like; and for conducting theoretical and experimental work 
in these same fields. It will give courses leading to advanced 
degrees in aeronautical engineering, and in the sciences men- 
tioned above. 

The Daniel Guggenheim Aeronautics Laboratory is now 
nearing completion on the Institute campus. The funds for its 
construction and for its operation for ten years, come from a 
gift of about $300,000 from the Daniel Guggenheim Fund for the 
Promotion of Aeronautics. Due to the existence of adequate 
class-room facilities on the campus, the building has been designed 
as a laboratory. The building is of reinforced-concrete con- 
struction, has three floors and two basements, and is 55 ft. wide 
and 160 ft. long. The largest item is a wind tunnel of the Gét- 
tingen closed-circuit type, with a working section 10 ft. in diam- 
eter. Provision is made for using the working section either as 
a closed or open type. A 500-hp. direct-current motor drives 
a 15-ft. propeller and a wind velocity at the working section of 
over 100 miles per hour is anticipated. A complete set of aero- 
dynamical balances will permit testing and research of many 
kinds to be performed in the wind tunnel. At one end of the 
building a room 50 X 20 ft. and four stories high will house a 
large testing machine capable of taking a specimen 30 ft. long. 
In the sub-basement there is a water channel 138 ft. long with 
a10 X 10-ft. cross-section, above which a light car will run, attain- 
ing a speed of about 40 miles per hour. This equipment will 
permit research to be conducted on seaplane hulls, pontoons, 
ship models, and surface phenomena. A group of compressed-air 
tanks capable of sustaining a pressure of 20 atmospheres will give 
a 4-in. jet of air at approximately the velocity of sound for a 
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sufficient time to permit accurate observations to be made on 
bodies placed in the jet. In the basements there are also three 
metallurgical laboratories, a chemistry room, three dark rooms, 
and the electrical machinery for operating the wind tunnel. On 
the first floor are the observation room of the wind tunnel, a wood 
shop large enough for the building of complete airplanes, a struc- 
ture laboratory large enough to test full-size wings and fuselages, 
and an engine laboratory with dynamometers and equipment 
for the testing of all kinds of small engines. On the second 
floor are a machine shop and a group of six small laboratories 
for research on the various physical problems connected with 
engine studies. The third floor contains the balance room in 
which the wind-tunnel measurements are made, a space for a 
small wind tunnel and various auxiliary equipment, a switch- 
board room, a library, drafting room, seminar room, and five offices. 

It is expected that the wind tunnel will be fully equipped and in 
operation by the fall of 1928; while the installation of the re- 
mainder of the apparatus will proceed as rapidly as possible 
thereafter. 


Facilities for Aeronautical Research Work at 
The University of Michigan 


—— old wind tunnel in the College of Engineering, Depart- 
ment of Aeronautical Engineering, provides an air current 
3 ft. by 3 ft. in section at a wind velocity up to 40 m.p.h. 
by means of a Sirocco-type blower driven by a 12-kw. d.c. motor 
through a frictional, variable-speed transmission. The aero- 
dynamic balance connected with the wind tunnel is of the paral- 
lelogram type, enabling measurements of the lift and drag 
components and the pitching moment to be made. 

The new aerodynamic laboratory occupies approximately 
10,000 sq. ft. of floor area. It comprises two office rooms, a 
drafting room with twenty-four 3 ft. by 8 ft. drawing tables, a 
shop for the laboratory mechanic equipped with lathes, benches, 
and tools for wood and metal work, and another shop room in 
which two different machines for making aerofoils will be in- 
stalled. These machines are in the process of design at the 
present time. The major part of the above-mentioned space is 
occupied by the new wind tunnels. 


The large wind tunnel is of the Crocco type with double return, 
Eiffel chamber, variable diameter of the air current (8, 7, 6, 5 ft. 
diam.), and a two-bladed propeller fan 10*/; ft. in diameter driven 
by a 300-hp. a.c. slip-ring motor. Maximum wind velocities 
anticipated are 100 m.p.h. at 8 ft. diameter and 250 at 5 ft. diam- 
eter. 

In connection with this wind tunnel is a wire-type balance 
for measurements of the three components of the air force and 
the moment. This balance is capable of measuring the lifts up to 
900 Ib. and the drags up to 200 Ib. 

Under construction are the following apparatus for this wind 
tunnel: 

A propeller dynamometer for 6-ft. propeller models equipped 
with a 200-hp. motor. This dynamometer will enable the 
measurements of positive and negative thrusts and torques 
at fixed angles of yaw from +90 deg. to —90 deg. and also while 
the yawing angle changes at various rates of speed + 10 deg. from 
any angle of yaw. 

An instrument for recording oscillations of an aircraft model 
about the three axes and also for the study of autorotation 
phenomena. 

A special drag balance for measurements on models and ob- 
jects in which the drag is the primary part of interest; like 
models of dirigibles, large model fuselages, radiators in full 
size, certain landing chassis in full size, etc. This balance is 
capable of taking care of drags up to 500 lb. 

Besides, a few more balances of other systems will be built 
not only in order to provide a more valued experience to the 
students with various types of balances but also to enable the 
increase of output of the wind tunnel in the following way: 
All of the balances will be built so that they can be moved 
around, and therefore experiments can be prepared outsideo the 
wind tunnel without interfering with some other experiment going 
on. 
A high-speed wind tunnel of small size, to be driven from the 
same motor as the large wind tunnel, is being designed at the 
present time. This wind tunnel is being provided for the pur- 
pose of studying the properties of aerofoils suitable for propeller de- 
sign, experiments with models of bombs, calibrations of speedom- 
eters, etc. 
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Excerpts from Current Periodicals 


Air Power 


A LECTURE before the Royal United Service Institution 

on this subject was given September 7, 1927, by Group 
Capt. W. F. MacNeece Foster, who among other things was 
the British Air Staff Representative at the Disarmament.Con- 
ference of the League of Nations. According to the lecturer, 
an attempt to meet adequately the local needs of empire air 
defense would cripple the financial resources of the empire. 
The only possible way to deal with the situation was therefore 
to secure intense mobility of air power. 

All stages of military progress were in a stage of acute transi- 
tion. A spirit of investigation was abroad. Air power had 
exactly the same definition as military power in its essential 
objects. But in detail it consisted of (1) the number, morale, 
and skill of pilots, (2) the quantity and quality of the aircraft, 
and (3) the ground organization, which last included skilled 
mechanics without which the pilots and machines would be 
useless. 

Air power also needed reserves of personnel and material. 
No country could afford to maintain in peace the forces re- 
quired in war, and, with air power particularly, it was necessary 
to attain the highest possible power at the very beginning of 
the war. The short-service commission system was an en- 
deavor to solve the problem of direct reserves of personnel. 
But the problem of direct reserves of material had not been 
solved, although no subject received more careful attention 
from the Air Ministry. Obviously large reserves of aircraft 
would soon become obsolete. 

With regard to the indirect reserves, these were essentially 
governed by the potential wealth and industry of the country— 
a matter of primary importance but outsidet he scope of the 
present lecture. The other indirect reserve of air power was 
civil aviation. 

There were, the speaker continued, two schools of Conti- 
nental thought with regard to civil aviation and its adaptability 
for offensive purposes. There was what might be called the 
German-American school of thought, which ruled that civil 
aviation was a great normal industry, the success of which 
rested in its ability to pay its own way. Therefore every part 
of an airplane must be designed for economy and efficiency. 
The pilots were purely peaceful, and as they got no drill or 
military training, would be useless in war. 

The other view on the Continent was that civil aviation was 
maintained in practically every country with the help of govern- 
ment subsidies, and those who paid the piper would call the 
tune, with the inevitable result that aircraft built ostensibly 
for civil purposes, owing to these government subsidies, would 
be so designed that they could take part in war. 

The British attitude was that both schools of thought were 
going too far and that vital details were ignored in both cases. 
Undoubtedly civil aviation was a most valuable form of reserve. 
A country which had an efficient form of civil aviation to draw 
from in time of emergency would undoubtedly be in a stronger 
position than a country which had none. The training of pilots 
and mechanics, with a certain amount of modification, could 
be made to serve both purposes. From an internal point of 
view civil aviation was an uphill business in Great Britain, 
and it would therefore be to that country’s advantage to con- 
centrate on empire aviation. 

Nothing would reconcile Great Britain to spending enough 
money on air power to make it effective unless it could be proved 
that air power was absolutely vital. That it was desirable was 


not enough. The acid test of its relative value was to compare 
it with sea power. 

A fact that was becoming increasingly clear was that the next 
European war would be a war against the civil population. 
Sir Henry Wilson had said that no convention or treaty would 
prevent an unscrupulous enemy from using poison gas. A 
German general officer had written: 

“The war (of the future) will frequently have the appearance 
of destruction en masse of the entire civil population rather 
than a combat of armed men.” 

It was therefore obvious that one must consider the means, 
even though one disapproved of them, which adversaries might 
employ. The danger of restrictions of methods of warfare was 
so wide as to make restriction Utopian. 

The conclusions to be drawn seemed to be that: (1) The navy 
alone could not secure safety, and that the navy and the aur force 
were each vital to the security of the country. (2) The passive 
defence of Great Britain by air was at best only.a palliative. 
The position of the offensive vis-a-vis the defensive was becoming 
stronger with the trend of air scientific management. (3) 
The scope of modern warfare would increase enormously and 
would include the civil population. (4) The large passenger- 
carrying aircraft might, particularly at night, be of the greatest 
value in bombing attacks. (5) Ethically and strategically 
it was desirable to limit the more barbarous phases of air war- 
fare—and on the other hand it was essential to be prepared. 
(The Aeroplane, vol. 33, no. 24, Dec. 14, 1927, pp. 781-782 
and 784, gA) 


The Farman Inversed 550-700 Hp. Aviation Motor 


HIS is an 18-cylinder W-type motor arranged in three 

sets of six cylinders at an angle of 40 deg. The dimensions 
are such that a light gasoline without benzol or alcohol additions 
may be used. The cylinders are cast en bloc in sets of six, 
symmetrically with respect to the longitudinal axis of the group 
but slightly inclined toward the interior of the cylinder; each 
cylinder is provided with two inlet and two exhaust valves. 
These valves are operated by a single camshaft carrying four 
cams per cylinder. The camshaft is driven by a train of gears 
from the crankshaft, the intermediate gears driving the water 
pump, the oil pump, the gasoline feed pump, and the magnetos. 
The crankshaft is of the seven-bearing type and is machined 
completely in a lathe. The original article gives curves show- 
ing the operation of this engine, such as power at full throttle, 
fuel consumption, etc. (L’Aerophile, vol. 35, no. 19-20, Oct. 
1-15, 1927, pp. 314-316, illustrated, d) 


Fuel Tests of the Fairchild Caminez Engine 


HESE tests were carried out in part on a Waco-10 plane 

powered with a model 447-B cam engine developing 135 
hp. at 1000 r.p.m. In this flight a cruising speed of 80 m.p.h. 
was maintained at an average propeller speed of 725 r.p.m. 
Thirty-five gallons of gasoline were consumed during this 7-hr. 
flight. For the second test the gasoline capacity of the plane 
was increased to 110 gal. The plane was flown with a consider- 
able load, but not at constant propeller speed, for a period of 
17 hr. 20 min. The hourly consumption of gasoline was 4.9 gal. 
In this engine there is no gearing or auxiliary valve-actuating 
mechanism, the push rods being driven directly from the main 
camshaft which takes the place of the crankshaft in the usual 
crank engine. The cam principle of this engine secures half 
the propeller speed at the same piston speed of the crank engine 
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without using gear reduction. The cam engine therefore oper- 
ates at slow propeller speed, and the large-diameter, slow-speed 
propeller is said to be more efficient and hence to permit lower fuel 
consumption. (Aviation,Nov. 7, 1927, pp. 1114-1116, e) 


The Russell Parachute 


HIS parachute, called the ‘lobe’ type, was designed pri- 

marily for military use. A pull on the rip cord instantly 
removes the entire covering. In the open position the canopy 
is extremely flat across the top with the sides curving downward 
and slightly under. The main supporting cords are attached 
to the skirt or bottom edge of the canopy fabric. From this 
point the cords remain free of the fabric until entering the seams 
on the periphery of a smaller circle forming the center top of the 
canopy. This allows the loose annular rings of fabric so formed 
to fill out regardless of the load or tension on the shroud lines. 
In filling with air the position and movement of this annular 
ring are governed directly by the internal and external pressures 
acting upon the canopy. 


At the start of opening this annular ring forms a relatively 
slight angle with relation to the line of flight. As the opening 
progresses this angle of the annular ring increases until in the 
full-open position the ring is at right angles to the path of descent. 
The annular ring in the open position then takes the shape of a 
semi-circular lobe projecting from the center portion of the 
canopy. By reason of the fact that over half of the fabric 
area of the canopy comprising the lobe is not held to a given 
position by the confining tension of the shroud lines, extremely 
positive opening is said to be assured. In the conventional 
parachute the accelerating load in one direction with the re- 
sultant drag upon the canopy in the opposite direction, causes 
a tension upon the shroud lines resisting the opening of the 
parachute. In the lobe-type canopy well over half of this 
resistance is eliminated. 

The details of the parachute, including the characteristics 
of materials, are given in the original article. (J. M. Russell 
in Aviation, vol. 23, no. 26, Dec. 26, 1927, pp. 1508-1510, illus- 
trated, d) 


‘ 
| 
a 


AER-50-3 


Oleo Gears for Aircraft 


By EDWIN E. ALDRIN,! DAYTON, OHIO 


After describing the various oil damping devices for reducing 
the landing shocks of airplanes, the author presents a theory and 
test data for the design of the ‘‘oleo’’ type of landing gear. This 
type depends on the flow of oil past an orifice for the shock-absorbing 
effect. Tests on several forms of orifice using different fluids 
under a steam hammer gave satisfactory orifice coefficients for 
design purposes. Then landing gears were dropped under weights 
with different combinations of orifice and needle, wheel, and tire 
through heights varying up to 42 in. and their performance studied 
in slow-motion pictures and cards from pressure indicators attached 
to the gears. In the plain oleo mechanism together with tire and 
wheel, it has been found that almost constant deceleration is obtained 
with no tapering needle in the oil orifice. Viscosity of oil medium 
has little effect. 


N LANDING, heavier-than-aircraft is subject to shock 
I which has in the past been taken up by tires, coils of rubber, 
shock-absorber cord, or rubber disks im compression, and 
bouncing of the machine. Another form of gear is that using an 
oil damping device. In the recoil mechanism of guns there has 
long been employed an oil system to take the firing shock, con- 
sisting of cylinder and piston, the latter with a few slots in the 
circumference for the oil to pass through but with tapering 
throttling bars varying the orifice. The British have pioneered 
this application of “oleo” to aircraft under carriage shock- 
absorption for upwards of a decade. 

Initial efforts in this country centered on the non-return oleo 
gear for the Barling Bomber designed in 1921. Before this, 
the oleo mechanism was oleo-pneumatic, that is, used in con- 
junction with compressed air. Springs or other mechanical 
means for returning the gear to the extended position after the 
initial shock were sometimes used. In such mechanisms, the 
shock was partly taken by the oil cylinder and partly by the 
spring, air, or other return medium, and they suffered the dis- 
advantage of causing bouncing because of insufficient hysteresis 
or dissipation of energy. These mechanisms were, nevertheless, 
usually better than the rubber-cord suspensions. 

Laddon developed a compressed-air-spring device which was 
tested at McCook Field shortly after the Barling design, but 
owing to lack of funds, no application of this device was made 
on a divided-axle type of landing gear. Now, however, the 
divided-axle type landing gears have almost entirely superseded 
the straight-axle type. The former can clear obstructions which 
might block the latter, and in landing in tall grass, the resistance 
of the former is so much smaller that the chances of “‘nosing- 
over” are considerably reduced. The weight and air resistance 
are about the same for both types, although the divided-axle 
type is much lighter when used in multi-engine machines. The 
change from straight axle to divided axle has therefore been the 
occasion for the widespread use of oleo gears in this country in 
all except the lightest machines. 

The final design of the oleo mechanism combination depends 
very much on the type of landing gear used. It may not be 
amiss to mention the several types. The split-axle steel-tube 
chassis really only raises the center of the axle up to an elevated 
position at a braced hinge joint. The crossed-axle type consists 
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essentially of unit tripods for each wheel and may be composed of 
various linkages to reduce local stresses, as in the Curtiss ‘“Hawk,”’ 
or may comprise a single-piece, semi-floating axle bent up and 
pinned to a fuselage member or wing spar. Other unit-type 
landing gears are very similar, but with wheels further apart 
so that the bent axles ‘ 

do not cross. 


EXPERIMENTAL WorkK 


It can be fairly 
stated that after the 
theoretical considera- 


tions given by G. H. - 
Dowty”? in England, 
the experiments con- 
ducted at the United 
States Army station, 


McCook Field,* have 
largely furnished the 
basis on which Ameri- 
can manufacturers 
have calculated their 
oleo gears. After a 
detailed study of all 
gears up to 1925, es- 
pecially the Vickers, 
various modifications 
were drop-tested. 
Further tests on the 
effect of viscosities 
and different orifices 
were made in 1927 at 
the Massachusetts In- 
stitute of Technology.‘ 
Many special combina- 
tions in adaptation of 
this and other data 
have been successfully 


Level, 


installed by a large 
number of individual 
manufacturers. An at- 
tempt is made in this 
paper to present the 
information which has thus been made available as a basis of 
discussion and in the hope of provoking further tests or the 
announcement of such tests as have been made but not published. 


Fig. 1 Vickers OLEO-PNEUMATIC SHOCK 
ABSORBER 


TYPEs 


As previously stated oleo gears may be classified as “return” 
and “non-return.”” The types are listed in the table on the 
following page. 

The oleo-pneumatic gear consists of a piston and a partially 
filled cylinder of oil, with air under pressure to hold the gear 
extended under normal load. The diameter of the cylinder is 
determined by the load carried by the oleo leg, which is the 
product of the unit initial air pressure and the area of the piston. 


2G. H. Dowty, “Oleo Undercarriage D ” Proc. No. 4, In- 
stitution for Aeronautical Engineers, 1922, pp. 27, 32, and 36. 
3 Herman, Laddon, Savage, Weaver. 
4 Mac Short and Berman, Thesis, 1927. 
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Medium used for 
Shock in 


Type Taxiing Landing Return! Examples 

1 Oleo-pneumatic Air Oiland Air Vickers, T.M. 0-6 
air 

2 Oleo-rubber Rubber Rubber Rubber Army, Curtiss, 

and oil Douglas, etc. 

3 Oleo-spring Spring Oiland Spring Keystone, LB-5, 
spring Boeing 

4 Oleo Pad and Oil “‘Non-return” Barling, XO-2, 

Tire —Gravity Douglas 


! Rebound is checked by the oil on all, that being a secondary object of the 
gear, the primary object being a maximum amount of energy dissipation in 
the down stroke. 

To preserve a reasonable cylinder dimension, an extremely high 
air pressure is required, typical values being 500-700 lb. per 
sq. in. This requires the use of a 
most efficient packing gland and 
special hand air-pump equipment 
which gives considerable trouble. Air 
leaks have caused severe ground- 
loops in landing due to unequal shock 
absorption. While this type of gear 
operates quite satisfactorily, the 


cylinder is mounted the filling valve 10 and above it the test 
valve 11. The packing nut 4 is locked in place by the safety 5, 
which is secured by the locking screw 14 of the test valve. This 
arrangement prevents the removal of the piston while there is 
any pressure in the cylinder. 

The operation of this absorber is as follows: When the air- 
plane lands, the load imposed upon the piston forces it upward. 
The upward motion of the piston is retarded by: 

(a) The compression of the air in the upper part of the 
cylinder; this air is initially forced into the cylinder at a pressure 
of several hundred pounds per square inch. 

(b) The throttling of the passage of the oil from the cup in 
the piston into the cylinder, which is accomplished by the tapered 
metering pin 3. 

(c) The flow of oil through the slots in the bronze piston 
valve ring 9. 

The rebound of the absorber is snubbed by the closing of the 
valve 9, which limits the return flow of oil to a '/i.-inch diameter 
bleeder hole in the ring valve. 


Curtiss OLEo-Rus- 
BER StruT ASSEMBLY 


maintenance thereof, initial cost, and complication are consider- 
able and it is rapidly losing favor in comparison with the simpler 
and more fool-proof mechanisms. 

Referring to the sectional view of this type in Fig. 1, the 
principal parts are as follows: A steel cylinder 1, containing 
an aluminum plunger or metering pin 3, which is fixed at the top 
of the cylinder; a movable tubular piston 2, located at the bottom 
of the cylinder, and sealed in the cylinder by the packing and 
packing rings 6, 7, and 8, and the large nut 4. The upper end 
of the movable piston carries a slotted bronze ring which, to- 
gether with a movably mounted ring on the under side of the 
slotted ring, forms the rebound check 9. In the side of the 


Fic. 3 Parts or Curtiss OLEO-RUBBER STRUT 


This absorber may be readily adjusted to load variation by 
varying the air pressure in the cylinder. 

The oleo-rubber gear, shown in Fig. 2, consists of a stack of 
rubber compression disks centering about two telescoping tubes. 
The lower tube is also an oil reservoir, and when the leg is com- 
pressed a quantity of oil is trapped and forced to bleed back 
very slowly, thus effectively damping the rebound. While the 
maintenance of this type of shock absorber is very low and its 
operation excellent, the device as a whole is heavy and not well 
adapted to good streamlining. The rubber disks have been 
giving considerable trouble recently. 

The oleo-spring device consists of a cylinder and a piston, 
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AERONAUTICS 


with the piston held near the top of the stroke by aspring. The 
Keystone Aircraft Corporation has developed this type of gear 
and has successfully applied it to its light bombers, LB-1, 
LB-3, LB-5, and LB-5A. It is illustrated in the assembly draw- 
ing of Fig. 4, and in the detail of the piston in Fig. 5. The 
landings are smooth, with no particular recoil. 

The springs compress a little more than half their total travel, 
so that when coil to coil they exert about 1°/, times the weight 
of the plane. This gives easy taxiing and yet it has been ob- 
served by the grease line on the rods that they never get fully 
compressed in ordinary flying. When in flight the weight of 
the gear pulls the pistons clear of the springs and to the top of 
the cylinder. When a landing is made the first shock must 
force oil through a '%/;2 orifice, which is gradually closed by a 
tapered needle as the piston goes down. At the bottom of 
stroke of about 6 in. the orifice is a mere slit 1/32 in. wide. De- 
celeration is by this means kept very close to constant and 
minimum loads are imposed on the fuselage structure. As the 
oil passes through the orifice, it flows through the four */,-in. 
diagonal holes to the space between rod and cylinder above the 
piston. The approach to the orifice is belled on top to prevent 
contraction and give quicker flow in the return direction or 
down, and it is not belled on the bottom, inorder to produce as 
much contraction as possible, in the up direction of flow as in 
landing. The shock gear for bombers.is composed of three 
cylinders. The pressures in the oil are, of course, rather low. 
Perhaps three times as high pressures could be carried with 
safety and economy of weight of oil and cylinders, but the 
spring would then have to be housed and kept from rusting. 

In Fig. 6 is a photograph showing the external appearance 
of an oleo-spring, no-axle landing gear as used on the Boeing 
Mailplane, 40A. 

The oleo-gravity return type of shock absorber consists of a 
cylinder filled with oil in which a piston operates and the energy 
is dissipated by forcing the oil from one side of the piston to the 
other through an orifice of constant area. When the end of the 
stroke is reached, the cylinder bottoms against a rubber pad 
or steel spring supported from the piston, and this together with 
the tire provides resiliency for taxiing. The major difference 
between this type of shock absorber and the others, is that by 
correctly proportioning the cylinder, stroke, and orifice size, all 
of the energy of impact can be dissipated by the oil and not 
stored in the rubber, steel, or air springs. Consequently, the 
energy to produce rebound does not exist and it is not necessary 
to complicate the design to take care of it. Whereas the other 


Fig. 4 ASSEMBLY OF OLEO-SpRING LANDING GEAR DEVELOPED BY THE KEYSTONE AIRCRAFT 


CoRPORATION 


gears have springs of various types to return the piston to the 
“charged” position, this shock absorber depends upon gravity 
alone for this all-important function and prior to flight test 
considerable doubt existed as to its efficacy. 


Fic. 6 ExTeRNAL APPEARANCE OF AN 


employ an oleo gear. 
this airplane were equipped with a long-stroke, non-return type 


AER-50-3 3 


Drill 4-2 "Holes 
on Assembly 


Drill For 
Inspection 
/ 
; 
° 
(2) 
| 
H 4 
2 Holes 24 US Tha J 


Fic. 5 Piston oF THE KEYSTONE OLEO-SprRING LANDING GEAR 


OLEO-SpRING LANDING 
Gear Aas UsEep ON THE BOEING MAILPLANE 40A 


The Barling Bomber was the first Air Corps airplane to 
The front wheels of the landing gear on 


of oleo. When the airplane was 
taken off, these wheels dropped 
below the other wheels due to 
their own weight. When the air- 
plane was landed these wheels 
came in contact with the ground 
first and the oleo cylinder absorbed 
the shock. Since there was no 
spring or other means of returning 
the cylinder to the extended posi- 
tion there was no tendency to 
bounce except that due to the de- 
flection of the tires. 

A few years ago the Air Corps de- 
signed and built a gear of this same 
type for the XO-2 airplane. In 
addition to the regular flight tests 


an elaborate series of laboratory tests were made with one oleo leg. 


PROBLEM 


The fundamental problem now of major concern resolves . 
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itself about the flow of oil through orifices. If springs also are 
used, more or less orthodox methods exist to calculate them. 
Test data have been obtained on rubber compression disks 
with various combinations of aluminum spacers ranging from 
no spacers up to one between each disk. Although discussion 
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7 Dynamic Test oF OLEoO SHock ABSORBER WITH TIRE AS 
UseEp on O-2 AIRPLANE (CONSTANT-ORIFICE TYPE) 


(Time-deflection curves as recorded by slow-motion camera. Weight, 2000 
lb.; drop, 21 in.) 


4 0 
Pcontact of Tire 
with Ground 
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Load in Thousands of Pounds 


Fic. 8 Dynamic Test or OLEO SHocK ABSORBER WITH TIRE AS 
UseEp on O-2 AIRPLANE (CONSTANT-ORIFICE TYPE) 


(Curves showing discrepancy between loads 1n the structure from pressure- 
gage record, and those obtained from decelerations derived from slow- 
motion camera records.) 


of these data is outside of the scope of this paper, it may be said 
that the addition of spacers materially reduces the deflection 
for a given load. The spacers keep the rubber disks from tend- 
ing to “ooze out,” so to speak. 


For a given allowable maximum instantaneous value of 
deceleration the ideal and most efficient landing gear is one 
with a constant resisting force throughout the stroke. In other 
words, the indicator card of the cylinder should be a rectangle. 
Standard Air Corps test requirements call for each leg with- 
standing half the load in a 42-in. drop. A compromise then 
between a desirable deceleration under a stipulated maximum 
and the bulkiness and weight of the cylinder and piston deter- 
mines the size of the best gear. 


THEORY AND CALCULATIONS 


Based on Bernoulli’s theorem in hydraulics, Dowty (loc. cit.) 
deduced the following relation connecting the area of the orifice, 
velocity of piston, etc. 


R 


WA(n? — 1) — 

29 
average hydraulic resistance in lb. 
weight of a cubic foot of oil used = 57 lb. 


area of piston in square feet 
effective area of leak orifice 


ll 


| 


Deflection, Inches 
ow 


oa 6 8 10 
Load in Thousands of Pounds 


Fic.9 Loap-DEFLECTION CURVES SHOWING DIFFERENCE BETWEEN 
Static AND Dynamic TEsts on 36-IN. By 8-IN. TIRE 


(Static tests made in Olsen machine. Dynamic tests made by dropping 
2000-lb. weight from a height of 15 and 10 in., respectively, and 1000-Ib. 
from a height of 20 in.) 


n = A/a 
V velocity of piston in ft. per sec. 
g = acceleration of gravity = 32.2 ft. per sec. per sec. 


The following calculation (due to Herman) is made for an 
observation machine, to illustrate the problem. 


Gross weight, machine, Ib................... 4500 
Energy, in. lb. per leg, 2250 X 42 = 94500 
Energy absorbed per leg, assuming that tire absorbs 15 per cent of 
energy, in. lb., = 40,000 

Average hydraulic resistance, Ib............... 6670 

4.9 


.. 6670 
Unit pressure, lb. per sq. in. ye 1360 
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Speed at impact, ft. per sec. = V2 gh = 8.02 = = 15 


_ RX 2% _ 6670 x 64.4 x 144 


= 2 
470 
V2 [(A/a)? — 1] = (470)? or (a@/A)? = 1 + 
Dropping the unity for simplification, 
49V 
a(sq. in.) = 470 


The velocity of the piston must change from 15 ft. per sec. 
at start of stroke to zero at end of stroke. Then the effective 
orifice area a, must be such as to make V = 15 at start and 
zero at end of stroke. 


4.9 X 15 


70 =" 0.156 sq. in. = effective area of orifice. 


If no metering pin is to be used, then it is only necessary to 
apply the coefficient of contraction, fond at Massachusetts 
Institute of Technology to be 0.655 for a */; by */;-in. hole. 


956 Lb. Load. 
053/-In. Straight Orifice. 
Small Straight Taper Needle. 
2520 In. at Base. 
0.125 In.at 

Piston Area, 


42-IN. DROP 


2400 

52000 
160 

i200 

& 800 

400 


2400 Lb per 


<— 


Load Scale Start of Stroke 


of Strut 


24-1N. DROP 


4400 Lb per 


<_— 
Start of Stroke 
6-IN. DROP 
550Lb. per Sq In. 
Ta 
< 
Start of Stroke 


Fig. 10 Drop Test, ENGINEERING Division, OLEo GEAR 
WirtnHout Tire 


AER-50-3 5 
956 Lb. Load — 65 lb Air Pressure. 
O53/-Ln. Straight Orifice. 
Y Small Straight Japer Needle. 
ZZ 0.520 In. at Base. 
0.125 In. at Tip. 
42-IN. DROP 
per $q.In. 
7 
Start of Stroke 
24-IN. DROP 
7135016 per $9In. 
! 
Start of Stroke 
G-IN. DROP 
7650 Lb per 59. Ln. 
Start of Stroke 


Fig. 11 Drop Test, ENGINEERING Division, OLEO GEAR WITH 
36-In. By 8-IN. TIRE 


In case a metering pin is to be used, assume a '/,-in. diameter 
for the end of the pin in the hole at starting position. 


25? 


“Area of pin = : = 0.049 sq. in. 
Then the effective area of hole in piston will be 
0.156 + 0.049 = 0.205 sq. in. 
Find the diameter of pin at various points along the stroke by 
assuming various pistons speeds from 15 ft. per sec. to 0. 


TABLE 1 
Effective area Area of Diameter 
- a, of hole in pin, of pin, 
ft. persec. 4.9 V sq.in. piston, sq.in. sq. in. in. 
15 73.5 0.156 0.205 0.049 0.25 
10 49.0 0.1042 0.1010 0.359 
4 19.6 0.0417 0.1633 0.457 
0 0 0 0.205 0.510 


Table 1 gives the size of pin at various values of V. Since 
the resistance or decelerating force is constant, the velocity at 
various distances from the starting point can be found from the 
following equation: 


M 
=_— 2 
where M is the mass of the body, and S is the distance required 


to change the velocity from V; to V: under a retarding force of F. 
F = R = 6679 lb. based on 85 per cent of half load in each leg. 


M = W/g W = 85 per cent of half load in each leg = 
= 956 lb. 


ly 
g 
& 
0.156 
Area = —— = 0.238 sq. in. : 
0.655 
Diameter = ¢/4 X 0-238 _ 0.550 in. 
— 
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956 Lb. Load - G4Llb. Air Pressure. , 
0.53!-In. Straight Orifice. dir Pressure 
956 Lb. Load. 
large Straight Japer Need /e. 
0.500 In. at Base. 0375-Ln. Straight Orifice 
0.5125 Ln.at Tip. No Need 
42-IN. DROP 42-IN. DROP 
1900 Lb 1160 Lb per Sg fn 
= 
! 
Start of Stroke Start of Stroke 
24-IN. DROP 24-IN. DROP 
1250 Lb per 1280 Lb. per 
| 
<—?) 
Start of Stroke Stort of Stroke 
G-IN. DROP 6-IN. DROP 
Lb per 59.£7. Lb per Sg in 
Start of Stroke Start of Stroke 
Fic. 12 Drop Test, EnGINngERING Division, OLEO GEAR wiTH’ Fic. 13 Drop Test, ENGINEERING Division, OLEO GEAR WITH 
36-In. By 8-IN. TIRE 36-INn. By 8-IN. TIRE 
Sm w (V2 — V22) ft The last columns of Tables 1 and 2 give the dimensions of 
29 F the pin. Forexample at V = 10 ft. per sec. the piston has moved 
3.34 in. from the starting point, and the diameter of the pin at 
956 X 12 
= 644 Xx 6670 (15? — V,?) in. that position is 0.359 in. 
; Calculations show that the effective area of the orifice in the 
= 0.0267 (225 — V;?) in. piston is 0.205 sq. in. Then the actual area of the orifice must 
TABLE 2 be larger due to the coefficient of contraction. The orifice 
V: V2 925 —V22 Ss, coefficient for the given head and area is about 0.655. 
in. 
15 225 0 0 205 
4 = = = Actual area of hole is = 0.313 sq. in. 
0 0 22 6.00 0.655 
TABLE 3 i = 
Diameter of hole 
‘Tempera- cu. in. 
ture, Viscosity, Specific Velocity, per 4 X 0.313 . 
Runs Fluid Condition deg. cent. Secs. Say. gravity Coef. ft. per sec. sec. —— = 0.600 in. 
1 Mobile A 3/g” orifice, 3/g thick 23 1700 0.93 0.700 53.0 70.5 Tv 
4 Arctic me . 
5 Vocomine grease, heavy Some 31 Tests aT MASSACHUSETTS 
6 Arcti me, immersed orifice 
greene, heavy Same, immersed orifice 22 100000 0.95 0.621 46.5 61.8 INsTITUTE OF TECHNOLOGY 
8 Mobile B ” orifice, 3/3” thic .65 . 
9 Mobile A Same, va" needle 21 2100 0.93 0.700 53.0 62.8 A thesis by Sydney Berman 
10 Mobile A aper 4/16”— 
22 100000 78.6 Conducted at the Massachu 
13 Vocomine grease, heavy 3/g orifice, 2” throat = = setts Institute of Technology 
15. Mobile A orifice, 1” throat 23 4700 0.930.682 47.9 63.7 in May, 1927, had for its pur- 
7 wor fom 23 34 1.00 0.770 74.8 Pose the investigation of the 
18 Water 1/2” orifice, 3/5” thick* 22 32 1.00 0.785 57.4 135.3 flow of different oils through 
19 Mobile A Same 22 1900 0.93 0.834 63.1 149.0 h 
20 Vocomine grease, heavy Same 0.950.745 55.8 131.5 the same orifice; of the flow 
22 Vocomine grease, heavy wo oa orifice, 3/s 24 100000 0.95 0.419 31.4 41.8 of the same oil under different 
23 Mobile A Same 24 1600 0.93 0.697 52.8 70.0 temperature conditions 
* See diagram. through the same orifice; and 


** Explained in discussion. 
All runs under a pressure corresponding to a head of water of 82.5 feet. 


lastly of different oils passing 
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651 Arr Pressure. 

956 Lb Load. 

0.3/25-In Belled Orifice 
No Needle 


42- IN. DROP 


U 
Start of Stroke 


24-IN. DROP 


_ 
Start of Stroke 


6-IN. DROP 


= 
Start of Stroke 


Fie. 14. Drop Test, ENGINEERING Division, OLEO GEAR WITH 
6-In. By 8-IN. TrRE 


through orifices of different shapes. The experiments are re- 
corded in Table 3. 

Berman shows that for orifices in the neighborhood of #/; 
by #/s in. as commonly used in landing gears, under a pressure 
of 50 lb. per sq. in., viscosity has no effect on the flow of fluids. 
His contention is borne out by tests on oil and grease varying 
from 1050 seconds Saybolt (Arctic oil) to 100,000 seconds 


Saybolt (heavy grease) which showed a difference of only 7 


per cent in the volume of fluid that passed through the orifice 
in a given time. 

As the orifice increases in diameter the coefficients also in- 
crease, those for the less viscous fluids increasing at a faster rate. 

Berman did, however, find that if the orifice area (that of a 
hole #/; in. in diameter) was replaced by 5 small holes whose 
total area equalled that of the */,-in. hole, the law of flow did 
vary with viscosity. With the normal oils (Mobile A) there 
was no material difference, but with the heavy grease a decided 
difference was apparent; about 61 per cent as much passing in 
unit time through the small holes as through the large hole. 

By immersing the orifice, the coefficient of flow was slightly 
decreased, while a small needle in the orifice had little effect 
on the coefficient, although it did prolong the time of flow 
Tapering a needle would hardly effect the flow unless the taper 
were of the magnitude of 1 to 50. Having various heads to 
the needle would not alter the flow whatever, as the head was 
only in the orifice for an interval of time. Tapering the orifice 
increased the coefficient, the coefficients increasing at a faster 
rate with fluids of a lesser viscosity. By extending the orifices 
into a nozzle, the coefficients decreased faster with fluids of a 
higher viscosity than those with a lower viscosity. 


AER-50-3 7 


60 Lb. Air Pressure. 


956 Lb. Load. 
\ 0.375-In. Tapered Orifice. 
60% No Need/e. 
42-1N. DROP 


1705 Lb per 


Start of Stroke 
24-IN. DROP 
1025 Lb per 
= 
Start of Stroke 
6-IN. DROP 
Start of Stroke 


Fig. 15 Drop Test, ENGINEERING Division, OLEO GEAR WITH 
36-IN. By 8-IN. TIRE 


For future work in oleo-gear design, this investigation shows 
that a practicable orifice to use is the */, in. diameter */, in. 
deep. Using this particular orifice, the coefficient of flow of 
any medium remains practically constant regardless of its vis- 
cosity up to 100,000 seconds Saybolt. 

Berman’s tests indicated that changes in temperature of any 
oil were found to affect the flow very little. But air-mail pilots 
operating on the transcontinental mail route during winter 
months report a decided sluggishness of the hydraulic gear. 
It is likely that this refers to the return stroke, which Berman 
was unable to observe. It is not uncommon to have operating 
temperatures below zero deg. fahr., such that the oils used 
in the gears get very sluggish and the viscosity increases. It 
would seem therefore that the grade or viscosity of the oils used 
in the gears should be changed with the seasons. More definite 
information on this point will be available when the Boeing air- 
mail planes, operating in sub-zero weather, have been reported 
upon. 

Tests By Army Arr Corps 


At the McCook Field experiment station, extensive laboratory 
and flight tests were conducted for the XO-2, Douglas observa- 
tion airplane. A weight corresponding to approximately '/, the 
load the leg would take in service was dropped varying distances 
on the oleo leg up through 42 in. Slow-motion pictures were 
taken of the action of the leg in all these tests. In addition to the 
results of slow-motion pictures in Figs. 7, 8, and 9° a steam-engine 
indicator was attached to the oleo cylinder and pressure-stroke 


5 Figs. 7, 8, and 9 have been contributed by Mr. Theo. de Port, of 
Wright Field.—Avutuor. 
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cards were obtained on the various drops. The indicator cards 
of representative drop tests are given herewith in Figs. 10, 11, 
12, 13, 14, and 15. The effect of using a tapered needle with and 
without tire is shown; then a larger needle was used; then no 
needle; then a belled; and lastly a tapered orifice. These tests 
were made first with the oleo leg alone, and later were made on 
the leg, tire, and wheel combined to simulate the actual condi- 
tions obtaining in flight service. The indicator cards and slow- 
motion pictures gave a complete story of what was taking 
place in the cylinder during a test. These tests gave a great 
deal of information on the action and possibilities of oleo shock 
absorbers. The ideal condition for an oleo leg is constant re- 
sisting force throughout the stroke. The indicator cards showed 
how closely the leg under test was approaching this ideal. Most 
of the early oleo gears incorporated a tapered needle, spring- 
loaded valve, or some other device to keep an approximately 
constant pressure throughout the stroke. The oleo leg developed 
by the Air Corps had a tapered needle originally. When the leg 
was tested alone this tapered needle was found to be necessary 
to give an approximately constant-pressure card. However, 
when the leg was tested in connection with wheel and tire, the 
nature of the card was found to be very much altered, and it was 
found possible to eliminate the tapered needle entirely. A 
fixed leak orifice gave very closely the desired indicator card. 
The development of this testing apparatus and a method of 
testing the oleo cylinder is a very important part in the develop- 
ment of the oleo shock absorber. Oleo gears are coming into 
quite general use throughout the country, and the design of most 
of them has been influenced by the information obtained through 
these tests at the Matériel Division, Air Corps. 

As a result of these experiments it has been found that the 
practically ideal card is obtainable without the throttling needle 
if the tire and wheel are used. Also the tests showed the formula 
by Dowty gave too large an orifice until the coefficients obtained 
from Massachusetts Institute of Technology tests were used. 
This is due in part to the approximate assumption regarding the 
variation of the velocity of the piston along the stroke, when 
the initial velocity is taken as the vertical velocity at impact. 


MISCELLANEOUS DEVELOPMENT 


A very interesting “mechanical” leg bearing a resemblance 
to the above oleo gears is the Beardmore-Shackleton® leg. It 
uses helical springs with a mechanism of wedges actuating 
blocks against a Ferodo friction surface lining that part of the 
cylinder. 

The Curtiss Aeroplane & Motor Company have under experi- 
mental development a self-contained wheel-brake and oleo 
shock absorber combined. The advantage of this is obvious— 
it provides a quickly replaceable unit; it allows better stream- 


‘lining of the landing-gear struts as well as subjecting them to 


less shock. 
CONCLUSIONS 


The criterion for landing gears cannot be height of drop alone, 
but should include the allowable maximum instantaneous de- 
celeration. Tests for variation of orifice coefficients should be 
undertaken for a range covering tropical to arctic service tem- 
peratures. There seems to be no particular reason why it 
should not be possible to develop further the safety of aircraft 
by designing a landing gear capable of absorbing the shock of 
landing from certain kinds of stalled flight. It is possible to 
calculate to the first approximation any kind of oleo gear for 
aircraft. On account of the variables involved each complete 
new installation usually requires drop testing for refinement. - 


6 Flight, Feb. 25, 1926. 


Appendix No. 1 Maintenance Instructions 
of Curtiss Oleo Struts 


GENERAL DESCRIPTION 


The shock absorbers of the XB-2 ‘‘Condor’’ landing gear and tail 
skid are telescopic struts in which the initial shock of landing is taken 
on an oil column and the taxiing loads taken by a set of rubber disks 
acting in compression. When the ship is at rest on the ground the 
struts are compressed and the stuffing-box nut of the lower strut 
bears on the lower cap of the rubber column. When the ship leaves 
the —- the struts extend by gravity and remain so until a landing 
is made. 

There are four such struts used for the main landing gear, and one 

; used for the tail skid. Fig. 
16 indicates the general con- 
struction of these struts. 


O11 FILuine 


Presuming that the strut 
is installed in the ship, and 
needs only to be filled with 
oil, or have the level checked, 
the procedure is as follows: 
Remove filler plug A and 
level plug B, and add oil at 
U until the level rises to that 
of B, when the plugs may 
be replaced. The oil may 
be added with an oil gun or 
a funnel and flexible hose. 
A variation of an inch or so 
above or below the level in- 
dicated will have no effect 
on the satisfactory opera- 
tion of the shock absorber. 
The tail-skid strut will hold 
about 2!/2 pints and the 
others about 11/2 pints each. 
The oil originally supplied 
is ‘‘Gulf No. 45 Mechanism 
Oil,”’ which will maintain 
its body through a wide 
range of temperature, and 
which is recommended for 
refilling. Should this not 
be available, any similar 
light or medium oil may be 
used. Very little replace- 
© ment of oil should be ordi- 
narily required and unless 
leakage is apparent, inspec- 
| tion at monthly intervals 

should be sufficient. If 
necessary, the oil may be 
| drained by removing plug C. 


Detail “a” 


Sturrinc Box 


If leakage through the 


Fic. 16 Curtiss “Connor” Oxzo ‘stuffing box at the top of 

Strut (SHown ALso In Fie. 2) the lower strut is observed, 

the packing nut D should 

be tightened slightly with the spanner wrench furnished. Too much 

pressure should not be exerted on the packing as this might retard the 
dropping of the strut when the plane takes off. 


DETAILED DESCRIPTION 


By reference to Fig. 9 the function of the various parts may be 
noted. Tube E is the cylinder and F the plunger. The rubber col- 
umn is indicated by M. Cap G at the top of the cylinder forms part 
of the stuffing box and limits the extension of the strut when stop 
plate H butts against it. J is the packing of graphite asbestos cord, 
and D is the packing nut of the stuffing box, which also transmits the 
load to the rubber column. The rubber cord J passing over the caps 
K and L supports the weight of the rubbers M and prevents them 
from falling when the strut extends. To the piston head JN is at- 
tached a leather cup washer O which is held expanded against the 
cylinder wall by a flat-steel spiral spring. Valve P is held in place 
by four capscrews and is free to move up or down about */1¢ in. under 
the influence of the oil flow. When the strut is extending, the valve 
is away from its seat Q and allows the oil to flow downward freely 
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through the large area of opening then exposed. When the strut is 
contracting the oil flow upward closes the valve and requires all oil 
flow to be through the small orifice in the center of the valve. In 
the tail-skid strut there is a central needle R which has a slot milled 
on one side to give the effect of a variable orifice. The main struts 
do not have this rod, as the tires serve the purpose of relieving the 
initial high pressure. Plug S in the top of tube £ is a cored casting 
sweated in place and is to prevent leakage of oil through bolt holes. 


DISASSEMBLY 


To disassemble for inspection, or replacement of rubbers, after 
the strut is removed from the ship, first remove bolts 7 and pipe- 
fitting U after which end-fitting V may be lifted off. Next remove 
bolt W and rubber cord J when cap K and the rubber disks and cap 
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REASSEMBLY 


Reassembly should proceed in the reverse order of disassembly. 
When assembling, the leather cup washer should be very carefully 
entered in the cylinder to avoid cutting or doubling the leather. 


Appendix No. 2 Maintenance Instructions 
for Curtiss Oleo Wheels 


Correct OPERATION 


The correct operation of the shock absorber unit of this wheel de- 
pends on the following: 


Spring, withdraw 

Srake Plunger from Rubber 
and wing Shoe 
Clear. 


~ 


Allows withdrawal of Male 
Oleo Strut For Inspection oF 
Valve and Plunger Washer. 
Also, Replacement of Shock 

Absorber Rubber 


| BRAKE CLEARANCE 


lower End on an fecentrie Bolt. 
Rotate Bolt Positioning 


Lining and Drum. ] 


®-5ack Packing Nut, which |. 


Brake Shoe I's mounted at its .-- 


Shoe for Clearance between \ 


Remove #415 772," 

then disassemble 
for or 
Removal of 


Remove Whee! 


Fie. 17 Sequence or OPERATIONS FOR DISASSEMBLING CurRTISS OLEO STRUT 


- L may be slipped off. Loosen cap G with the spanner wrench and 
unscrew entire stuffing-box assembly. If the packing has not been 
leaking and disassembly is for inspection of piston and valve, it is 
recommended that stuffing-box be not removed from plunger, as to 
do so would unnecessarily disturb the packing. With the stuffing- 
box loose, the plunger may be removed from the cylinder and the 
valve exposed. It should be noted that the leather cup washer 
is in good condition and the valve clean and operating freely. 


(1) Maintaining of the correct amount of oil 

(2) Proper functioning of the valve in lower end of upper oleo leg 
(3) Proper lubrication of the crosshead bronze glides 

(4) Proper adjustment of packing glands 

(5) Removal of wheel and oleo struts. 


Correct AMOUNT OF OIL 
The initial filling may be made with the plane in its normal po- 
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sition on the ground, or, it may be filled with the plane jacked up 
and with the wheels extended to their lowest position. Note and 
sketch on Fig. 17 indicate the correct height of the oil when the plane 
is at rest on the ground. After the initial filling, with the plane on 
the ground, grasp a wing and “‘rock’’ the plane so that any air will 
be expelled from the oleo leg, then check the level and add oil if re- 
quired. With all joints tight and proper adjustment of the packing 
nuts, only occasional checking of the oil level should be required. 


FUNCTIONING OF VALVE 


The valve, as indicated in note 6 of Fig. 17 is a simple check valve 
loosely attached at the lower end of the upper oleo leg. The action 
of the valve is as follows: In all normal positions the valve remains 
open. When a landing is made the valve closes. With the valve 
in this position the oil is forced through the small orifice in the center 
of the valve, up through and into the chamber of the male strut (or 
upper oleo leg). When the plane leaves the ground the wheels 
drop to their lowermost position. Since there is no pressure on the 
oil, the valve drops to its normal position which allows the oil to 
flow back through two large holes in the valve stem. 

Like any check valve, care should be exercised to keep foreign mat- 
ter from the oil, so that the valve will be sure to close tightly. 


LUBRICATION OF CROSSHEAD AND GUIDES 


The crosshead and bronze guides should be lubricated occasionally. 
This may be done with any good oil from an ordinary oil can. Care 
should be taken to keep the rubber disks free from oil. 


PropeR ADJUSTMENT OF PackING GLANDS oR Nuts 


Keep packing glands well filled with packing and tighten only 
enough to prevent leakage of oil. Should the packing be 
screwed down too tightly it might interfere with the dropping down 
of the wheel in flight. 


REMOVAL OF WHEEL AND OLEO STRUTS 


To remove wheel, jack up plane until there is no weight applied to 
the shock-absorber rubbers. Remove the castellated nut from the 
center of the outside of the wheel. Wheel may now be taken off. 
It will be noted that there is a square hole in the inner end of the 
wheel hub. This engages a squared portion of the bolts, which pre- 
vents the bolt from turning while removing or replacing the nut. 

After the wheel has been removed access is given to all parts. 
Full instructions for sequence of operations in removing parts are 
given in Fig. 17. 


Discussion 


Mac Suort.? In the design of hydraulic shock-absorbing cylin- 
ders for use on light commercial airplanes, the author has found 
the following facts. 

In the application of hydraulic gears on small commercial ma- 
chines where the gross weight usually does not exceed 2400 lb. and 
wing loading is in the neighborhood of 7 lb. per sq.-ft., thus giving 
a comparatively low landing speed (35-40 m.p.h.) and a vertical 
velocity in landing which would rarely exceed 9-10 ft. per sec., there 
is presented a somewhat different problem of design than in the 
heavier commercial or military aircraft where all of the above proper- 
ties are in excess of these given. A set of calculations was carried 
through on a machine of gross weight of 2100 lb., assuming a vertical 
velocity at the instant of contact of 9 ft. per sec., and alloting a 4-in. 
travel to the gear. It was the purpose of the calculations to deter- 
mine the size of tapered needle necessary to give to the airplane a 
uniform retarding force. The diameter of the piston was regulated 
by conventional tube sizes available and, further, to keep the size 
within a reasonable value for reasons of aerodynamic resistance. 
The calculations for a 13/s-in. piston and 4/3:-in. leak orifice gave a 
needle with a taper of 0.006 in. per inch of length. The results 
of this calculation appeared as though an error had been made when 
the taper was compared to that of a 4000-lb. machine using a 6-in. 
travel. In this latter case the uniform taper worked out to be 0.032 
in. per in. of length.. However, after checking over the results and 
noting the factors in the equation for the diameter of the needle it 
became apparent why the taper for the light-weight machine was so 
small. 

The derivation of the equation for the needle diameter will not 
be given here but suffice it to say that by the application of Ber- 
noulli’s theorem the diameter of the needle at any time ¢ in the 
stroke of the hydraulic cylinder may be found from the following 
equation: 
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Da = 2 
where c = 
W 


diameter of needle 


in which D, = 
w = weight of oil per cu. in. 
A = piston area in sq. in. 
W = half of weight of airplane 
A; = area of orifice in sq. in. 


The value c is a small fraction and that amount divided by 7 make 
the quantity of smaller magnitude. If the total travel is not great 
(about 6 in. or less) the quantity x'/2 is not of great value. Conse- 
quently for a small piston area and not exceptional stroke, the second 
quantity under the radical is not of sufficient magnitude to cause any 
great difference in the total quantity. This is the case with the air- 
plane of light weight and even for the class of light transport and 
observation airplanes. 

The result of this deduction points to the reason why some types 
of hydraulic landing gears may be built without the tapered needle, 
or, that is to say, do not justify the tapered needle to secure a fair 
approximation at a uniform retardation of the aircraft in landing. 
If this be the case, the question arises as to the size of orifice to use, 
if the effective area is to be a constant value. The method that the 
author used to arrive at this value was a combination of calculations 
and trials on the actual airplane in landing. To get a basis upon 
which to work it was decided to take as a value of the orifice diameter, 
the mean value of the annulus that was obtained by the step-by-step 
calculations for the cylinder design wherein the tapered needle was 
calculated. 

In all these calculations no account was taken of the action of 
the tire and rubber shock-absorber cord, both of which operated 
during part of the stroke. On the particular airplane under in- 
vestigation the tire size was somewhat in excess of that of the usual 
tire for light machines, being a 30-in. x 5-in. tire. The method 
employed in this gear of having available a resilient medium upon 
which to taxi is to allow shock-absorber cords to come into action 
during the last two inches of the stroke and thus allow the machine 
to taxi on the cord after the major portion of the kinetic energy 
has been absorbed by the hydraulic action. The result of the action 
of the tire at the beginning of the stroke, taking up some of the force, 
and the stretching of the rubber cords at the end of the stroke was 
impossible fully to interpret. Both of the rubber mediums would 
give back a certain amount of energy which was damped out by the 
hydraulic cylinder but their effect was evident in the action of the 
gear. 

The results of the first tests, using an orifice of the same area as the 
annulus at mid-stroke, gave a gear that operated too stiffly. The 
interpretation of this was that the oil was not passing through 
the orifice sufficiently rapidly to prevent a certain hardness felt in the 
body of the airplane as the craft struck the ground. It was decided 
to increase the size of the orifice slightly and further to round the edges 
of the hole, both on the top and bottom side of the piston. It was 
believed that this would reduce the coefficient of contraction and 
permit more oil to pass through the given orifice thus giving a more 
suitable action. By rounding the under edge of the orifice a similar 
improvement would occur when the gear was re-cocked as the oil 
could enter the lower chamber more readily and thus on the return 
stroke, when the gear had been moved but a short distance, there 
would be a fair quantity of oil again ready to pass through the 
piston orifice. The final value of the orifice diameter, at its throat, 
was approximately 50 per cent greater than the original value taken 
for the basis of design. 

With this type of hydraulic-rubber-cord gear it appears somewhat 
difficult to apply the mathematical results secured for an orifice size 
and this is probably due to the combined action of large tires (in this 
case) and the operation of the rubber cord at the last of the stroke. 
Suffice it to say, however, that this gear has worked out very satis- 
factorily and no oscillation of the plane upon landing has been ex- 
perienced. Further, the rubber cords give an ideal taxiing medium 
and it is the author’s belief that often the landing gear receives some 
very strenuous racking loads while taxiing over rough ground and 
well needs a shock-absorbing medium that is ‘“‘soft.”’ 


Exuiot DaLanp.* The method used in the paper for correcting 
for the effect of tires is to reduce the value of R by a percentage . 
This has the effect of increasing the size of the orifice and is just 
opposite to the effect which tires should have on orifice diameter. 
This is proved by the Army tests which showed that a 0.531-in. 
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diameter orifice with tapered needle and no tires could be substituted 
by a 0.375-in. diameter orifice with no needle and tires. It seems 
evident that the effect of tires is to absorb energy at the beginning 
of the stroke and then to return this energy at the end of the stroke. 
This interchange of energy is accomplished by a reduction of piston 
velocity at the beginning and an increase in piston velocity at the 
end. In other words, the velocity of the piston relative to the 
cylinder is made nearly constant. 

A much more logical method of correcting for effect of tires would 
be to reduce the velocity V a certain percentage. The writer has 
checked back on known gears of good performance and finds that 
if initial velocity V is cut in half, the resulting orifice diameter is 
very close to the correct size. 

The formula for orifice diameter may be reduced to several con- 
venient forms, as follows: 


2 
- “n?—1 
R WA'(n ) 


where R_ = force on piston in pounds 
W = weight of 1 cu. ft. of oil = 57 lb. 
A’ = area of piston in sq. ft. 
a = area of oil stream through orifice 
n = A/a 
V = velocity of piston in ft. per sec. 
g = acceleration of gravity. 
Assuming constant retarding ferce, which is justified by indicator 
diagrams taken by the Army, - 
Ph 
R= 
where P = weight of airplane on each wheel 
hk = height of required free drop in inches 
S = stroke of cylinder in inches. 


This is obviously true for a vertical cylinder whose stroke is equal 
to the travel of the wheel, and it is also true for an inclined cylinder 
whose stroke is some proportion of the stroke of the wheel, for in this 
case 


ratio of force on wheel to force on piston 


where C = 
= travel of wheel in inches; 
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also 7’ = SC because the respective travels vary invertly with the 
forces. Therefore 


Ph Ph 
R= C 3c 0 
57 A” 
WA [2] 
where A” = area of piston in inches. 
A” 
nt—1 = (3] 


The ‘1’ may be neglected since values of n? are generally severa 
thousand units. 


29 
and correcting for effect of tires by taking one-half of V, this factor 


is equal to h/48. 
Substituting these four factors in the original formula, 


Ph 48 _ A? 
S h 144 a? 
or 


48P _ 57 
S 144° a4 


If a = area of hole X 0.655 = (md?/4) X 0.655, where d = diameter 
of orifice hole in inches and the hydraulic coefficient of contraction 


is 0.655, then 
0.133 
P/100 
or if D be taken as diameter of cylinder in inches, 


d = 0.0623 
P/1000 


In this formula S = stroke of cylinder no matter whether piston 
has same stroke as wheel or not, and P = static load applied to wheel 
no matter whether load in oleo leg is greater than load on wheel or 
not. 
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The Development of Large Commercial 
Rigid Airships 


By KARL ARNSTEIN,! AKRON, OHIO 


In this paper the author discusses the safety of the airship, 
which he considers to be very high because of the multiplicity 
and overlap of various means of achieving the same end. He then 
analyzes the various types of load, aerostatic and aerodynamic, 
which an airship experiences, and makes well-based recommenda- 
tions for methods of structural analysis, and for load factors. On 
the basis, partly of past experience, partly of careful investigation 
of many projects, he studies the variation in weight with volume 
of various structural elements. He finds that the specific dead- 
weight still decreases for airships up to 15,000,000 cu. ft. capacity, 
although only slightly beyond this point. From the point of view 
of transportational efficiency, the improvement with larger sizes 
continues almost indefinitely, at any rate well beyond the 15,000,000 
cu. ft., which is the largest volume contemplated at present. The 
author's final conclusion is that it is possible to construct airships 
of any size which may be required to meet transportation problems; 
and that economy will improve from every point of view with larger 
sizes. 


LTHOUGH lighter-than-air aeronautics can already look 
back upon almost one and a half centuries of history, it 
was not until the advent of the light internal-combustion 

engine that the development of the airship as well as of heavier- 
than-air aviation became feasible. Since that time, about 
twenty-five years ago, the two branches of aeronautics have 
seen marvelous developments, in which each one has main- 
tained its own field, supplementing the other. 

The airship has naturally developed into a large and long- 
range craft affording great reliability and the utmost comfort 
to a large number of passengers, a comfort comparable to that 
of modern ocean liners but improved by the absence of noise, 
vibrations, and seasickness. The airplane is the ideal small unit 
craft capable of rather high speed. 

The considerable investment required has somewhat delayed 
the commercial development of large airships, and they have 
been given much less of a commercial opportunity to show their 
merits than, for instance, the airplane. It is a fact that heavier- 
than-air aviation would also greatly benefit from the develop- 
ment of rigid-airship lines. Airplanes would not only act as 
fast feeders and distributers, but they would also be carried on 
airships for taking aboard or delivering load at intermediate 
ports, dispensing with the necessity of landing the big airship 
at points with insufficient facilities. 

SaFetTy AND RELIABILITY 


The inherent safety and reliability of the Zeppelin are mainly 
due to the principle of the multiplicity of independent means. 
Instead of depending on a single means for every vital purpose 
(for instance, on internal pressure as does the non-rigid airship 
for retention of gas and form), it is the advantage of the big unit 
that it permits subdividing the means so that they overlap and 
substitute for each other in case of emergency. 

Some illustrations will show how this principle applies in 
certain respects to all types of airships and in some respects 
especially to the Zeppelin type of ship. 

1 Sources of Lifting Power. The airship has two independent 
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sources of lifting power: aerostatic, due to the buoyancy of the 
lifting gas, and aerodynamic, due to the dynamic reaction of the 
ship’s hull and fins when flying at some angle of pitch. The 
airship still floats aloft, even if its motors are shut off, or, on 
the other hand, a loss of lift such as results when a gas cell is 
damaged, can be easily taken care of by the dynamic lift. 

2 Multiplicity of Buoyancy Units. The rigid airship utilizes 
the bulkhead or compartment system of the steamship by carry- 
ing the gas in a dozen or more gas cells. In case of damage to 
one or more cells the ship merely loses a certain amount of aero- 
static lift which can be compensated for by dropping ballast, 
and the ship is not forced down. Usually repairs can be made 
in flight. 

3 Triple-Layer Principle of Hull. In the single-cover system, 
most typically represented in the non-rigid type of envelope, 
this cover must hold the lifting gas, take all stresses of static 
or dynamic origin, and serve as a cover against rain, hail, or 
snow. Thus damage to the single cover impairs it in respect to 
all of the three functions it serves. 

In the rigid airship three units are provided, one for each of 
these purposes. The gas cells serve for the retention of the 
gas; a complete metal framework surrounding these gas cells 
takes all stresses, securing maximum strength with minimum 
weight, and the whole is enclosed by a taut doped and metallized 
fabric cover for protection against the elements, which reflects 
heat and offers a smooth flying surface. A network surrounding 
the gas cells protects them against expansion, while the air space 
between outer cover and gas cells serves as valuable ventilating 
space. 

This arrangement of dividing the functions has the advantage 
that one structural part may replace or assist another. This 
means, for instance, that the outer cover, if properly applied 
and maintained, will act as a valuable stress-bearing unit, lower- 
ing the stresses in the metal structure and taking shear forces 
even with the structure intact. Or in case of the destruction 


_of a part of the metal framework, the fabric at this point conveys 


shear forces from one intact section to the other. These features 
make the rigid airship a very rugged and coherent structure. 

4 Multiplicity of Propulsive Means. The large airship has 
so many motor units that the failure of even two of them does 
not endanger the ship’s safety or even _ the speed to a 
serious degree. 

An important contribution to real witine is the prevention 
of damage. The modern rigid airship is a very compact unit, 
housing most of its vital parts inside its structure. External 
appendages that can get fouled or wrench loose are avoided. The 
control car is built integral with the ship’s structure and the 
passenger compartments, and in the large ships even the power 
cars, are located inside. This feature renders complete over- 
haul of motors and extensive repair work possible during 
flight. 

Constant inspection of all parts of the ship in order to locate 
and repair a weakness in time is very important. The larger 
ships will be so constructed that there will not be a single part 
that will not in some way be accessible in flight. The fact that 


the operating crew constantly rides inside the structure auto- 


matically provides that more attention will be given to the 
important matter of inspection. 
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PrINcIPAL DANGERS 


A discussion of safety would be incomplete without showing 
how the main dangers which an airship may encounter, i.e., 
gusts and fire, are taken care of. 

Gusts. It is well understood that a steady wind in itself 
does not exert stresses in the structure of a ship in flight. The 
ship floats in the moving atmosphere and it is only the fluctua- 
tions of the latter’s motion that can “‘attack’’ the ship, i.e., the 
gusts or irregularities in the wind and concentrated air currents 
such as occur, for instance, in the immediate vicinity of clouds. 
Past experience and recent investigation have led us to the 
conclusion that the longitudinal distribution of bending moments 
which occurs in gusts is of a similar character to that produced 
in steady pitched flight with dynamic lift. This means that a 
ship properly designed to withstand its own dynamic lift is also 
very well proportioned to stand the attack of gusts if built to 
similar lateral strength. However, it will be a matter of proper 
navigation to avoid accumulation of forces due to the two causes 
of flying very heavy or very light, and of simultaneously en- 
countering extremely severe gusts. It is general practice to 
avoid entering a storm at full speed when badly out of equi- 
librium. 

Here a statement of Dr. Eckener may be of interest. “Every- 
thing depends on keeping the airship in full control in squalls 
and on flying it well trimmed and well balanced exactly as 
steamships in heavy weather must also be trimmed correctly 
if one does not want to run a great risk.” 7 

On the ground, whether moored to a mast or held by a crew, 
considerable wind forces may indeed attack the ship. How- 
ever, it is not difficult to provide ample strength for this case. 

Contrary to general belief, it is not the axial drag of the ship 
which requires consideration in the case of a high wind, but the 
cross-wind force which accompanies the inevitable yawing of the 
ship from the varying wind direction. 

Fire Hazard. Experience with scores of Zeppelin ships, all 
of which were inflated with hydrogen, has shown that the rigid 
metallic-fabric-covered airship is perfectly safe from lightning. 
The entire body is within practical limits always of the same 
voltage as the air immediately surrounding it. The metallic 
masses of the framework are ample to take up the amperage 
due to lightning and to act as an efficient lightning rod. As to 
the concentrated charge at the point of entrance of a stroke, our 
rigid airship has the advantage that the arrangement of the 
structural parts provides sufficient metallic cross-sectional area 
to take care of the current, without any danger to the retention 
of the buoyant gas. 

In spite of the fact that the highly inflammable hydrogen 
was used, the Zeppelin Company built and operated 115 airships, 
none of which were lost during flight because of fire except the 
L2 and L10,? and, of course, those brought down in war. How- 
ever, the presence of hydrogen requires more careful attendance 
and operation, and for that reason entails an additional risk. 

Since this country is so fortunate as to possess a sufficient 
supply of the incombustible, buoyant gas helium to inflate air- 
ships with, any danger of ignition of the buoyant gas is com- 
pletely eliminated. 

Only small fires due to accidental ignition of spilled oil or 
gasoline have been experienced on non-military operations, but 
such fires can be easily put out by means of any small chemical 
fire extinguisher available. All non-metallic parts which might 
possibly be touched by fire are impregnated so that they do not 
sustain combustion and therefore are non-burning, as con- 


2 The L2 was burnt during a trial flight due to hydrogen finding 
its way into a power car while the motor was backfiring. The L10 
was struck by lightning while valving gas.. See also Lehmann’s 
article in the February, 1926, issue of MECHANICAL ENGINEERING. 


firmed by numerous tests. The helium airship, even with 
gasoline engines, may be considered as having a very high 
degree of safety against fire hazard. Of course, there may 
remain theoretically at least a danger from gasoline fumes caused 
by leakage of fuel lines, if the gasoline storage is not properly 
handled and supervised. With the substitution of natural gas 
as a fuel the fire hazard would be diminished due to the fact 
that these containers would be entirely surrounded by the 
non-inflammable helium and because escaping gas would take 
its way up through ducts and in general would be more easily 
eliminated by the ventilating system since it is lighter than air. 
Another promising development is the substitution of heavy 
oil for gasoline, which also would reduce the fire hazard. 


TRANSPORTATIONAL EFFICIENCY 


The reason why the rigid airship is the most economical and 
practical aircraft for long range and endurance is that its dead- 
weight becomes a smaller portion of the gross lift when size is 
increased, and because the total air resistance decreases with 
increasing size because the coefficient of frictional drag decreases 
with size (Reynolds number) and because the parasite resistance 
also decreases with the size of the airship. 

Of course, any investigation of the influence of size depends 
very much upon the interpretation of ‘‘ceteris paribus.” The 
things that have the greatest influence besides size and speed are 
the principles of structural design. 

In order to compare reasonably the merits of different air- 
craft it is necessary to decide on a standard. Aside from mere 
‘joy rides,”’ the general purpose of any means of transportation 
is to convey a certain useful or commercial load over a certain 
distance. Where speed is selected as the standard, the product 
of the two divided by the energy expended constitutes some 
sort of a “transportational efficiency.” Strictly speaking, since 
this may be more than 100 per cent we should call it a “trans- 
portational coefficient,” as it is really quite analogous to the 
reciprocal of the frictional coefficient of any other vehicle. 

Even before we set out to discover what other features the 
transportational efficiency may depend upon, it is evident that 
it will be the better the less the deadweight that has to be carried 
per unit gross lift. This is mainly a structural problem, upon 
which it is proposed to dwell somewhat more in detail. 


SPEED 


For the airplane of conventional design, the deadweight 
obviously becomes a larger portion of the lift when size is in- 
creased, since the concentration of loads against the wide dis- 
tribution of lift enhances the requirements for sufficient strength 
of the members transmitting those forces. However, since the 
lift of the airplane depends not only on its size but equally on its 
speed, it is of importance to determine in what proportion speed 
may be increased with size without entailing new difficulties in 
regard to maneuverability, landing, etc. 

With the airship conditions are entirely different. The load 
can easily be distributed so that carrying it will not necessitate 
distant transmission of concentrated statical forces. The buoy- 
ancy lift does not depend on speed, but the aerodynamic forces 
exerted upon the structure in maneuvers and gusts do. The 
best economy of the airship is obtained if speed is not pressed 
beyond a reasonable figure, dictated by the requirement of being 
not unduly delayed by such head winds as are likely to be met, 
and of being able to outride any high wind which may be en- 
countered unexpectedly. 

Such meteorological considerations are largely independent of the 
size of the craft. It might be argued that a ship of larger cruising 
radius would be more likely to run into unforeseen weather 
conditions; it might, however, have a greater chance to cir- 
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cumnavigate the affected region. Therefore it will be justifiable 
to compare airships of different size on a basis of equal speed, 
although for the purpose of a comparative investigation it is not 
necessary to settle definitely what speed is considered appropriate. 
All that will be assumed is that the speed be of the order of a 
multiple of average winds. A speed of 80 m.p.h. will certainly 
be considered commercially sufficient to let the airship compete 
favorably with any other means of transportation on long dis- 
tances of the order of thousands of miles, and especially on 
transoceanic routes. 


Loap Factor 


The next step toward the computation of deadweight after 
selecting the structural types for various size groups is the 
decision as to the relative strength, and thereby what dimensions, 
gages, and cross-sections the various structural parts of the air- 
ships are to be given. 

Following the practice of other branches of engineering, the 
various parts of an airship structure are assigned certain relative 
or theoretical factors of “‘safety,’”’ which, however, refer to 
idealized conditions. The expression ‘load factor’ as recently 
adopted in airplane design would be more logical_than “‘safety 
factor.” ‘ 

For the present we shall conceive of those load factors with 
reference to the bare metallic framework only, deliberately 
neglecting the favorable contribution of the outer cover and 
textile network to load transmission. However, account wil 
be taken of all unfavorable forces resulting from these textile 
parts, such, for example, as compression of the girders caused 
by the tautness of the outer cover. Such a procedure is of 
course on the safe side, and the actual safety is decidedly greater 
than it would be if judged only from the bare-frame load factors 
without making allowances. 

To the general problem of the actual safety of the ship as 
a whole, a few remarks will be devoted in a later paragraph. 

Aerostatic Load. When a ship is flying in aerostatic equi- 
librium the buoyancy and the loads can be distributed in a gener- 
ally similar way along the ship. The distribution may vary be- 
tween two extremes: viz. (a) with the ship fully inflated and fully 
loaded, and (6) partially inflated and with all consumable loads 
(except fuel for about two hours’ run at cruising speed and '/, 
to 1 per cent of the gross lift as water ballast in the emergency 
bags for the landing maneuver) disposed of. However, in 


neither case are the stresses produced very severe as compared - 


with those produced by aerodynamical causes on a fast ship. 

The distribution of stresses will of course be altered when an 
individual gas cell is accidentally deflated. But even this does 
not necessitate the infliction of large bending moments upon the 
ship as a whole, because in general it will be possible to release a 
suitable amount of ballast from the region affected. 

Aerodynamic Loads. The decisive condition in regard to which 
the strength of a fast rigid airship is to be designed is produced 
by bending moments of aerodynamic origin. We may distinguish 
between three types of aerodynamic loading, viz.: 

a The ship is not in aerostatic equilibrium. It is light or 
heavy. The surplus lift or weight, as the case may be, is bal- 
anced by aerodynamic lift, the ship flying at some angle or 
pitch. 

The surplus buoyancy or overweight is in general distributed 
along the ship’s length in proportion to the displaced air volume. 
The distribution of the aerodynamic forces, however, is some- 
what concentrated toward the two ends of the ship, the bow and 
the empennage, as is known from experimental investigation 
and from the theories of Munk and Karman. Such a distribu- 
tion of forces and loads results in a concentration of bending 
moments about midships, tapering off toward the ends, and at 


AER-50-4 3 


any given angle of attack is roughly proportional to the two- 
thirds power of the volume. 

b When the ship is running into a gust or air current, the 
aerodynamic disturbance may be considered as sweeping it from 
the bow. The deviating moment is opposed by the inertia of 
the ship, which retards any sway of the latter from its course. 
The peak of the bending moments produced in such a situation, 
is naturally slightly shifted forward from amidships toward 
the seat of the disturbance, and the tapering off of the bending 
moments toward the ends proceeds in a somewhat distorted 
sinusoidal fashion. 

c The reverse in general holds for aerodynamic forces applied 
at the stern, for instance by sudden rudder application, also 
opposed by the inertia of the ship tending to impede any change 
of motion. The peak of the bending moment is then slightly 
shifted aft of the center section. 

While bow and stern disturbance forces may occur in any 
plane, horizontal, vertical, or slanting, and without preference 
for any particular direction, the condition of pitched flight is 
confined to the vertical plane. However, it finds a close lateral 
analogue in the condition of circling flight, although the dis- 
tribution of forces is then slightly different from that of constant 
pitch. It is therefore quite appropriate to provide equal strength 
for all meridional planes, vertical, horizontal, or inclined. 

Very extensive research on all imaginable stress conditions 
and maneuvers has served to confirm previous experience on 
successful ships that a ship is well proportioned for all eventuali- 


* ties provided its bending strength is distributed along its length 
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Fig. 1 DISTRIBUTION 


according to a bell-shaped curve having its peak in the vicin- 
ity of the midship section and tapering off toward the ends a 
little less readily than would be required in the case of pitched 
flight, so that its peak appears flatter. 

To be more precise, the strength distribution here advocated 
could be derived from the standard-pitch case by applying a 
magnifying factor increasing elliptically toward the ends, start- 
ing with a value of unity at the peak itself and reaching about 
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three at the ends. Such a distribution of strength will cover all 
possible cases of stresses permitting the peak of the bending 
moment to shift within the range of extreme characters of aero- 
dynamic disturbances. 

The recommended strength curve is shown in Fig. 1 enveloping 
the standard pitch condition and two extreme cases of sudden 
rudder application and a gust of a certain type. It is 
implicitly assumed that ships to be compared are of a similar 
degree of dynamic stability and consequently that the angle 
of attack at which maximum lift can be produced is also in- 
dependent of size. 

It should be understood that the bending moments due to 
buoyancy may have to be added to this curve of maximum 
aerodynamic bending moments, but they form a less important 
part of the entire moment, the less important the larger and 
faster the ship is. 

One matter of importance is of course the decision as to the 
scale of this curve. If the peak is made to correspond with the 
maximum dynamic lift observed in previous practice and in gen- 
eral agreement with theoretical investigations, the curve will 
provide approximately equal safety for very reasonable relative 
severities of the various loading conditions. Of course there can 
be some arbitrariness in conjecturing the force and character 
of gusts likely to be encountered, and if fictitious cases of unusual 
severity are assumed, higher loads may be computed. But such 
a fictitious case of exceptional severity would properly be assigned 
a smaller load factor than the standard case. The factor of 


safety will not necessarily decrease in such cases provided the ship © 


flies at cruising speed (which is the normal speed) and not at 
the speed of full throttle, when such extraordinary conditions 
are encountered—for instance, the superimposition of deflated 
gas cell and extreme heaviness or gusts of greater strength than 
assumed. 

The load factor by which the standard load curve has to be 
multiplied in order to indicate the actual strength of the structure 
required, is one which has to be assumed in regard to the purpose 
of the ship. In no case does a load factor lower than 2 seem 
advisable. Although a factor in the neighborhood of 2 proved 
satisfactory on war-time airships, the requirements of peace- 
time military training operation, and especially of commercial 
operation, call for a higher load factor. 

Commercial operation of course puts safety of the passengers 
against natural hazards first. Warships have to take the risks 
of enemy action besides, and are forced to attain a very high 
ceiling. This cannot be done without sacrificing inflation and 
therefore lift. Commercial ships are not required to climb to 
such high altitudes, so their capacity is much better utilized. 
On the other hand, they are required to maintain a regularity of» 
schedule which does not permit delay of action on account of 
unfavorable weather conditions. 

The comparative data on weight and performance presented 
in the following paragraphs are based on the assumption of a 
load factor of 4 applied to the recommended standard bending- 
moment distribution for the ship as a whole. 

+ Even with a load factor of only 2 the actual structural safety 

of warships was satisfactory. It may therefore be worth while 
to compare the computed factor of safety in the structure of a 
rigid airship with that in the structure of the steel hangar in 
which it is harbored. 

As far as the external forces exerted on the structure are con- 
cerned, the airship designer has at his disposal a wealth of ex- 
perience with regard to air-pressure distribution over the hull, 
whereas the hangar designer, at least up to the present time, 
apparently does not care to know the actual distribution of wind 
pressure all over the suriace of the building. In fact, working 
along routine lines, he often assumes forces exactly opposite to 


the actual conditions. Another factor is that the airship de- 
signer will never use a girder or column of a new type before 
having determined its properties in actual full-size tests, whereas 
the hangar designer usually depends on formulas which may 
have been derived under certain conditions for certain shapes 
of cross-section, certain ratios of length to radius of gyration, 
etc. which may not apply directly to the member being designed. 

From the author’s personal experience gained by the examina- 
tion of the strength of numerous existing hangars he can state 
that many practically satisfactory hangars have structural mem- 
bers meeting the requirements of a load factor of less than 2 if 
the framework alone has been calculated to carry the full load 
existing under actual conditions. Especially is the margin of 
safety against blowing over remarkably low if the actual wind 
suction forces are taken into account. He is therefore of the 
opinion that our rigid airships are more carefully computed and 
therefore possess a more uniform degree of safety all over the 
structure than steel structures generally do. 


DvuRALUMIN 


The metallic hull structure of the airship consists of a system 
of duralumin girders provided with steel-wire bracing. Dura- 
lumin is a well-known aluminum-copper-magnesium alloy, and 
its present use in all kinds of aircraft is due to the endeavors 
of the airship industry, which as long ago as 1909 cooperated 
with the first manufacturer of the alloy in order to make it 
applicable to airship construction. 

Duralumin has been successfully used for the construction of 
about 90 rigid airships without the slightest trouble. The 
elastic limit or yield point of the original material has since been 
somewhat increased by cold rolling after heat treatment. Only 
a small reduction of area of cross-section is effected. so that the 
resistance to corrosion influences is not altered thereby. No 
noticeable effect on corrodibility could be observed even with- 
out the application of any protective coating. 

Numerous corrosion tests have been made on this material, 
some of which were on parts exposed entirely unprotected to 
outside weather for a period of about ten years and on parts 
taken from beams of airplanes after a similar period of active 
service. On this basis it can be safely said that with the ex- 
ception of very thin sheets it is the best structural material for 
aircraft available at the present time, and absolutely reliable 
if properly manufactured and handled. This means that first 
of all pure raw materials must be used, that the heat treatment 
must be carefully conducted, that no unreasonable forming be 
done, and that the material be protected, from unnecessary 
contact with substances capable of inducing corrosion. 

The Aluminum Company of America has conducted very 
interesting tests along the same lines. The results of their tests 
confirm the preceding statements, and the author is glad to state 
that the material available in this country is excellent. There- 
fore his company does not hesitate to base its data for hull 
structures on the use of duralumin. Furthermore the weight 
required for protecting the metal by a suitable varnish has been 
taken into account in the data presented in the following para- 


graphs. 
DesiGn PRINCIPLES 


The buoyant gas has to be confined in an envelope, and this 
latter has to be pushed through the air, which cannot be done 
without overcoming the air resistance. Slenderness of hull is 
often regarded as of great importance for the drag. However, 
it has been found that the region of favorable proportions ex- 
tends between rather liberal limits. 

Aerodynamically, the fatter a ship the less the frictional 
resistance but the greater the “form’’ resistance. As far as air 
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resistance is concerned the friction increases with slenderness, 
but the “form drag” increases with fatness. An optimum range 
calculated as drag coefficient per two-thirds power of volume 
seems to extend between fineness ratios 1:4.5and 1:7. Both 
slenderer and fatter ships have comparatively greater resistance 
because the disadvantageous part of the resistance becomes 
predominating. Theoretical considerations indicate a gain of 
stability for the fatter ship, but tests reveal less gain than theory 
indicates. Its fins are more efficient per unit of empennage 
area due to larger span, but less efficient due to shorter leverage. 
Statically, the fatter ship is subject to greater loads on the top 
longitudinals due to the greater head of gas, and to greater 


Fic. 2 GeNnERAL ARRANGEMENTS OF SHIPs OF SMALL, MEDIUM, 
AND LARGE-S1ZE CLASSES 


loads in all transverse parts for the same reason and because of 
the increased diameter of hull, and to less axial load in the 


longitudinal girder caused by the action of the ship as a structural - 


unit because of the greater section modulus. 

With regard to practical air navigation, the fatter ship has a 
shorter period of oscillation due to the smaller moment of inertia 
in pitch or yaw, but is slower in roll. With regard to practical 
ground handling the fatter ship is more difficult to hold on the 
ground due to height, and requires a greater width of hangar. 
However, it will have less difficulty in all matters referring to 
length. 

The advantages and disadvantages of large or small fineness 
ratio (slenderness) balance to such an extent that there is little 
to choose from within a range of lengths of 5 to 71/2 diameters. 
We shall therefore simplify our study of the influence of size 
and design upon deadweight if we refer all data to one common 
fineness ratio or slenderness. The ratio 1:6 has been selected 
for this investigation as being representative of ships actually 
flown as well as of those planned for the immediate future. 

- Our problem thus resolves itself into the question of how far 
the interior structural design can remain similar when the size 
of the ship is altered. If a standard design were simply enlarged 
proportionately, partial derivatives could be assigned to the 
contributions to weight of the various structural items. How- 
ever, this procedure is limited to a certain extent, the entire 
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structure being built up of a very finite number of individual 
units such as bays, girders, panels, sections, compartments, and 
gangways. There are certain limitations to the absolute size 
and dimensions of such characteristic members as well as to their 
relative size as part of the whole. 

Thus, different types and distributions of structural elements, 
especially transverse frames and gangways, are suitable for 
different ranges of sizes. The author would divide them into 
three distinct groups or classes, all of which have in common the 
characteristic features typical to the Zeppelin: viz., a well- 
streamline-shaped hull of polygonal cross-section, made up of 
longitudinal girders between the annular transverse frames, 
braced against shear and deformation; covered with a taut outer 
cover and containing a certain number of individual fabric gas 
cells; propelled by a number of independent motors and pro- 
pellers, and controlled by the conventional cruciform tail unit. 

The three groups may be classified as (comparatively) small- 
size, middle size, and large size. The number of sides of the 
cross-sectional polygon is increased as the ships become larger. 


Fie. View Instpe tHe Empty Hui SrrucTuRE OF A SMALL- 
Size-Ciass AIRSHIP 
(The Zeppelin Commercial Airship Bodensee.) 


This is necessary because the maximum distance between longi- 
tudinals must be kept approximately constant for all ships to 
provide satisfactory support for the outer cover. 

Small-Size Class. For the small type of commercial airship, 
having a capacity of less than 2,000,000 cu. ft., the Zeppelin 
passenger airship Bodensee (Fig. 2) may serve as a representa- 
tive. This ship was built in 1919 by the Zeppelin Company 
and was successfully operated between Berlin and Lake Con- 
stance, making 103 flights in 98 days. It is interesting that 
she is still in active service and flying in Italy. She has a length 
of 393.6 ft., a maximum diameter of 61.3 ft., and a fineness ratio 
of 1 to 6.5. (This would be slightly less if allowance were made 
for her sharply pointed tail.) The gas capacity is 710.000 cu. ft. 
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Fic. 4 Main TRANSVERSE FRAME FOR SHIP OF SMALL-S1ZE CLass 


The cross-section is a 17-sided polygon with a horizontal side 
at the bottom for the corridor. The control and passenger car 
is underneath the corridor in the front part of the ship, forming 
a structural unit with the corridor. Four engines in two wing 
cars and one rear car furnish the power for propelling the ship. 
The hull structure (Fig. 3) consists alternately of main rings 
and intermediate rings. The corners of the polygonal rings are 


connected by the longitudinal girders and by diagonal shear 
wire bracing. 

The intermediate rings serve for the support of the longitudinals 
and mainly take stresses due to the gas pressure. The main 
rings serve the important purpose of conveying the loads accumu- 
lated in the lower part to the lifting forces exerted mainly in the 
upper part. They are therefore the structural elements which 
maintain the circular shape of the ship and considerable atten- 
tion has to be given to them in the development of larger ships. 

In these small-size ships the ring is built of circumferential 
column girders which have to be braced at each corner by cross- 
wires in the plane of the ring to obtain a stable structure (see 
Fig. 4). These taut wires crossing the ring also serve as a 
bulkhead and limit the extension of the gas cell in case of pitching 
or of the deflation of an adjacent cell. This, however, imposes 
considerable forces in the plane of the ring. 

Medium-Size Class. The Los Angeles may be taken as repre- 
sentative of the medium group of airships of two to four million 
cubic feet capacity. She was flown across the Atlantic ocean 
in 1924 and since that time has been in the service of the U. S. 
Navy. She has a length of 656 ft., a maximum diameter of 

90.7 ft., and a fineness ratio of 1:7.2, which ratio would also 
be decreased if allowance were made for the sharply pointed tail. 
The gas capacity is 2,600,000 cu. ft. (See Fig. 2.) 

The principles of design of the hull structure are the same as 
those for the small-size class except for the arrangement of the 
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Fig. 5 View or Structure or SHip oF Mepium-S1ze 
(U. S. Navy Airship Los Angeles, built by the Zeppelin Company.) 
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intermediate rings—i.e., two intermediate rings being inserted 
between two main rings—and the type of main rings. See Fig. 5. 

The cross-section is a 22-sided polygon which has been de- 
veloped from a regular 24-sided one by extending the second 
side from the bottom clear down to the plane of symmetry. 
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with the vertical axis assists in making the wire cross-bracing 
system unnecessary as a load-taking part. 

A loose, flexible network is provided which acts as a bulkhead 
and limits the extension of the gas cells when adjacent ones have 
different degrees of inflation or in case of pitching. This type 
of bulkhead only exerts forces of minor importance on the 


main rings. 

The main rings of triangular meridional section have a 
number of very great advantages over the flat rings of 
smaller ships. They afford means for intercommunication 
between corridors, and together with the corridors they per- 
mit a thorough inspection of the ship. They provide excellent 
means for ventilation. They permit the installation of the 
power plant entirely within the hull, with a consequent 
saving in resistance, and afford access for quick repair and 
continuous inspection. 

The engine with gear transmission is installed in the en- 
gine room inside the hull, and an outrigger for the support 
of the rigid transmission shafts, bevel gears, and propeller 
is arranged outside the hull. This arrangement makes it 
possible to use propellers not only for forward motion and 
reversing maneuvers but also for vertical thrust by tilting 
their axes 90 deg. This feature will be of great impor- 
tance in starting and landing maneuvers. It will also permit 
carrying more pay load and avoid the loss of lifting gas 
when the ship has to be forced down. 

Such a ship can easily be equipped with landing, launch- 
ing, and storage facilities for several airplanes, thus per- 
mitting the ship to take on passengers or mail or release 
them during flight. 


Two valuable new features will enable the ship to com- 


Fig. 6 Main TRANSVERSE FRAME FOR SHIP OF MEDIUM-S1ZE CLASS 


The bottom corner thus forms the apex of the corridor, which is 
triangular in cross-section with its base at the top. 

Bracing all the corners of a ring with such a great number 
of rigidly jointed sides would have resulted in an extremely 
sensitive structure on account of the fact that adjacent sides are 
inclined at too obtuse an angle with each other. Moreover, 
the number of statically indeterminate elements would have 
been prohibitive. These considerations led to the type of ring 
shown in Fig. 6, in which adjacent sides are combined into a series 
of diamond-shaped trusses. Only the ends of these trusses are . 
connected by a system of bracing, thus reducing the quantity 
of cross-wire bracing by one half. 

Large-Size Class. As a representative of the large-size group 
a design of a 7,000,000-cu. ft. transatlantic commercial airship 
is shown at the bottom of Fig. 2. This proposed dirigible will 
have a length of about 800 ft. and a diameter of not less than 
132 ft. The aspect ratio will be about 1:6, and the cross-section 
is a regular 40-sided polygon. 

The control car is built into the structure as far as possible. 
The protruding cross-sectional area of the car is kept exceedingly 
small, the contour of car section and ship section forming a 
continuous curve. The passenger compartments, dining and 
social rooms, and the promenade decks are located in two lateral 
corridors. These corridors and an additional one at the top are 
substituted for the single keel at the bottom of smaller ships. 
They give a great increase in actual longitudinal strength and 
form a valuable support to the intermediate rings. 

Three intermediate rings will be arranged between each two 
main rings (see Fig. 7). The main rings are built-up transverse 
frames of corridor cross-section, strong enough to take all the 
stresses without the assistance of wire bracing (see Fig. 8). 
The location of the two lower corridors at an angle of 45 deg. 


pensate for the loss in weight due to fuel consumption. 
If gasoline, which is heavier than air, is consumed during 
flight, the loss in weight previously required the release of a 
corresponding amount of lifting gas. Different attempts have 
been made to compensate for this, the most successful one up 
to date being the use of motor-exhaust condensers consisting 


THe STRUCTURE 


Fig. 7 View oF Hui Structure oF PASSENGER SHIP OF LARGE- 
Size Ciass 


(Project of Goodyear Zeppelin Corporation) 


of a system of connected tubes exposed to the air stream and 
installed between the engine car and the hull. This device has 
proved quite satisfactory as to the thermal effect, but it is heavy 
and involves considerable parasite resistance. 

One of the new features will be the use of a system of con- 
densing the exhaust gases by means of condensers located flush 
with the surface of the hull, thereby eliminating most of the 
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parasite resistance and the equivalent load of additional fuel 
required to overcome it. 

The second feature will be the use of natural gas somewhat 
lighter than air as a fuel in addition to a certain amount of gaso- 
line. While consuming the gas the ship would become gradually 
heavier, and while using the liquid fuel it would become lighter. 
The simultaneous or alternate use of the two fuels would enable 
the ship to maintain equilibrium and trim and to compensate 
the effect of changes of temperature, under all conditions, in- 
dependent of the functioning of the water-recovery system. 

This second feature is undoubtedly of great importance for 
commercial operation. It eliminates any necessity of valving 
the lifting gas. It is safer with regard to fire hazard because 


the various principal structural parts contribute their share to 
the deadweight of the structure as functions of size. 

The existing literature? mainly refers to the application of 
Normand’s equations to airships. Their use is limited to ships 
deviating only slightly in general characteristics and capacity 
from the actual ship which served as a standard. 

The following figures are derived from comparatively detailed 
designs of airships. All the designs were worked out under 
the same general stipulations, basing the application of theoretical 
conclusions on practical experience gained on previous airships. 
After confirmation of these figures by actual construction of a 
ship of the large-size class it might be advisable to determine 
the equivalent constants and powers for the dimensions to be 
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the natural gas, which is rather less explosive than gasoline 
fumes, can be surrounded easily and entirely by the non-in- 
flammable helium, and less gasoline is carried aboard than 
would be necessary without this feature. 

The three design patterns above described are not strictly 
confined to the size limits indicated. In fact, their ranges of 
application overlap. The designs and ideas referred to represent 
the state of present experience. But it is evident that methods 
for the construction of much larger airships—up to at least 
10 million cu. ft.—are already at hand, and that still larger sizes 
can undoubtedly be developed. 


VaRIATION OF Unit WEIGHT OF HULL | 
A brief analysis will be given of how and in what proportion 


applied in the use of Normand’s method, which according to the 
results of this investigation are noticeably smaller and more 
favorable to the airship than might be expected from purely 
mathematical extrapolation based on smaller ships only. 

Longitudinal Girders (Fig. 9). Approximately the same 
distance between longitudinals is assumed for all sizes of ships 
because experience has shown that this distance is limited by 
the distances necessary to properly support the outer cover. 

The curve of the “unit weight” (i.e., weight per 1000 cu. ft. 
capacity), based on the load factors previously explained, drops 
rapidly within the range of smaller sizes and gradually approaches 
a constant slope for larger sizes. 


3 J. C. Hunsaker in the Aeronautical Journal, July, 1920, C. P. Bur- 
gess in “Airship Design,’’ Ronald Press, New York, 1927. 
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The forces acting in the longitudinal girders which are taken 
into consideration are as follows: Axial compression or tension 
due to bending and shearing for the ship structure as a whole, 
including also the longitudina] gas pressure under conditions 
in connection with the lateral, local, outward-bending load due 
to gas pressure transmitted directly or by means of the cir- 
cumferential wires (rising of the ship is to be taken into con- 
sideration in order to determine the maximum gas pressure); 
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Fig. 9 VARIATION OF UNIT WEIGHT OF STRUCTURAL PARTS OF THE 


lateral, local, inward, and outward bending due to dynamic air 
pressure; secondary stresses due to rigidity of joints and elastic 
deformation of the intermediate frames. 

With an increase in the ship’s size the aerodynamic forces 
become the predominating factor. About two-thirds of the 
stresses result from axial compression or tension, one-third 
being due to bending. In the large-size class pin joints were 
assumed at the connection of longitudinals to main rings, per- 
mitting the ends of the longitudinals to deflect freely radially. 
This seems advisable where the bulkhead netting is to be attached 
to the inner annular boom of the built-up main frame, creating 
torsion in the main rings and the secondary bending in the 
longitudinals. 

The maximum stress in the longitudinal girder is to be com- 
puted for combined compression and bending, taking the addi- 
tional bending moments due to deflection of the girder under 
these loads into account. 


Main Rings. It is assumed that the number of cells is the | 


same for all sizes, which means that the maximum cell is designed 
to have the same percentage of the total gas volume. There- 
fore the number of intermediate rings between two adjacent 
main rings will vary. It is assumed that the distance between 
two intermediate rings is the same for the three classes. In 
Fig. 9 the curve for the unit weight of the main transverse frames 
is plotted for small- and medium-size-class ships assuming wire- 
braced rings, and for large-size-class ships assuming built-up- 
frame rings. The two curves are of different character. The 
curve for braced rings increases directly with the capacity, 
while that for built-up-frame rings decreases rapidly between 
5 and 7 million cu. ft. and then increases with a slope similar 
to that of the line for braced rings. The two branches of the 
curve intersect at somewhat more than 5 million cu. ft. capacity, 
demonstrating the economy of the built-up-frame rings for larger 
sizes. 

The members of the main and intermediate rings are designed 
with the idea of withstanding circumferential compressive forces 
due to the tautness of the outer cover and of the elements 
supporting it, and of transmitting shearing forces in the side 
panels. 
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In addition to the stresses of the sources mentioned, the main 
ring has to fulfil the following requirements: 

1 Transmission of load to lifting forces by means of the 
sides of the ring in connection with the ring bracing, 
or by means of the members of the built-up structure 
of a self-supporting inherently stiff ring. 

It is assumed that the load-transmitting corridors are located 
in the bottom of the cross-section where a single corridor is used, 
or at an average angle of 45 deg. from the vertical axis of the 
ring where pairs of lateral corridors are provided. 

2 Supporting the bulkhead structure in case of a deflated 
gas cell or while the ship is nosed up or down. 

In the small- and medium-size classes the bulkhead structure 
consists of taut wire bracing. Axial support through columns, 
although it would result in a slight saving of weight, is not 
taken into account here because of the practical disadvantages 
it would introduce with the present cell design. In the large- 
size class the built-up-frame rings are equipped with a com- 
bination of slack-wire and cord-net bulkhead. This bulkhead 
is designed to be attached at the rim girders of the main ring, 
thus transmitting forces in and vertical to the plane of the ring, 
as well as a torsional moment. 

It is possible to save some weight by attaching the bulkhead 
tangentially to the longitudinals of the hull, thus avoiding the 
effect of bulkheads on the ring entirely. 

Intermediate Rings. In addition to the stresses mentioned in 
the foregoing paragraph, the intermediate rings have to support 
the longitudinals and to take the gas forces of the bay. The 
sides of the ring in connection with the wiring system serve to 
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transmit lifting forces in the panels to the adjacent main rings. 
These forces depend largely on the system of wiring. Bending 
moments result from direct contact with gas cells and from 
rigidity of the joints of the ring due to the deformation of the 
ring under the gas forces. . 

The curve for the variation of unit weight is given in Fig. 9 
in combination with the wiring, which practically cannot be 
separated, and with the corridors because these are essential as 
support for the intermediates. The discontinuity of the curve 
between 5 and 6 million cu. ft. is mainly due to shifting from 
plane wire-braced rings to built-up-frame rings with a width 
covering a noticeable part of the circumferential surface of the 
ship, which naturally causes a reduction in the number of inter- 
mediate rings required. 

Wiring. Diagonal wires serve as elements for the transmission 
of shearing forces only, whereas gas-cell netting wires serve for 
the retention of the gas cells mainly but participate in taking 
shear forces. Both systems of wires naturally relieve the 
longitudinals from some axial forces. The figures are based on 
these assumptions and the use of steel wires of about 250,000 
Ib. per sq. in. ultimate strength. 
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Corridors. The corridors act as elements of longitudinal 
strength. Their use as storage for fuel, ballast, spare parts, 
etc. requires special attention with regard to local strength 
and in order to enable the structure to transmit these loads to 
the hull. In the small- and medium-size class only one corridor 
is provided, and that is in the bottom of the ship. In the large- 
size class the number of corridors is assumed to be increased to 
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three in a 7-million-cu-ft. airship and up to five or six in a 14- 
million-cu-ft. airship. At least two of these corridors will be 
load-carrying. The rest are necessary to give transverse support 
to the intermediate rings and are very desirable in adding 
longitudinal strength and increasing the ruggedness of the 
structure. 

The curves 6 of Fig. 10 show the variation of unit weights 
of these main parts forming the bare hull. It is interesting to 
note that the minimum will be reached in the vicinity of 7 
million cu. ft. 

Stabilizing Fins and Rudders. The weight of the empennage 
is a function of its size and its form. It is assumed that 
the general arrangement of four fins of rigid structure and 
triangular cross-section, similar systems of bracing, similar 
location with reference to the center of buoyancy, and similar 
proportions of movable rudder surfaces can be maintained 
over the entire range of ship sizes here considered. The slender- 
ness of the fins is designed to increase slightly with size, for 
reasons which it would be beyond the scope of this paper to 
discuss. The weight of the empennage includes the weight of 
rudder and elevators, control mechanism, and instruments 
pertaining to navigation. 

Mooring and Landing Equipment. This item comprises the 
weight of the equipment necessary for landing on the ground 
and at the mast and for the transportation on the ground, so 
far as it is carried in the airship. 

Control Car and Crew. The control car is assumed to be 
built integral with the hull. The figure for the weight covers 
the control room proper, the radio cabin, and the navigation 
room. The staterooms for the crew are located inside the hull 
in the corridors. Their weight depends on the number of men 
in the crew. 

The navigation staff may consist of two shifts on ships up to 
about 3 million cu. ft., and of three shifts on larger ships where 
duty is required continually night and day. 

The engineering staff is a function of the number of motors. 
Therefore it increases with the power, which under the assump- 
tion of a standard speed increases almost as the two-thirds 
power of the volume, and depends on the maximum power unit 
available. The curve drops rapidly within the range of smaller 
sies only, and slopes gradually for larger sizes. 


The curves at a, Fig. 10, show the variation of the totaled 
weights of the parts of the hull structure. It is essential to 
note that the unit weight of the hull proper seems to reach its. 
minimum in the neighborhood of 8 million cu. ft. capacity. 


VARIATION OF Unit WEIGuT oF Fasric Parts 


Fig. 11 shows the variation of the unit weight of the fabric 
parts of the ship, including the outer cover and the gas cells with 
the surrounding cord network, the valves, and the gas ducts. 
The computation of the weight of the outer cover is based on 
the assumption that the distance between the supporting longi- 
tudinals may change but slightly. The weight for coating and 
metallizing is included. The weight of the gas cells was calcu- 
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lated for material of the latest development made to resist 
adverse atmospheric conditions and reasonably severe conditions 
while being handled. The gas valves are designed to allow for 
an ascent at the rate of 33 ft. per sec. 


VARIATION OF UNIT WEIGHT OF PowER PLANT AND ACCESSORIES 


Fig. 12 shows the variation of the weight of the mechanical 
parts of the ship. 

Power Plant. The weight figures for the power plant com- 
prise the weight of the motors, transmission gears and shafting, 
and the power cars or engine rooms. As the speed is supposed 
to be the same for all ships compared, the required power is 
mainly a function of size, and within each class of ships it increases 
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at a rate slightly less than proportional to the two-thirds power 
of the volume. Since the same type of motor is assumed for 
comparison, the unit weight of the power plant within each 
group, including reversing gears and reduction gears (if any), 
varies at a similar rate. 

Storage Facilities for Fuel and Ballast. The weight share of 
the fuel-storage units depends first of all upon the size of the 
tanks which can be used. The weight of the regular and emer- 
gency ballast bags increases with the volume of the ship and 
decreases with the increasing size of the units. 

Miscellaneous Apparatus. This includes radio equipment, 
navigation instruments, fire extinguishers, signaling apparatus, 
telephone and lighting systems, and cooking and heating system. 

Finally, Fig. 13 shows the unit weight in pounds per thousand 
cubic feet for the entire deadweight, i.e., structure, fabric, and 
machinery, plotted against air volume and gas volume (if 100 
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per cent inflated), which slightly differ on account of the dif- 
ference in waste space in the two types of plane and built-up 
rings. These curves indicate that the specific deadweight con- 
tinues to decrease (although finally but slightly) up to sizes at 
least 15 million cu. ft. in capacity, and also the superiority of 
the large-size ship with built-up rings for capacities exceeding 
about 5 million cu. ft. 


PERFORMANCE AS A FUNCTION OF SIZE 


Useful Load. So far we have studied only the deadweight. 
The useful lift is the total lift minus the deadweight and minus 
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the service load. If @ is the fraction of the total or gross lift 
after deducting the deadweight and y the fraction of the gross 
lift assumed as the “service” load covering the weight of 
the crew, the emergency and landing water ballast of about 
3 per cent of the lifting force, and the spare parts amounting to 
1 per cent of the lifting force, the difference a — y indicates 
what fraction of the total lift or buoyancy is available as useful 
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load. This is plotted against volumetric capacity in Fig. 14. 
The question regarding the most efficient size as to useful load 
may now be answered. The curve of Fig. 14 approaches a 
maximum near 15 million cu. ft. volume. 

It may be explained here that this curve and the further 
discussion are based on the following assumption regarding the 
lifting power. The ship is assumed fully inflated with helium 
lifting 0.0656 lb. per cu. ft. This corresponds to the lift of 94 
per cent pure gas in air of 60 per cent humidity at 29.95 in. 
barometric pressure and at a temperature of 32 deg. fahr. The 
assumption of a 100 per cent inflation of the ship is made merely 
to simplify the computation. 

In reality, of course, the ship cannot be inflated 100 per cent 
on account of the expansion of the gas which accompanies as- 
cension. However, by the partial use of gaseous fuel (natural 
gas) for the motors, which does not add weight but even con- 


- tributes a little lift, the same effective lift can be obtained. 


Employing 25 per cent natural gas, 8 per cent air, and 67 per 
cent helium, approximately the same performance can be ob- 
tained as if 100 per cent helium inflation were used with liquid 
fuel only. It is to be understood that the gaseous fuel will 
be carried in auxiliary gas cells entirely surrounded by the inert 
helium, thus rendering the fire hazard negligible. It should be 
noted also that natural gas is no more inflammable than gasoline 
fumes, and since it is lighter than air it can be more easily gotten 
rid of by ventilation. The natural gas is here assumed to be 
so selected that the ship will maintain its equilibrium without 
ballast-water recovery. 

The parabola shown in Fig. 15 indicates how, for any size, 
the product of load and distance or the passenger-mileage is 
affected by a varying ratio of fuel to pay load. The optimum 
is reached when one half of the useful lift is devoted to fuel 
and the other half to pay load. It should be mentioned here 
that the load used in computing passenger-mileage includes, 
in addition to the weight of the passengers, the weight of the 
staterooms, dining and social rooms, lavatories, promenade 
deck, kitchen and utensils, food and beverages, baggage, and 
personnel for the service to passengers such as stewards and 
cooks. This weight varies from 300 to 600 lb. per passenger. 
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TRANSPORTATIONAL EFFICIENCY AS A FUNCTION OF SIZE 


Which is the best size from the point of view of transporta- 
tional efficiency? ‘Transportational efficiency has been defined 
as the pay load times distance traveled divided by the power 
expended and the time taken. 

Since the time taken times the velocity equals the distance 
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traveled, this efficiency coefficient may be expressed by the 
formula: 


mil VV 
v2 


Ca 
ratio of gas capacity to gross volume 
relative density of lifting gas with reference to air 
volume (cu. ft.) 
specific fuel consumption (lb.) per foot-pound of 
work produced 
= distance (ft.) 


= velocity head (ft.) 


K (1 


absolute coefficient of drag 
efficiency of propulsion. 


To reach the optimum in ton-miles the fuel load has to be 
equal to the pay load, and therefore amounts to one-half of the 
entire useful load. The transportational-efficiency coefficient is 
then represented by one-half of the first term of the general- 
efficiency coefficient and is equal to the second term fD. So far 
this formula does not take into account the variation of the 
coefficient of drag with the variation of the Reynolds number, 
which for airships is proportional to the product of size and 
speed. Assuming that Cz decreases as the nth power of the 
Reynolds number, the transportational-efficiency coefficient for 
optimum loading reads as follows: 


(a) 


where Cw = absolute coefficient of drag for the Reynolds 
number one 
nm = exponent of the resistance coefficient plotted 
against the Reynolds number. 


We have investigated in detail the variation of a — y with 
size, and should now do the same for all the other elements 
entering into this formula. However, a few brief remarks may 
suffice here, since it is the structural problems which are the 
most intricate. 

The ratio K of gas capacity to gross volume does not vary 
appreciably within each class of ships. It is, however, slightly 
smaller with the built-up ring construction of the large class 
than with the braced rings of the two classes of small and moder- 
ate volume. 

The propeller efficiency, under the assumptions here made 
regarding power units, does not vary appreciably with size, 
although again a slight difference between the arrangement of 
thrust propellers at the rear end of power cars (small and mediim 
class) and isolated propellers on well-streamlined hubs (large 
class project) may appear justified. 

The exponent n attributed to the so-called scale effect is known 
to be a little less than 0.2. The standard coefficient of drag 
Ca assigned to the unit Reynolds number of course would be 
the same for all classes of ships considered, as far as the shape 
of the envelope is concerned. However, the share of drag taken 
by the various appendages such as power cars (or propeller 
braces as the case may be), bumpers and rails, fins, etc. in general 
decreases with size, a fact that may, for the purpose of this in- 
vestigation, be included in a “technical” scale effect on drag by 
a corresponding increase of the assumed exponent n. 

Without going into all these details, reference may now be 
made to Fig. 16 which shows the optimum transportational- 
efficiency coefficient as represented by formula [2]. This graph 
compares the different ship sizes with regard to their efficiency 
for their optimum range, and indicates that the larger ship is the 


Fic. 18 Mope.t or RECOMMENDED TyPE oF AIRSHIP HANGAR 


more economical and that the optimum is to be found for sizes 
far beyond the largest contemplated size of 15 million cu. ft. 
capacity. 

Fig. 17 permits the finding of the number of passengers or 
pay load which can be carried for the indicated distance, giving 
the maximum in ton-miles on a ship of known capacity. It is 
to be understood that deductions, which can be easily computed, 
have to be made for deviation of temperature or barometric 
pressure from the assumed figures. 


Cost oF 


It is essential that facilities be provided for shop and assembly 
work which permit the closest cooperation of the different pro- 
duction departments. An ideal plant from the point of view 
of production and operation for trial flights is shown in Fig. 18. 

The type of hangar the author favors is one of semi-cylindrical 
cross-section. The transverse arches are shaped and dimen- 
sioned in such a way that the catenaries due to vertical loads 
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remain within the booms of these arches. These arches can 
therefore be built very light, and on account of their peculiar 
shape offer an ideal space for workshops between the struts 
supporting the arches. 

A plant arranged in a hangar of this type would provide 
facilities for an efficient production process. Operations would 
begin at one end with the reception and testing of incoming 
material, and would be continued in the adjacent workrooms 
until the finished parts would leave the workshops at the other 


Fie. 19 Cross-Section oF Han@arR SHOWING SuHip SUSPENSION 
AND ADJUSTABLE PLATFORMS 


end. The hangar would have sufficient space to arrange two 
rows of workshops along the length of the building. The 
finished parts would then be brought to the jigs or cradles for 
assembly into the structural units as cars, main or intermediate 
rings, corridor sections, fins and rudders, etc. 

The work of assembling these structural units into the final 
structure forms the most difficult part of the manufacturing 
process. The upper part of the suggested hangar closely follows 
the contours of the ship and serves as staging where there is 
no accessibility by ladders from the floor. Fig. 19 shows the 
manner of suspension of the framework from the hangar. A 
light support from the floor may be used in addition. 

The procedure for erection is about as follows: When the 
structural units such as rings, etc. are finished, a group of ad- 
jacent rings are temporarily secured to a rigid erection frame, 


Impact 
Pressure 


Fig. 20 ‘Terenas Winpv-PressurE DIstrRIBUTION ALONG CRoss- 
SECTION OF HANGAR 


with which they are moved into the proper place in the hangar, 
where the device with the rings is tilted into vertical position 
and suspended from the hangar. In the vertical position the 
rings are moved one ring distance apart and then connected by 
longitudinal girders and wire bracing. Stages for this work 
are moved vertically between the rings. The nose, tail, and 
one mid-section are erected on the floor with axes vertical. These 
are then turned into the horizontal direction and. located in 
proper position, and the rest of the ship built up between them. 
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It is now in order to enumerate some of the advantages of this 
particular semi-cylindrical hangar design with regard to safety 
of the hangar and the problem of handling the ship on the 
ground while taking it into or out of the hangar. In connection 
with this it may be desirable to first analyze the nature of the 
wind forces on a building in general. 

The stresses due to wind are a very important factor with 
respect to the structural safety of such buildings as airship han- 
gars. Our knowledge of wind forces on buildings is compara- 
tively limited. We do know that the common practice of com- 
puting wind forces as impact pressures per unit projection area 
is a wholly unsubstantiated procedure. In fact, impact pressure 
prevails only on a very small portion of the windward face of a 
building, and it is suction forces which cause the real trouble 
in unroofing and distorting windswept buildings. Near edges 
or places of strong surface curvature these suctions can become 
even stronger than the full impact pressure. But they are 
minimized on a building which is so designed that all sudden 
breaks in contour lines are avoided. Fig. 20 represents the 
distribution of the wind force on a hangar of the suggested type 
in a cross-wind. Only the lower portion on the windward side 
experiences pressure; all the rest of the circumference is under 
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moderate suction. The resultant of the wind force has a pro- 
nounced lifting trend. These data have been acquired by model 


tests in wind-tunnel laboratories and corroborated by aero- 


dynamic theory. Not only are the wind forces on such a smoothly 
curved building very moderate in amount and much less 
dangerous than with square buildings of more orthodox design, 
but more is known concerning them, all of which helps to 
reduce costs. 

It is obvious that any reduction of the wind forces on the 
hangar will be accompanied by a reduction of the flow disturb- 
ance caused by the presence of the hangar itself. These dis- 
turbances add much to the difficulty of handling the ship when 
it is taken into or out of the hangar. This design makes it possi- 
ble to avoid to a large extent the eddies and vertical currents 
which accompany the wind flow over and around a large, rugged 
shed with wide-spanning square doors. For that reason ground 
operations will be simplified and the difficulties of harboring the 
ship in a strong wind greatly diminished. 

The doors of spherical calotte design are a valuable feature 
of this structure. The economy of such an arched design re- 
garding stresses as explained for the transverse frame applies 
also to the door. Besides, the halves of the door are practically 
entirely out of the way when removed flush with the hangar 
walls. 

The cost of such a hangar, with working facilities for shop- 
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work, the necessary rails, traveling cranes, staging, operating 
equipment, etc. large enough to house a 10 million-cu. ft. ship 
would cost complete about $2,500,000. The inside dimensions 
are: height, 175 ft.; width, 250 ft.; length, 1100 ft. 


MatTERIAL, LABOR, AND PropucTION METHODS 


The costs of raw material are easy to estimate since almost all 
the special material of the high quality necessary for airship 
construction is available in this country. 


A problem hard to solve is that of estimating the cost of labor 


in all its forms, such as labor connected with shopwork, design, 
and supervision, necessary for the construction of an airship in 
this country. Our experience in this line is mainly based on 
European conditions which somewhat differ from those in this 
country. An American experience was that in connection with 
the construction of the Navy Airship Shenandoah. The con- 
struction of this Government ship, being of experimental charac- 
ter, cannot serve directly as a basis for estimating the costs of 
future commercial airships. 

Due to lack of data based on actual American building ex- 
perience, we have to confine our investigation to the study of 
relative costs of airships of different size. 

The curve plotted in Fig. 21 against size gives the relative 
cost per cubic foot as compared to the cost per cubic foot for a 


ship of 1*/, million cu. ft. volume. It will be seen that the 
relative cost decreases with size, first rapidly, later more slowly, 
so that a cubic foot of a 7-million-cu-ft. ship will cost about 60 
per cent of that of a 13/,-million-cu-ft. ship. 

Thus far we have dealt with performances and cost based 
on the present stage of knowledge and experience. No allowance 
has been made for any further advance in design or construction 
by improvement or invention beyond 7 million cu. ft. capacity. 
The same is true with the cost. There is no doubt that with the 
development of a new airship industry in this country new 
production methods will be created, and with increasing pro- 
duction the costs will decrease considerably with the possibility 
of applying industrial production methods to this new branch 
of aeronautical manufacturing. 

Summarizing this investigation, the author will try to express 
in a very general way his conclusions regarding the relation 
between size and performance of rigid airships. On the grounds 
of exhaustive theoretical investigation on the one hand and 
extensive practical experience on the other, it can be stated 
positively that it is possible to construct rigid airships of any 
size which may be required to meet any transportation problems, 
and that the economy with regard to useful load, transportational 
efficiency, ton-mileage, and building costs becomes more favorable 
with increase in size. 
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Excerpts from Current Periodicals 


Recent Model Experiments in Aerodynamics 


'HE paper here abstracted describes experiments on air flow in 

relation to models, leading up from the fundamental ideas on 
the “boundary layer” of Prandtl through the study of compara- 
tively simple systems like cylinders, rotating cylinders, and aero- 
foils, with side lights on the circulation theory of the aerofoil, to 
complex systems like the airscrew and the supporting screw of the 
Autogyro. Most of the experiments were carried out with models 
by the author himself and at a remarkably low cost. In addition 
to describing his own experiments the author gives data on the 
previous state of the art. 

The action of a fluid flowing past a cylinder creates, under 
certain conditions, eddies which alternately attach and detach 
themselves from the body past which the flow takes place. The 
periodic detachment of these eddies causes a periodic alternating 
cross-flow on the body, tending to make it vibrate across the 
stream. If the body is wire tuned to the frequency of the detach- 
ment of the vortices, the wire “sings” this tone. These aeolian 
tones were first measured by Strouhal in 1878; he also estab- 
lished the fundamental formula connecting the width of the wire 
(= diameter of the cylinder D) with the frequency n of the tone 
and the velocity V of the stream, the formula being V/nD = a 
constant. 

In the work described by the author he endeavored to evaluate 
this constant for as large a range of diameters as possible, and by 
as many methods as occurred to him. Among these is a method 
of his own devising in which a stationary wire is placed in a cur- 
rent of air instead of having the wire moving through a more or 
less stationary field. 

The author also made experiments with wires in which an 
examination was made of their aeolian vibrations in a revolving 
water tank for comparison with the figures obtained with vibra- 
tions in an air current previously obtained. The subjects of 
dynamic similarity and effect of viscosity on the motion were also 
investigated. It was found that viscosity in the guise of the ex- 
pression Kf(VD/v), where v is the kinematic coefficient of vis- 
cosity, determines when vortical motion shall commence, but once 
this motion has been initiated, has no effect on the period. 

An effort was made to obtain photographs of the vortices in a 
liquid behind a swinging pendulum to show their relation with the 
movements of the latter. 

The question of interference of walls of channel on eddying flow 
was next investigated with particular reference to frequency of 
the eddying and a formula given for this phenomenon, assuming 
that it is an aeolian eddy effect modified by interference of the 
outer tube of the nozzle. It was found, however, that all the 
results do not fall on a unique curve. 

The next problem tackled was an investigation on the Bénard 
vortices behind cylinders rotating about their axes. In this case 
the frequency of the eddy production was measured by the cool- 
ing effect on a hot wire. These experiments showed how rotation 
can be employed modifying the vortex production in the rear 
and providing a considerable lift/drag ratio. The paths of the 
vortices as they leave the cylinders were traced out by the instru- 
ment used (hot-wire detector) and are shown by curves in the 
original article. 

The aeolian tones of brass model aerofoil sections have been de- 
termined by revolving-tank methods, principally with a view to 
obtaining values of the critical Reynolds’ number for periodic 
detachment of vortices to occur. It was considered very im- 
portant from the point of view of the theory of the aerofoil to 
measure the relative intensities of the vortices on either side of 
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the aerofoil. The idea of the circulation of the rotating cylinder 
which is the direct cause of the lift diminishing the next circu- 
lation in these vortices has been more or less confirmed by the data 
obtained in tests with the hot-wire detector referred to above, 
Prandtl and Bjerknes suggested that the same theory applies 
to the aerofoil. If then the lift on an aerofoil is due to a circu- 
lation of this kind, one should expect prima facie an assymetry in 
the intensity of the vortices. Nosuch assymetry is observed, how- 
ever, it being found that the vortices were of equal strength on 
either side, though relatively closer than for the cylinder. In 
the measurement of the air flow in some of the tests a new method 
was employed, the principle being that the heating current is 
turned on to the hot wire for a fraction only but always at the 
same phase of each cycle of the airscrew and at the same time the 
resistance attained is measured on a Wheatstone bridge. The 
type of anemometer here referred to can be applied to the measure- 
ment of any periodically varying air current by arranging that the 
contact maker shall revolve with the same periodicity. The 
results obtained with the airscrew and anemometer in question 
cover the following aspects: 1, Air flow through the ‘‘disk’’ at 
constant incidence, but varying speed of revolution; 2, air flow 
through the “disk” in different planes behind and before the 
airscrew; 3, air flow in different “‘working states.” 

By using a double hot-wire instrument in which the two wires 
are placed close together and parallel to each other it was found 
possible to determine the direction of the wind. This procedure 
afforded information regarding the impetus imparted by a re- 
volving blade to a previously steady stream and the change in 
direction of the wind. This part of the investigation cannot be 
abstracted because of lack of space. 

In the discussion which followed Dr. Piercy called attention to 
the surprising fact that aeolian tones were obtained at such low 
values of Reynolds’ number as 30 jor round cylinders and 50 for 
aerofoils. It was previously thought that eddies did not occur 
much below VD/v 100. (Dr. E. G. Richardson in Journal 
of the Royal Aeronautical Society, vol. 31, no. 201, Sept., 1927, 
original paper, pp. 810-839 and discussion pp. 839-843, 28 figs.) 


Investigation of Torsional Vibration with Particular 
Reference to Aircraft Engines 


HERE is available a vast amount of published information on 

the general subject of vibration, but on examining this it will 
be found that very little work, mathematical or experimental, 
has been done on the particular problems which have to be con- 
sidered by the designer of a machine liable to suffer from critical 
periodic torsional vibration of its shafting. This lack of investi- 
gation is perhaps largely due to the fact that serious torsional 
vibration of the shafting in any machine may occur without any 
externally apparent indication of anything abnormal in the 
running of the machine. 

The absence of visible symptoms is the greatest danger in a 
case of critical torsional vibration, as the first indication that 
anything unusual is happening is only given when the shaft ac- 
tually breaks. Even then the trouble is rarely put down to 
vibration, but is probably considered to be either faulty material 
or fatigue of the metal; a new shaft is substituted and, as may be 
expected, it fails, in the same manner, after a short period in 
operation. Frequently the final result is that the machine is 
scrapped because of its unreliability, whereas it might, with 
slight alteration, have become entirely satisfactory. 

In many cases, where trouble has been experienced due to 
torsional vibration, damping devices have been used in order to 
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make the machine satisfactory in operation; while a machine 
may, with heavy damping, run at a critical speed without frac- 
ture of the shaft, it is not, under these conditions, running eco- 
nomically. The author was able in one case to measure the loss 
due to this cause, and found that at the critical speed the power 
absorbed in damping was over 50 per cent of the total power de- 
veloped by the engine at that speed. 

Damping having been shown to be an unsatisfactory method 
of overcoming vibration troubles, we are left with only one alter- 
native, that is, to arrange the shafting of an engine in such a 
manner that the critical speeds are all either below or above any 
speed at which the machine may be required to operate con- 
tinuously in service. 

The author proceeds to give a list of previous investigations 
on this subject. When first starting to investigate the subject 
the author noticed that in all published work the assumption 
was made that masses were connected by weightless shafts. This 
assumption greatly simplified the expressions that were obtained 
for the natural frequency of vibration of any system, but it also 
limited the number of solutions of the expression to one less than 
the number of heavy masses comprised in the vibrating system. 
Furthermore, there is no such thing as a massless shaft. 

In general, the author’s investigations have led him to the con- 
clusion that if the length of shaft in feet between any two masses 
is less than one thousand divided by the highest frequency per 
second of forced vibration that the system may be subjected 
to, then the mass of that shaft may be neglected. If, however, 
the length of shaft between any two masses in the system is 
greater than that shown by the expression given above, then the 
mass of that shaft must be considered in the calculation of the 
natural frequency of the system, as it will have considerable 


influence on the results obtained. From the expression given 
above it will at once be apparent that the mass of the length 
of shaft between cranks in an airplane or airship engine may be 
neglected in the calculation of natural frequency of the system. 
Further, in most airplane engines the mass of the shaft between 
the engine and the propeller may be neglected. When, however, 
one turns to the consideration of airships it will be seen at once 
that the length of shafting between engine and propeller is fre- 
quently such that its mass cannot be neglected, and expressions 
for the natural frequency of vibration must include a term for the 
moment of inertia of the mass of these shafts. 

The formula which the author has derived for various types of 
engines with a number of different arrangements of the shafting 
and gears (if any) between engine and propeller are given in an 
appendix, which also gives methods for calculating the natural 
frequency of vibration of an engine. The frequency and am- 
plitude of the torque variations may be found by constructing a 
turning-moment diagram for the engine, and knowing this, one 
may find where synchronism between the natural frequencies and 
the frequencies of torque variation causes a critical speed. Crit- 
ical speeds which fall close to the speed range of an engine are 
only dangerous if the torque variation factor which causes them 
is large. In addition to the torque variation as the cause of de- 
structive vibration should also be mentioned as a dangerous 
source of possible trouble the occurrence of periodic errors in the 
cutting of the gearing. On the other hand, in a geared system 
(unless epicyclic gears are used) the torque fluctuation has a 
reaction on the gear bearings which causes a vibration of the 
engine itself and thus serves as an indication of trouble. (James 
Calderwood in Journal and Record of Transactions, The Junior 
Institution of Engineers, vol. 37, pt. 12, Sept., 1927; original 
paper, pp. 607-617, discussion 617-622). 
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Metallurgy of Aircraft Engines 


By BISHOP CLEMENTS,! BUFFALO, N. Y. 


compare it with the automobile engine. Both are 

internal-combustion engines using some form of gaso- 
line as a fuel, and in both every possible effort is put forth to 
produce a dependable and efficient engine with the lowest possible 
weight per horsepower. This is accomplished by design, machin- 
ing, and materials. 

Materials have much to do with the weight when we consider 
that the specific gravity of the useful metallic materials varies 
from 1.8 to 8.5, and the ultimate tensile strength varies from 
a few thousand pounds per square inch to about 300,000 Ib. per 
sq. in. It is sometimes thought that the light aluminum alloys 
could replace the heavy iron alloys, but when the tensile strength 
is calculated in terms of specific gravity, steel is found to be 
the lighter basic material. 

The general methods of testing and microscopic examination 
of materials will not be discussed here because they are identical 
with those of automobile practice. Standard S.A.E. materials 
are used almost exclusively. 


VY a= studying the aircraft engine it is very fitting to 


STEELS For ConNnEcTING Rops, CRANKSHAFTS, AND GEARS 


Connecting rods and crankshafts are two of the most important 
parts in an aircraft engine. The steels mostly used are S.A.E. 
2340, 3340, 3240, 3140, and 6140. The manufacture of the 
steel for the crankshaft is very important. Since the material 
is to be the best obtainable, electric-furnace steel is used. This 
does not mean that electric-furnace steel is always best, but 
the probabilities are that it will be as good or better than open- 
hearth. There has been considerable difficulty in getting mate- 
rial that would not develop slight defects, such as non-metallic 
inclusions, in the final operation of the manufacture of the shaft. 
Very often the inclusions do not show themselves until the final 
lapping of the bearing. At this time the shaft is too expensive 
to be rejected, so the best of care must be exercised in selecting 
the best of material. The non-metallic inclusions are always 
lengthwise and can be easily detected during the lapping oper- 
ation. The defects cannot be detected by a tensile test, but 
under the constant high vibrational strains there is a possibility 
of the shaft being weakened if there is an excess of the inclusions. 
A crankshaft which is not highly stressed will not fail from the 
non-metallic inclusions. At the time of forging a crankshaft, 
each shaft is made long enough so that after the final heat treat- 
ment about 6 in. can be cut from each end. These pieces are 
quartered and a standard tensile test made. If for any reason 
the shaft must be re-heat-treated, the remaining pieces cut 
from the shaft are wired to it and subjected to the same treat- 
ment. 

It is almost imperative that the crankshaft be machined 
after heat treating, and for this reason it must be soft enough for 
machining. The usual practice for crankshafts is a Brinell 
hardness number of about 300. This gives an ultimate tensile 
strength of 125,000 to 150,000 lb. per sq. in. One popular steel 
for crankshafts has a carbon content of about 0.40 per cent, with 
chromium and nickel content somewhat higher than in the 
S.A.E. 3100 series. 

Connecting rods can be heat treated after machining and for 
this reason the rod can be harder and therefore of higher strength. 


1 Metallurgist, Curtiss Aeroplane and Motor Corporation, Buffalo, 
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Presented at the First National Meeting of the A.S.M.E. Aero- 
nautic Division, Buffalo, N. Y., April 25 and 26, 1927. 


The Brinell hardness number is allowed to go to 400. Electric- 
furnace steel is used for rods, but the same inspection for non- 
metallic inclusions is not necessary as in the case of crankshafts. 
After forging and annealing, the rods are machined to almost 
the finished dimensions and then heat treated. After this each 
rod is given the Brinell test and carefully examined for minute 
cracks. A number of rods have been cracked while being heat 
treated, but this can generally be traced to uneven heating. 

The gears of the aircraft engine are made of materials much 
like those in the automobile engine. The four principal steels are 
8.A.E. 3130, 3250, 3335, 3312. The gears made of 3130 are 
heat treated before the machining operations are completed. 
They are used where a very low pressure and low power are 
transmitted. Some gears made of 3250 and 3335 steel are 
often used in a very hard condition, while others are soft enough 
to machine after heat treating. The hardness of the gears made 
of 3250 and 3335 will vary from 50 to 75 scleroscope. 

One of the best steels for small carburized gears is the S8.A.E. 
3312. Before gears made of this are started through the shop 
the machining and heat-treating operations must be very care- 
fully planned. Gears which do not require machining after 
hardening can be rough-machined, normalized, finished-machined, 
then carburized and hardened. Gears which require machining 
after hardening are handled in a little different way. In the 
first place, the steel must be selected with the hardening ele- 
ments carbon, manganese, chromium, and nickel ranging toward 
the low side. If these elements are too high after hardening, 
the core will have a Brinell number over 375 and machining would 
be very difficult. The steel selected for these gears must be 
Brinell 375 or less after quenching. 

Gear blanks are rough-machined, normalized, and then 
machined at sections which are to have a hard surface. After 
the machining, the gears are carburized and annealed. An- 
nealing is very important as this steel after being carburized and 
cooled in the pots will have a Rockwell reading of C-60 or more. 
After annealing, the case is cut from the parts which are to be 
machined after hardening; then the gears are put through the 


hardening operations. 


Some of the other important parts are bolts, studs, and nuts. 
For bolts and studs S.A.E. 2330 and 3130 are mostly used. Nuts 
are made of 8.A.E. 1025, 1035, 3130, and 2330. It is important 
that studs fit very tight in the aluminum, and if a stud is not heat 
treated it may twist off before it is driven into place. Studs 
and bolts are heat treated after machining operations. The nuts 
which are to be highly stressed are usually made of 8.A.E. 3130 
and heat treated just before tapping. 


BRONZES AND BRASSES 


The ordinary bronzes and brasses are used, but there are two 
principal bronzes used for valve-seat inserts in the aircraft en- 
gine which are not commonly used in the automobile. These 
are a 10 per cent aluminum, 90 per cent copper; and a 10 per 
cent aluminum, 5 per cent nickel, 5 per cent iron, and 80 per cent 
copper. Considering the 10 aluminum- 90 copper first, this may 
be extruded material or a casting. The former is often hard 
enough to use without heat treating. If a seat having a Brinell 
number of 200 or more is required, heat treating will be necessary. 
Heating to 1€50 deg. fahr., holding 30 minutes, and quenching 
in cold water or brine gives the most uniform results. The 
drawing temperature will vary depending upon the aluminum 
content and the hardness desired. If the aluminum content 
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of the alloy is high, an oil may be used as the quenching medium. 

The aluminum, nickel, iron, and copper alloy is more useful 
for inserts than the aluminum-copper since it will retain its 
hardness at a higher temperature. The heat treatment for this 
bronze is approximately as follows: heat to 1700 deg. fahr., 
hold at heat 2 hours, quench in water or oil, reheat to 1200 deg. 
fahr., hold 2 hours, and cool slowly. This produces a Brinell 
hardness number of 200 or more. 


ALUMINUM AND MaGnesium ALLOYS 


The aluminum, copper, magnesium, and manganese alloy 
ordinarily known as duralumin is a big factor in saving weight. 
This cannot be used in parts which require high tensile strength 
or high modulus of elasticity, but can be for parts like bushings, 
plugs, covers, and some bolts. There are a number of forgings 
used which are taking the place of aluminum-alloy castings. 
The forgings and bar stock are very dependable. The usual 
physical properties of this alloy are 25,000 to 40,000 Ib. per sq. in. 
yield, 45,000 to 65,000 lb. per sq. in. ultimate tensile strength, 
elongation 14 per cent to 20 per cent in 2 in. or proportional length, 
and the modulus of elasticity is about 10,000,000. Five years 
ago, when duralumin bar stock was in its infancy, about 75 per 
cent of the bars were rejected, but today a rejection is very rare, 
At that time little material was rejected for low strength, most 
rejections being for brittleness or for porosity at the center. 
Until recently it was necessary to make a tensile test on each 
bar, but now a Rockwell test on each bar and a tensile on one 
bar in a lot are sufficient to be assured of good material. 

Two important aluminum alloys having as the principal 
ingredients 3!/2 per cent copper, remainder aluminum; and 3'/, 
per cent copper, 2 per cent nickel, 1'/2 per cent magnesium, 
remainder aluminum, are used for castings and must be heat 
treated to get the desired physical properties. The 31/2 per cent 
copper-aluminum alloy is used for cylinder heads, water jackets, 
crankeases and other parts which require a casting of the best 
physical properties obtainable. This material when properly heat 
treated will give 30,000 lb. per sq. in. ultimate tensile strength, 
with 3 per cent or more elongation in 2 in. The copper-nickel- 
magnesium alloy is used for pistons and parts which require a 
hard material. This alloy will produce a Brinell number of 100 
or more if desired. It also has a high yield point when com- 
pared with the other aluminum alloys. 


Magnesium is one of the latest and lightest materials in com- 
mon use in the aircraft engine. The 95 per cent magnesium alloy 
has a specific gravity of about 1.90, with a strength of from 18,000 
to 25,000 lb. per sq. in., and 3 to 6 per cent elongation in 2 in. 
The use of magnesium alloy has reduced the weight of the engine 
and it is expected that more and more of it will be used. There 
are different manufactures of magnesium, but one big difficulty 
is to produce a material which will not corrode. Extruded bars, 
tubing, castings, and forgings can be produced. 


Discussion 


en G the presentation of the paper numerous ques- 
tions were put to the author by Messrs. Arthur Nutt, E. 
Eberhart, H. B. Schell, A. F. Denham, H. C. Pratt, C. H. 
Berry, R. B. Biggs, V. E. Clark, and the chairman of the session, 
Mr. Roy C. Keyes. Replying to these questions the author said 
that the aircraft manufacturers depended on general sources 
of supply for their materials, but that they had been instrumental 
in getting manufacturers to produce materials like duralumin, 
heat-treated aluminum alloys and magnesium alloys. The 
non-metallic inclusions in steel he had mentioned were not visible 
to the naked eye. It was necessary to distinguish between 
them and the ordinary dirt found in inferior steels. Magnesium 
alloy did not burn but melted just as did other alloys and could 
be cast. It had not been used for bearings, but appeared to have 
fairly good bearing properties. The chief objective to the use 
of magnesium was that it was extremely corrodible, and it was 
very difficult to provide it with a satisfactory protective coating. 
Plating had been attempted, but the metal oxidized so rapidly 
that it was difficult to get the surface clean enough for it to be 
plated. A new light metal, beryllium, had been experimented 
with recently by the telephone and aluminum companies, but 
it was very expensive and so far had not been found to exhibit 
any superiority over duralumin. 

All of the materials used by aircraft-engine manufacturers 
could be obtained in the United States. Magnesium had not 
as yet been used for making cylinders as it was too soft for that 
purpose with the high temperatures encountered in cylinder 
walls; however, pistons of that metal had been successfully 
employed. Formerly the castings had been made under vacuum, 
but this practice had been discontinued. 
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A New Propeller-Type, High-Speed Windmill 
for Electric Generation 


By E. N. FALES,! DAYTON, OHIO 


A new technology of windmill research adopted from aeronautics 


has resulted in an improved type of windmill resembling an airplane: 


propeller which because of its high speed, light weight, low cost, and 
good efficiency may under certain conditions compete with internal- 
combustion-engined farm-lighting plants. Extensive wind-tunnel 
and other tests used to perfect the new windmill are described and the 
theories of design are explained in the first section of this paper. 
The second section presents a study of the velocity and prevalence of 


winds at Dayton and explains how these conclusions can be adopted 
for other localities, using a few basic wind values for those localities. 
Given the power output required momentarily and on a monthly 
basis, and the velocity and frequency of the winds, the windmill 
diameter can be calculated. Empirical coefficients are presented 
for relating the effects of widely ranging winds with steady wind 
conditions used in the laboratory for determining fundamental 
design factors. 


Part 1—Windmill Design 


HE generation of electricity by the wind has long been an 

alluring idea, which has not in the past been extensively 

realized because of the weight and cost of the necessary 
machinery. Recently, however, an entirely new technology 
of windmill design, borrowed from aeronautics, has been brought 
to bear on the problem, and has been productive of radical im- 
provements. (See Fig. 1.) 

The new airplane-type windmill, which resembles an airplane 
propeller, is an advance over earlier windmills just as the pro- 
peller fan is an advance over earlier centrifugal blowers. Due 
to its improved lightness, efficiency, and cheapness, and to 
its higher rotative speed, competition with gasoline farm-lighting 
plants is now possible. For example, a test plant referred to 
elsewhere in this paper is of such inexpensive construction that 
it represents an initial cost of only 25 cents per watt output. 
This includes a 32-volt, 1000-watt generator; a propeller-type 
windmill keyed direct on the armature shaft (gearing up is 
unnecessary because this windmill turns five times faster than 
older types); a tower, consisting of a gas pipe guyed with cables; 
battery, and switchboard. The plant has successfully lighted 
for five years the Ohio farm house where it stands, although the 
yearly wind velocity in that state is moderate. 


DEVELOPMENT OF A RATIONAL WINDMILL THEORY 


Until the present decade, data covering windmill design have 
been meager, and for 150 years the rough tests of Smeaton, 
Coulomb, and Weisbach have not been greatly bettered. De- 
velopment of new types has always been a slow cut-and-try 
process, as very little help was to be had from any established 
method of analysis. Within the last few years, however, wind- 
mills have come into use on aircraft for driving radio-electric 
generators, centrifugal gasoline pumps, etc., and the necessity 
for efficiency has furnished a powerful incentive to the aircraft 
engineer to acquaint himself with the properties of all types of 
windmills. Thanks to the wind-tunnel method of studying 
air-flow phenomena, the question thus revived for modern use 
has this time presented few difficulties, for a close analogy has 
been established between air-propeller and windmill per- 
formance. A solid basis of windmill design completely satis- 
factory for commercial as well as aircraft use has therefore taken 
form, permitting the prediction of performance within a few 
per cent of accuracy. 

The aerodynamic method of windmill analysis dates from the 


1 Aeronautical Engineer. 
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period of the World War. In the United States aircraft program 
of 1917, tests were carried out under the author’s supervision to 
determine the type of windmill best suited to radio-electric- 
generator drive, with particular reference to speed regulation.” 
A large number of windmills were tested, resulting in the adoption 
of the present army standard auto-regulating type. The tests 
showed valuable possibilities of improvement in commercial 
windmills, for the aircraft windmills reached higher efficiencies 
than commercial practice had led one to expect. 

The work described in this paper has been done since the war, 
with improved apparatus, and chiefly apart from aircraft usage. 
Much of the work has been in collaboration with H. R. Stuart, 
who handled the generator development in the war-time air- 
craft-radio program. The 32-volt test plant, above mentioned, 
and the generator of Fig. 1 were built by him, and to him, jointly 
with the author, is due the development of the propeller-type 
windmill for non-aircraft use. 

The tests in which the aerodynamic coefficients in this paper 
were determined were made in the Air Service wind tunnels. 
Similar but less extensive tests have also been made on aircraft 
and commercial windmills, in the Eiffel tunnel in Paris, and in 
two German tunnels. The pioneers in laboratory testing of wind- 
mills were Perry, years ago in America, and Irminger and LaCour 
in Europe, using apparatus less perfect than is now available. 


STATEMENT OF THE PROBLEM 


The three types of windmills in use in the past have been 
(1) the so-called American or ‘‘Wind Rose” type, multibladed, 
with fairly large blade angles and small diameters, rotating at 
low speed and having a high starting torque; (2) the Dutch type 
having four sails of large diameter, with higher tip speeds, and 
not distinguished either for efficiency or starting torque, and (3) 
the vertical-axis type rotating like a Robinson cup anemometer. 
The third type is not to be considered here because it has an 
efficiency of but one-fifth that of each of the others. 

The new propeller type differs from the others in its blades, 
which are one to four in number, of streamline cross-section, like 
that of an airplane propeller. The speed of revolution is from 6 to 
10 times that of an American-type wheel of equal diameter in 
equal wind velocity. 


DIFFERENCE BETWEEN PUMPING AND ELEcTRIC-GENERATING 
WINDMILLS 


The electric windmill presents a design problem different from 


2 See Airfoils for Driving Generators on Airplanes, by Maj. C. F. 
Gray, MECHANICAL ENGINEERING, June, 1919. 
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that of the familiar multiblade farm mill, the purpose of which is 
to operate a reciprocating pump. In the latter, the torque is 
inconstant at different points in the revolution of the wheel, and 
the angular acceleration is continually changing; the ratio of 


Fig. 1 Hiagu-Speep PRoPpELLER-TyPE WINDMILL KEYED ON SHAFT 
or E.Lectric GENERATOR WITHOUT GEARING 


tip speed to wind speed is inconstant, and the angle of attack of 
the air striking the sails varies. The electric mill, on the other 
hand, has constant torque at all parts of a revolution, and the 


. starting torque is negligible, facilitating higher design efficiency. 


For pumping use, the propeller-type wheel invites lighter con- 
struction methods. It must be allowed to come up to speed 
without much load. 


Tue AERODYNAMIC METHOD OF ANALYSIS 


The best method of analyzing windmill performance is one 
which was employed by the Wright Brothers for airplane-pro- 
peller design. It is commonly known as the Drzwiecki method, 
and treats each blade of the windmill or propeller as being com- 
posed of a number of airfoil elements. The air forces are cal- 
culated for successive sections of the rotating blade at increasing 
distances from the axis, and are integrated to secure the re- 
sultant forces on the entire blade. Fig. 2(a) shows a simple ve- 
locity diagram and torque force for a section of a windmill blade, 
and Fig. 2(b) applies to propellers. The aerodynamic action is 
identical in the two cases, air of velocity Vi meeting the blade 
at an angle 7 and resulting in the force R. The difference be- 
tween the propeller and the windmill lies entirely in the utiliza- 
tion of this force. It is seen that the general direction of the 
deflected air stream from the windmill blade is such as to de- 
crease the axial velocity component after leaving the blade. 
It is increased in the case of the propeller. These simple dia- 
grams, giving the gist of the Drawiecki theory, are in conformity 
with the well-known momentum theory of Froude, for the air 
passing through the windmill gives up energy due to its de- 
celeration (see Fig. 3) while the air passing through the propeller 
acquires energy due to acceleration. 


VARIABLES USED IN WINDMILL DeEsIGN 


Fig. 2 takes account of all the variables which have in the past 
been so formidable to the windmill designer. 


1 Diameter D is taken account of by the vector 2xRN 
2 Angular velocity is taken account of by the vector 2xRN 


w 


Wind velocity V is taken account of by the vector V, 
inflow deceleration being ignored 

Pitch is taken account of by the angle @ 

Blade angle is taken account of by the angle a = (6 — 7) 
Angle of attack is taken account of by the angle (7) 


. { Angular Velocity \ . 
Rat ( Wind Velocity ) is taken account of by the 


N 


angle 6 

8 Torque force F is taken account of by the projection of 
R on the plane of rotation 

9 Thrust T is taken account of by the projection of R on 
the axis of rotation 

10 Blade sectional shape is taken account of by force 

vector R, which as a function of 7 is known from wind- 
tunnel tests on innumerable wing shapes. 


As regards “pitch,”’ No. 4 above, in this paper the term “blade 
angle” is used as preferable to “‘pitch,” and is defined as the 
angle between the plane of rotation and the blade chord at 2/; 
the radius (it has been found that the c.g. of the torque-grading 
curve of propellers is at about 2/; the radius). 

The components Z and D can be determined from airfoil 
coefficients K, and K, according to the equations L = K,AV,? 
and D = K,AV;,?. 

Then, torque force on elementary blade area A is 


Q = Lsine — Dcoso 
and thrust, or resistance on blade area A, is 


T = Lcosé@ + Dsin#é 
The coefficients differ for different airfoils and are the funda- 
mental basis of aircraft wing and propeller design. They are 
determined in the wind tunnel on scale models of wings varying 
in size from 1 in. by 6 in. to 8 in. by 48 in., tested at velocities 


Wind mt}! 
Blade 


22 RN 


(a) (b) 
Fig. 2 AERODYNAMICS OF (a) WINDMILL BLADE ELEMENT AND (3) 
PROPELLER-BLADE ELEMENT 


(a) As in the propeller diagram, velocity Vi produces on the blade a 
force R. The component Q produces rotation, while 7 produces head 
resistance. 

(b). Velocity Vi is resultant of translational velocity V and peripheral 
velocity 2*R Vi meets propeller blade section at angle of attack i, 
producing resultant force R, made up of lift L (normal to Vil and drag D 
(parallel to V1). J, the component of R parallel to V, is the thrust on the 
blade element Q, the component parallel to 2rRN, is the torque on the 
blade element. 

3: KyAVi? } where Ky and Kz are coefficients determined in wind tunnel 

= KzAV;?jand A is blade-element area. 


up to 500 miles per hour. They have supplanted the “Flat 
Plate Coefficients” featured in handbooks on wind pressure. 
(It may be said in passing that ‘‘Flat Plate Coefficients” are 
inapplicable to any sort of aerodynamic or wind-pressure analysis 
except flat plates.) By studying these characteristic coefficients 
we may reach immediate conclusions about the best shape for 
windmill blades. 


Form or BLADE 
Cross-Sectional Contours. It is the back of the blade that does 


most of the work, strange as this may appear; in fact, the front 
can be quite flat, in the case of double-surface blades, without 


D 
ON 
V 
4 
9 


AERONAUTICS 


much loss of efficiency. This is the case in aircraft propellers. 
Sheet-iron windmill blades are of course concave on the front, 
but so long as they retain their curvature on the back, they can 
be flat on the front without much loss in efficiency. 

The amount of the camber or arching to give the back of the 
blade depends on the purpose of the design, and may vary from 
0.05 to 0.20 of the chord length. In general, greater camber 
gives greater resultant force (see Fig. 4). However, this is not 
always advantageous for a windmill, because the angle of the 
resultant force with the effective wind is frequently as important 
as the intensity of the resultant force, especially when this re- 


sultant force approaches an angle of 0 deg. with the windmill © 


shaft. Therefore, the choice of camber will depend on the 
degree of interference, the blade angle, and the tip speed of the 
windmill. In the multiblade models referred to the camber was 
0.13. 
Blade Angle. Blade angle largely determines the r.p.m. of 
the wheel. The expression “blade angle” is preferable to 
Streamlines are Crowded away 


from Wind mill, causing Velocity 
to Decrease tromV; Vz 40 Vo 


by Spiral Lines 


ROTATION” caused 

form 

‘ral 
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“‘pitch;” pitch is a misleading term because it misses the well- 
defined significance we are accustomed to give it in the case of 
screw threads. In any windmill or propeller the path of the tip 
in space considered as a screw thread may have a pitch varying 
100 per cent. The blade does not usually lie in the imaginary 
screw thread or helical surface above mentioned. The limiting 
tip speed of a windmill occurs at small blade angles; the re- 
sultant force on the best airfoils of which we have any knowledge 
will lie parallel to the windmill axis when the particular portion 
of the blade we are referring to is traveling about 22 times as fast 
as the wind. This sets the upper theoretical limits of the tip 
speed. The highest value we have been able to attain in actual 
practice is 13.7. For ordinary values of tip speed, no very high 
efficiencies are necessary in the case of multiblades; the relative 
wind strikes the blades at a large angle of attack, such that the 
efficiency can be low without destroying the torque component 
of the resultant force, which is large, if inefficient, at these high 
angles of attack. 

Plan Form of Blade. In the conventional American farm-type 
of windmill it is usual to make the edge of the sail substantially 
radial. There may frequently be structural and aerodynamic 
reasons for departing from this practice, depending on the num- 
ber of blades, tip-speed ratio, and angle of attack. From ques- 
tions of weight alone a blade with a more or less tapered tip may 
be advantageous. The metal is better placed at the tip than 
nearer the hub, and for the same sail area we may advantageously 
increase the diameter and narrow down the sail tips. The total 
blade area which has in the past been recommended, 7/; or /1¢ of 
the disk area, is to be considered as a purely empirical ratio and in 
particular cases of windmill design may be departed from with 
advantage. La Cour’s tests agree with those of the author in 
this respect. 

Starting Torque. From the standpoint of starting torque, 
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a multiblade windmill of high blade angle is advantageous. 
For the flatter blade angles, of course, starting torque may be 
very low. Most wind-tunnel data are confined to angles of 
attack up to 30 deg., but the matter of starting torque for very 
high angles of attack in the neighborhood of 90 deg. was in- 
vestigated by the author during the war, and the coefficients 
shown in Table 1 determined for a conventional type of airfoil. 


TABLE 1 LIFT U.S.A. NO. 1 AIRFOIL, IN. BY 
3 IN., 30 MILES PER HOUR 


Angle of Lift coefficient, 
attack i Ib. per sq. ft. per m.p.h. 
83 0.00043 
86 0.00025 
88 0.00014 
89 0.00007 


This is about 0.00006 per degree. 


043 Camber 
No.4 15 
10 
0.08 
Camber 00 
ws 
"4 5 oh 
0.037 Camber \ 
No.2 
\ \. 
/ 
\\ 
\ 
\ \ 
on 


Fig. 4 Errect or CurRvVATURE IN THIN SHEET-METAL BLADES ON 
RUNNING AND STARTING TORQUE 


(Note the increase of maximum running-torque coefficient with curvature. 
For the case shown, blade angle is 62 deg.; the running torque increases 
2.1 times as between flat and cambered blades. Starting torque increases 
only 12 percent. The ratio of running torque to starting-torque coefficient 
is 0.63 for the flat blade and 1.19 for the highly cambered blade. These 
coefficients are not corrected for interference. 

diameter, 8 ft.; tip speed, 21.2 f.p.s.; Eiffel airfoils, Nos. 
an 


RESISTANCE OF WINDMILLS 


In Fig. 2(a) it is the axial component of the resultant forces 
which causes the resistance of the windmill. 

It therefore does not at all follow that the resistance will be 
zero even in a windmill which is absolutely unloaded. The re- 
sistance of a given windmill will in general vary as the square 
of the velocity and the square of the diameter. It may or may 
not increase as the tip speed decreases and the load comes on; 
specific cases must be calculated according to the diagram. In 
aircraft windmills which are built to give the maximum torque 
for the minimum resistance, this resistance may be much less 
than the resistance of an equivalent disk; but as shown by Dr. 
Zahm in 1917, and by more recent tests by the author, in cases 
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where the desire is to get all the power possible, irrespective of 
head resistance, the latter may equal the resistance of an equiva- 


lent disk, which in turn may well exceed the presure(%) at- 
tributable to the kinetic energy of the wind. 
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Fic. 5 Errect oF INTERFERENCE ON Lirt CoEFFICIENT. RAF6 
AIRFOILS ARRANGED IN TRIPLANE 


(Hunsaker and Huff's tests, Mass. Inst. Tech., 1916. Airfoils, 153/4 in. by 
21/2in., 30 m.p.h. Gap/chord = 1.2.) 
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Fie.6 Errect or INTERFERENCE ON EFFICIENCY. RAF6 AIRFOILS 
ARRANGED IN TRIPLANE 
INTERFERENCE 
In using airfoil coefficients for windmill analysis, the question 
of “blade interference’ must be taken account of. Interference 
is small for high pitch and few blades, but may be serious for low 


pitches and many blades. The great mass of airfoil coefficients 
have been determined on single wings. Where two or more 
wings are in proximity the coefficients differ from the single wing 
values. For example, the lift per square foot on a biplane of 
modern type is only 85 per cent of the lift on a similar monoplane, 
and the lift on a triplane is even less. A multiblade windmill is 
analogous to the multiplane aircraft and, depending on the 
r.p.m., spacing, and angle, each blade may therefore have its 
lift decreased 45 per cent and its L/D 49 per cent. (See Figs. 
5 and 6.) 

The physical explanation of multiplane effect is illustrated in 
Fig. 7. To the left is shown the pressure distribution over a 
single wing, which corresponds to a single-blade windmill. To 
the right is shown the pressure distribution over each wing of a 
biplane. It is seen that the high vacuum over the top of an air- 
foil is considerably dropped when a second airfoil is placed 
above the first. In the case of a multiplane this condition is 
further exaggerated. 

Interference is, for windmills, an important question which 
Smeaton and his successors had no facilities for solving. In 
order to evaluate interference effect, the wind-tunnel method 
must be used. 

Let us define the distance between the blades, perpendicular 
to the resultant wind, as “gap,’”’ and the lead or lag of one wing 
over the other as “stagger,” usually given as the angle made by 
the line joining the leading edges of the blades and the normal to 
the wind direction. Wind-tunnel coefficients of aerodynamics 
have been determined for triplanes and, less completely, for 
multiplanes. The coefficients of the middle wing of a triplane 
are very close to those of a multiplane, since it is affected above 
and below. 

In a two-blade and multiblade wind mill, it should be noticed 
that the upper airfoil leads the lower airfoils. This situation is 


BIPLANE 
Fic. 7 Errect oF INTERFERENCE BETWEEN Two 
GRAM OF “VACUUM” AND “PRESSURE” 
(The height of the shaded area above the airfoils is proportional to the 
pressure intensity at any point. The total force is due chiefly to ‘‘vacuum” 
above. Note reduced vacuum on lower biplane wing.) 


the reverse of the corresponding propeller diagram, where the 
lower wing leads the upper. Wind-tunnel data show that 
greater efficiency is obtained if the upper wing leads. There- 
fore the interference on windmills will be different from that 
on propellers. Figs. 5 and 6 show the coefficients for a standard- 
type airfoil when in monoplane condition and in triplane condi- 
tion. The feature of the curve for the triplane condition is that 
the lift values are lower and maximum lift occurs at a higher angle 
of attack. Corresponding to the latter fact, it is known that 
many windmills operate at angles of attack which are consider- 
ably beyond the range of aircraft airfoils. 


AtrFoiL CoEFFICIENTS APPLICABLE TO WINDMILLS 
Airfoil coefficients and interference data for the angles and 
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spacing used in aircraft have been the subject of test in numerous 
wind tunnels, and have been essential to the aircraft designer. 
A striking example is the Barling bomber which had its trial 
flight in August, 1923, at Dayton. This was the largest air- 
plane built prior to that date. The wings were of 120 ft. span, 
arranged in triplane formation, one above the other. Because 
of its great size, its design was classed as novel. It was designed 
on the basis of airfoil coefficients obtained from wind-tunnel 
tests on small model wings of 1.5 ft. span, and was so accurately 
predicted that on the first performance the craft almost flew 
itself, or in the words of the pilot, ‘flew hands-off.” 

Since windmill sails are airfoils, the same data are applicable 
to windmills operating over the same range of spacing and angle 
of attack. Aircraft windmills are of high pitch and moderate 
tip-speed ratio, lie within the range mentioned, and respond to the 
Drzwiecki method of analysis. For cases outside this range, as, 
for example, the very high tip-speed ratios of the windmill in 
Fig. 1, interference data are incomplete, and we must forego 
use of the Drzwiecki method pending further research. (Progress 
on interference effect has recently been made in England.) But 
we have another method to fall back on which is even more use- 
ful: namely, test in the wind tunnel of small-scale model wind- 
mills. 


Mopet TEsts 


This method has been of great value to propeller designers, for 
full-scale flight tests of thrust and torque have usually proved 


Fig. 8 7!/s-In. MopEL WINDMILL MOUNTED ON TORQUE 
DyYNAMOMETER IN 14-IN.-DIAMETER WIND TUNNEL 


impracticable. By=running the model propeller or windmill in 
an artificial wind current of accurately known velocity, the thrust 
and torque are_observed on special dynamometers. For the 
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case of the windmill, since no motor is necessary, the apparatus 
is simple. 

The tests made in 1918 were not on models but on actual small- 
diameter aircraft wind turbines, from 14 to 24 in. in diameter, 50 
to 100 m.p.h., and 1000 to 6000 r.p.m. Subsequently, models of 
commercial multiblade and high-speed types were run in sizes 


Fic. 9 Mope.t WINDMILL WITH ADJUSTABLE BLADES 


of from 7 to 24 in. in diameter at wind velocities of from 4 to 
100 m.p.h., thus covering an extensive range. 


Apparatus Usep 


For the smaller models and higher velocities the wind tunnel de- 
scribed in the paper “Physical Basis of Air-Propeller Design,’’ by 
Caldwell and Fales, was used, with a Prony brake dynamometer 
suited to low torques (see Figs. 8 and 9). 

For the larger models and slower velocities the 5-ft.-diameter 
tunnel was used (Figs. 10, 11, and 12). Two dynamometers 
were used: one an electric generator which, when mounted on a 
spindle in the sensitive balance of Fig. 12, facilitated the reading 
of wind resistance; and the other, shown in Fig. 10, a cord- 
friction dynamometer with a band of cords wrapped around the 
ball-bearing shaft, and running over pulleys to scales at either 
end. The paddle at the rear in Fig. 12 is a loading device for 
quick tests without cord friction, and was removed for the 
precise tests. The tunnel, of 1000-hp. capacity and 300-m.p.h. 
speed, was of course more powerful than necessary for low- 
velocity tests. The author has had occasion to build elsewhere 
a less elaborate tunnel for exclusive windmill use. 

It may occur to the reader that tests of this sort on small 
models may not apply to full-scale windmills. The objection 
need not be considered, however, in this case, for three reasons: 
(1) because wind-tunnel coefficients from the start of their usage 
have been held under surveillance from the standpoint of “‘scale 
effect,” so that an ever-growing amount of information covering 
the “Law of Dynamic Similarity” has been available; (2) com- 
parative tests of model and full-size propellers have shown that in 
many cases the “scale effect”’ is negligible (we found there was 
such an effect on windmills when the wind-tunnel velocities were 
below 20 m.p.h., and ran all cur tests at that velocity or higher, 
no correction being necessary) ; (3) subsequent corroboratory tests 
were made, both on the model and full-size mills, in special out- 
door tests. One set of tests was made in natural wind on a 
tower with the apparatus of Fig. 23, both the windmill and the 
anemometer recording on the same tape. Another set was 
made by mounting the whole apparatus on outriggers attached 
to an automobile, and then circling a race track on calm days. A 
third and very successful set was made using the automobile 
method, but with a specially developed instantaneous-reading 
anemometer for the driver’s guidance in maintaining constant 
air speed. The automobile method depends for success on cor- 
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Fic. 10 Batt-BEarING Corp DyNAMOMETER FOR TEST OF 2-FT. 
DIAMETER WINDMILL IN 5-F't. TUNNEL 


rect air-speed determination, rather than correct automobile- 
speed, in order that atmospheric winds shall not vitiate the re- 
sults. We found that these automobile tests were difficult un- 
less the wind velocity was low, but that a long, straightaway level 
road where the sweep of wind was unobstructed made it possible 
to operate in light winds. 


Score or TEsTs 


Hundreds of tests were made on high-speed and on conventional 
windmills, with 1 to 16 blades, with —2 deg. to 85 deg. blade 
angles, and with 0 to 13.7 tip-speed ratios. Fig. 13 indicates the 
type of results obtained. 


METHOD oF TESTS 


During each test the air was held to a constant speed. The 
model was allowed to take up rotation without loading, or where 
necessary was started by a removable clutch electrically driven. 
Speeds in r.p.m. were determined by means of stroboscopes or 
electric indicating speed counters, specially arranged to give a 
flash at each 100 revolutions, the electric circuit being led off 
from the dynamometer through mercury cups where necessary to 
avoid tare torque. To change the load and speed, the prony 
brake was tightened by means of a removable rod having fingers 
on the end, the generator circuit was altered, or the cord tension 
changed. The range of r.p.m. was from no load to stalling point, 
the latter being in most cases on the reverse slope of the horse- 
power curve and therefore not usually interfering with the de- 
termination of the maximum-horsepower point. A few tests 
were also made to determine the energy pressure drop, up- 
stream and downstream, of the windmill in the tunnel, this 
being a rough indication of the amount of energy extracted from 
the air due to the presence of the windmill therein. Readings 
were also taken of the angle of the race rotation behind the 
model. (See Fig. 14.) 

In the majority of cases, the curve of torque force against 
r.p.m. for a given model, in the region of maximum horsepower, 
was found to be approximately a straight line. The precision 
of the curve in this region was pit better than 5 per cent. 
While this degree of precision was poorer than applied to or- 
dinary airfoil work (1 or 2 per cent), it was nevertheless possible 
to get very creditable checks, even though the particular model 
had beer dismantled and reassembled between checks. Speed 
determination by stroboscopes or electric speed counters was 
satisfactory. The curves obtained through a large number of 
observed points showed that the above 5 per cent figure was an 
outside value. 


PRESENTATION OF THE RESULTS 


The average commercial windmill problem starts with a given 
value of diameter and wind velocity. It has therefore been 
thought best to include these diameter and velocity values in 
the power coefficient. The charts show hp./V*D? plotted against 
aND/V, where 


V = wind velocity in feet per second 

D = diameter of windmill in feet 

N = revolutions per second 

hp./V?D? = C, = horsepower coefficient 

aND/V =f = ratio of peripheral (tip) velocity to wind 
velocity. 


For any diameter, velocity, and r.p.m. in a windmill geometri- 


Fig. 11 Winp TuNNEL aT McCook 


(Air enters at left end, passing straighteners, and flowing smoothly past model, then through decelerating cone to tandem fans of 1000 hp. 


Maximum 


velocity, 300 m.p.h.) 
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cally similar to any model tested, the characteristics may be 
scaled up according to the relations— 

hp. = C,V*D* 

r.p.m. = 60 (V/rD)f 
No evidence has been found in our tests to support the findings 
of previous experimenters, namely, that power varies with the 
first power of velocity, and r.p.m. varies more slowly than the 
velocity. These relationships are untenable in a rational theory 
of windmill design. They have no doubt arisen from the fact 
that outdoor wind measurements are exceedingly difficult to 
interpret. 
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MErTuHODs OF REGULATING WINDMILLS 


The use of rudders has been universal on the small farm 
pump windmills, with automatic devices for swinging the mill 
or the sails out of the wind when the latter is excessive. In the 
case of aircraft windmills if was found preferable to mount the 
generator rigidly on the aircraft and take care of the varying wind 
speed (flight speed) by automatic pitch-adjusting devices. The 
use of clutches and brakes was found impracticable. For the 
high-speed propeller-type, regulation by “‘efficiency destroyer” 
devices has been promising. Fig. 15 shows a regulation charac- 
teristic curve for such a device. 


Part 2—Study of Available Energy in the Wind and Selection of Suitable Windmill 
Diameter for Best Utilization of This Energy 


Winp REcorps 


‘TH following study of wind power is based on hourly wind 
velocities recorded from 1918 to 1924 at the United States 
Weather Bureau Station at Dayton, Ohio, and on additional ob- 
servations made with the aid of a specially bujlt instantaneous- 
reading anemometer. Dayton winds are about as low as are 
usually found elsewhere in the United States, and will not there- 
fore show unduly favorable results. The factors and conclusions 
based on these Dayton winds can be “scaled up” for other loca- 


Fie. 12 Precision BALANCE FOR WEIGHING AIR Forces In 5-Ft. 
TUNNEL 


(Model windmill resistance can be measured to 0.0001 Ib.) 


Fie. 14 Drop or Enercy 1n Air Passing THrovuGH 


tions of similar meteorological characteristics by knowing a few 
basic wind values from these locations and applying the relation- 
ships given in Tables 2 to 6. For dissimilar regions, such as 
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mountainous or trade-wind countries, the factors should be 
recalculated, using the same method. 
In analyzing winds, numerical values must of necessity have 
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Fie. 15 REGULATION CHARACTERISTICS OF Two-BLADE REGULATED 
Hicu-Speeep WINDMILL Driving GENERATOR DirEcT WITHOUT 
GEARING 


a low precision. The factors and relationships here deduced 
were obtained by averaging many divergent cases. The numer- 
ical conclusions and charts, such as Figs. 19, 20, and 21 may be 
used as “‘probable expectations of wind performance”’ for enuncia- 
tion of general principles. But the winds of any one day or week 
may depart far from the average values. The Weather Bureau 
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data were analyzed for the continuous period of 13 months, 
January 1, 1923, to January 31, 1924, and for the one calmest and 
one windiest months in each year during the period 1918 to 1924. 

The hours of each wind velocity in each month were added up 
and plotted as shown by black curves (frequency) on 24 
“Hourly Wind Velocity” charts similar to Figs. 16 and 17. 
There is also shown in broken lines the total kinetic energy pos- 
sessed by each velocity in the period during which it blew, ex- 
pressed askw-hr. This last value is computed for a cross-sectional 
area of the wind corresponding to 1 ft. diameter, using the relation 


kw-hr. = (4.01 K 10-* X D? ft. X V* m.p.h.) X hr. 
where D = 1 ft. 
Winp VELOcITIES AND ENERGY ContTENT Of A TypicaL YEAR 


To secure a fair picture of a year’s wind, the hourly wind 
values for 13 consecutive months, 1923 to 1924, have been av- 
eraged in Fig. 18. Analysis of the curves has been made by the 
aid of Tables 2 and 3, derived from the thirteen curves. It is 
found that: 

1 The wind-velocity readings averaged 6.7 m.p.h. in the 
calmest month (September) to 14.9 m.p.h. in the windiest month 
(March). The mean velocity for the year was 10.12 m.p.h. 

2 In each month there is a well-defined group of winds which 
predominate, and may be called the prevalent, or frequent, winds. 
These are read off the ‘“Hours”’ curve (solid). The overall range 
of prevalent winds is 3 to 18 m.p.h.; the average range is 4 to 12 
m.p.h. 

There is also a well-defined group of winds which contains the 
bulk of the energy of each month, as shown by the broken curve 
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Fie. 16 Hovurty Winp VELociTiEs aT Dayton, On10, APRIL, 1920 
Average wind velocity for month, 14.1 m.p.h 


Effective energy velocity for month, 17.06 m.p.h. 


EEV 
V 


Total kw-hr. for month, 14.36 


= 1.211 


Solid lines denote hours of given V 
Broken lines denote kw-hr./mo./unit diameter circle/given V 
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“kw-hr. for unit-diameter circle.’”’ These are called the energy 
winds, and their overall velocity range is 10 to 30 m.p.h. with an 
average velocity range of from 13 to 24 m.p.h. Relationships 
between the prevalent and energy winds apply to Dayton and 
other places of similar meteorological conditions. These re- 
lationships are: 

3 The energy winds possess 2 to 4 times the kw-hr. energy of 
the prevalent winds (averaging about 3 times as much). 

4 The energy winds produce */, the total kw-hr. energy of a 
given month. 

5 A windmill operating only in prevalent winds must have 
15/4 to 2 times the diameter of a wheel operating only in energy 
winds, if each is to produce the same power. 

6 The prevalent winds blow 2.0 to 2.9 times (average 2.5) more 
often than the energy wind; i.e., in an average week prevalent 
winds occur on 5 days, while energy winds occur on 2 days. 

7 The mean prevalent-wind velocity for any month may be 
estimated if the mean average hourly velocity for the month 
is known; the prevalent velocity is 2 m.p.h. less than the monthly 
velocity. 

8 The energy winds blow at velocities of about 2.3 + 0.6 
those of the prevalent winds. 

9 The wind of highest kw-hr. energy has about 10 m.p.h. 
higher velocity than the most frequent wind (Fig. 18). 

10 For each month, the actual energy content of the wind is 
double the amount that would be computed from the average 
velocity of that month. This is due to gustiness. A steady 
wind, to give in a month the same power as the actual wind, 
would have a velocity 1.27 times the monthly average velocity of 
the actual wind. In designing windmills, use of the coefficients 
requires the assumption of a steady wind. In operation, the 
mill will in a month receive a certain amount of energy; a steady 
wind to deliver this energy would then have a certain “effective 
energy velocity,” and the important velocity factor results: 


0.09 


Effective energy velocity for the month _ Pe 
0.06 


= 1.27 
Average hourly velocity for the month 


11 Note that all values above taken from Tables 2 and 3 are 
Robinson cup-anemometer readings. It is shown elsewhere in 
this paper that to use for design purposes an hour’s record taken 
from the Robinson cup instrument the velocity reading must be 
multiplied by 0.9, and the corresponding kw-hr. by 0.729. 


5 
85 
80 
65 + ¥ 
| 
60 
| 
20 
x] 
/ 
3 45 & 
° 
: 
40 
NG 
30 
\ 
| qe 
20 \ 04 
15 VAN 035 
0.1 
Velocity, Miles per Hour eae 
Fieg.17 Hourty Winpd VEvociTIEs aT Dayton, Oun10, Auaust, 1920 


Average hourly velocity for month, 7.3 m.p.h. 
Effective energy velocity for month, 8.94 


= 1.224 
Total kw-hr. for month, 2.10 


Solid lines denote hours of given V_ 
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a $8 S888 « 33829 28 § 2 BS act oe 
Jan. 6-14 6, 10,12 43 390 18-25 18, 22,25 18 144 0.72 5.8 2.7 12.4 15.07 1.215 1.9 3.0 744 52 19 
Feb. 7-16 9, 16 41 410 16-21 16,18, 21 27 162 0.58 3.5 2.53 12.4 15.52 1.252 1.7 0.7 672 61 24 
Mar. 6-18 11, 14 35 360 20-29 24 17 170 0.82 8.2 2.11 14.9 18.78 1.260 1.8 2.0 744 48 23 
Apr. 4-18 11 36 540 17-30 18, 23,30 16 224 0.60 8.4 2.41 13.0 16.40 1.261 1.9 1.0 720 75 31 
May 3-15 8, 13 37 480 16-27 18, 26 17 204 0.55 6.6 2.35 11.9 14.82 1.245 2.1 2.3 744 64 27 
June 3-11 4,8 53 480 11-28 14 11.4 205 0.18 3.2 2.34 8.3 11.11 1.338 2.3 1.6 720 67 28 
July 2-10 5 65 590 9-18 22 220 0.16 1.6 2.68 7.0 8.9 1.259 2.5 2.0 744 79 30 
Aug. 2-8 5 77 540 7-21 = 18, 17.7 266 0.11 1.6 2.03 6.6 9.06 1.370 2.5 1.6 744 72 36 
Sept 3-8 5 72 430 9-16 11,13 25 200 0.15 1.2 2.15 6.7 8.39 1.250 2.6 1.5 720 60 28 
Oct. 3-8 6 72 430 11-19 12,19 18 162 0.21 1.9 2.65 7.8 10.23 1.311 2.4 1.8 744 58 22 
Nov. 3-10 5 55 440 12-20 16, 20 20.5 185 0.30 2.7 2.38 8.9 11.03 1.239 2.4 2.3 720 61 26 
on 3-9 5,7 56 390 20-26 21 9 63 0.40 2.8 6.2 9.9 13.53 1.367 2.9 3.1 744 52 8 
Jan. 4-13 11 45 450 16-24 19, 22, 24 17 153 0.50 4.5 2.94 11.8 14.35 1.216 2.7 3.6 744 60 21 
Avr 2.44 10.12 1.27+ 2.3+ 62.2 24.9 
(omitting (9.98 0. 0.6 2.0 Retle @ 5 
December) for 12 —0.06 > 
months) 


TABLE 2 ANALYSIS OF DAYTON, OHIO, WIND VELOCITIES, 1923 
(From U. S. Weather Bureau Robinson cup-anemometer readings; no corrections applied) 


‘ 
AE 9 Ag 
R-50-6 
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Cuoice or WinD-VELOcITY RANGE, Basep oN CaLmMest MontH 

To secure a picture of the limiting conditions of (a) calm and 
(b) windy operation, the calmest month of each year in the period 
1918 to 1924 was selected and the average values for the 7 years 


or “prevalence,” of the wind. The frequency is shown in Fig. 19; 
the total hours in Figs. 20 and 21. Most of the fall winds lie 
between 1 and 11 m.p.h.; most of the spring winds lie between 
5and17m.p.h. (The total hours are about the same, since there 

is negligible zero-wind; hence the fall winds 


TABLE3 RELATION BETWEEN ENERGY IN PREVALENT (LOW) WINDS AND ENERGY make up for their lack of high winds by the 


IN LESS FREQUENT HIGH WINDS—DAYTON, O., 1923 
(From U. S. Weather Bureau Robinson cup-anemometer readings; no corrections applied) 


great frequency of the low winds.) 
4 Consider only the “calmest” month, 


per per Col. (5) Fetal since it is this which will determine the 
Velocity ‘ane Velocity yn my Ratio of Col. (3) oer anit Col. (5) serviceability of a windmill plant. We note 
Mouth Mini- a. Col. (8) that while the prevalent winds lie between 
m.p.n. velocities m.p.nh. velocities mum abie circie 0 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 1 and 11 m.p.h., being maximum at 5 m.p.h. 
Jan. 6-14 1.85 18-25 5.8 3.1 3.1 10.22 56.7 (Fig. 19 and Table 5) the greater part of the 
3) energy (2.21 kw-hr. or 70 per cent) lies in the 
Mar 6-18 4.0 a aie 2.0 3.5 19.37 72.5 range 8 to 24 m.p.h. and has a maximum at 
Apr 4-18 4. 2 17-30 8.4 2.0 2.0 12. 74 65.8 14 m.p.h., well beyond the prevalent winds— 
pa 3-11 0.9to1l.3 11-28 3.2 2:55 3.6 3.97 82° in fact the 70 per cent of the total energy 
July 2-10 0.7 to 0.9 9-18 1.6 1.8 2.3 2.07 80 above comes from winds which blow only 42 
Aug. 2-8 0.4 to 0.6 7-21 1.6 2.6 4.3 2.17 76 f the ti 

Sept. 3-8 0.3 to 0.6 ois, 3, 2.0 3.6 1.71 88 per cent of the time. — ; 

Oct 3-8 0.3 to 0.8 11-19 : 2 2.2 5.8 3.20 75 rs 
n too often disregarded in past windmi 

(10-20) practice, the wheels being turned out of the 
Dee. 7.2 wind when velocities were high; that is, 
1924 in when the available power was the greatest. 
(11-26) (6.1) 5 If the 8 to 24-m.p.h. range is ef- 
Avr. ficiently utilized there is small advantage in 


* Values in parentheses include broader range than peak velocities. 
t Excluding December. 
t Including December. 


faired in the curves of Figs. 19, 20, and 21. The windiest month 
was similarly analyzed and plotted. Some quite definite con- 
clusions can be made from reference to these curves, as follows: 

1 The average velocity in the windiest month of a year is 
13.2 m.p.h., 1/4 as great as in the calmest month (7.4 m.p.h.). 

2 The energy in the windiest month is about 4!/2 times the 
energy in the calmest month. 

3 The energy springs both from the velocity and “frequency,” 


winds lower than 8 m.p.h. Thus (Fig. 20) 
extension of the 8 to 24 range to 6 to 24 adds 
only 7 per cent to the kw-hr. gained, this in 
spite of a notable addition (46 per cent) 
in the hours of operation. For example, imagine that an eight- 
foot windmill drives an electric generator, the current being used 
with a storage battery for farm lighting. Assume that the out- 
fit has ideal qualities such that all the available power in winds 
ranging from 8 to 24 m.p.h. is absorbed, and none of it “‘spilled’’ 
or otherwise wasted. The useful monthly output at Dayton, 
assuming 27 per cent overall efficiency, would be 2.21 X 0.73 x 
0.27 X (8)? = 27.8 kw-hr. per month, and the mill would be 
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(Uncorrected Weather Bureau readings for every hour in the year. — curve aaa 13 “‘frequency” and “‘energy”’ charts compiled from Weather 
ureau records. 
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running about 42 per cent of the time. Extension of the range 
at its lower end to include 6- and 7-m.p.h. winds would increase 
the output to 29.9 kw-hr., and to produce this small improvement 
the wheel would be working 62 per cent of the time. 

Of course, if the wheel were caused to swing out of the wind at 
15 m.p.h., its working range would be reduced. To remedy the 
consequent decrease in output the wheel diameter would in this 
case have to be made about 11 ft. If now to this reduced wind 
range of 8 to 15 m.p.h. the 6- and 7-m.p.h. winds be added, the 
gain in monthly output would be 14 per cent, and would better 
justify the use of 6- and 7-m.p.h. winds. 

The above reasoning holds for any diameter of wheel at Day- 
ton, Ohio. It applies particularly to the propeller-type mill, 
which is suited to high winds. 

Since Dayton winds are relatively low, we shall adopt 8 m.p.h. 
(nominal United States Weather Bureau value) as minimum 
velocity practical in the United States for propeller-type wheels. 
The distinction between 8 m.p.h. and the older value 16 m.p.h. 
is important, as may be visualized by noting that a 6-m.p.h. wind, 
to give the same power as an 8-m.p.h. wind, requires a windmill 
of 50 per cent greater diameter. 


TABLE 4 MEANS FOR WINDIEST AND CALMEST MONTHS 
IN EACH OF THE 7 YEARS 1918-1924, DAYTON, OHIO 


(Windy, Jan.—Mar.; calm, June—Oct.) 


Average, hourly . EEV Total 
vel., m.p.h. Ratio kw-hr. 
Windiest calmest Windiest Calmest Windiest Calmest 
month month month month month month 
Apr. 13.84 1.253 14.90 
1918 
Sept. 7.55 1.356 3.120 
Feb. 12.0 1.292 10.05 
1919 
June 7.50 1.274 2.480 
Apr. 14.1 4.388 14.36 
1920 
Aug. 7.3 1.224 2.100 
Mar. 12.6 1.223 10.94 
1921 
July 7.9 1.273 3.095 
Feb. 13.2 1.231 11.57 
1922 
July 8.6 1.355 4.730 
Mar. 14.9 1.260 19.37 
1923 
Sept. 6.7 1.250 1.707 
Jan. 11.8 1.216 8.84 
1924 
Oct. 6.5 1.435 2.410 
Average 13.21 7.44 1.241 1.310 12.86 2.81 
— 

Ratio 1.78 4.58 


6 Itis interesting to note (Fig. 20) that for the windiest month 
the proper wind velocity is 13 to 35 m.p.h., with no great ad- 
vantage in accommodating winds lower than 13 m.p.h. This 
range gives 9.7 kw-hr. per unit-diameter wheel during 345 hours 
of operation. 

Comparing the kw-hr. output and hours of operation of the 
calm and windy month, it follows that a generator and windmill 
operating at full load in the calm month will be four-fold over- 
loaded in the windy month. Any regulating device which aims to 
hold the power output constant throughout the year must there- 
fore be able to spill 3 times as much energy as is normally used. 


CHOICE OF WINDMILL DIAMETER 


The size of a windmill depends on the power output required 
at any given moment, on the monthly kw-hr. requirement, and 
on the velocity and frequency of the winds. 

The diameter varies with the square root of the momentary 
power output; for example, a windmill to drive a 1-kw. generator 
will have a diameter 1.42 times that of a windmill to drive a 
1/--kw. generator. 

As for the relation between diameter and monthly kw-hr. 
requirement, this can be determined only by study of the wind 
velocity and frequency. Fig. 20 enables us to choose the di- 
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ameter suited to Dayton winds in a calm month. Having de- 
termined the velocity range as previously set forth, we add up, 
from Fig. 20, the kw-hr. per unit-diameter circle, when 


kw-hr. per month required 


De 
27 per cent X kw-hr. per unit-diameter circle X 0.73 
80 
10 
Calmest Mont hi 
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Fig. 19 FreQquENCY oF Dayton Winps, 1918 To 1924. Farrep 
ComposiTE CuRVE 


Average of windiest and calmest month in each of the 7 years. 


Windy Calm Ratio 
Average hourly wind velocity 13.2 7.4 1.78 
Total kw-hr. 12.86 2.81 4.58 
EEV/V 1.24 1.31 
08 
2 
06 
5 Windliest Month 
=04 
Sul Calmest Month 
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Fic. 20 Kw-Hr. 1x Dayton Winps, 1918 To 1924. Farrep 
ComposiTE CURVE 
Average of windiest and calmest months in each of the 7 years. 


Windy Calm Ratio 
tery hourly wind velocity 13.2 7.4 1.78 
Total kw-hr. 12.86 2.81 4.58 
EEV/V 1.24 1.31 


(The overall efficiency is 0.597 X 0.80 (windmill efficiency, 80 
per cent being the highest practical value and rarely attained) 
0.75 (battery) X 0.75 (generator) = 27 per cent, the figure 0.73 
being a correction to Weather Bureau readings.) Next, the 
momentary power output at a given wind velocity is found _from 
the relation: 
36 per cent X 4.01 X 0.73. 


Kw. output = D? ft. X V* m.p.h. X 


1.053 
10° 


(Here battery efficiency has been eliminated, so that the 27 per 
cent overall efficiency becomes 36 per cent.) 

The choice of proper velocity can be made only after careful 
study of wind ranges, as previously set forth, together with prac- 
tical test and laboratory research as iater to be described on the 
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relation between nominal recorded velocities and actual true 
velocities. There is a difference. 

The diameter is affected indirectly by the efficiency of the 
storage battery or other energy-storing device. (It is assumed 
in this paper that some such device is part of every windmill 
outfit.) 

Take first the case wherein an adequate storage battery can 
be used, with a 30-kw-hr. per month requirement. Using the 
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Fig. 21 AvaiLABLeE Hours, Dayton Winps. Fatrep 
CoMPosITE CURVE 


(Average of windiest and calmest month in each of the 7 years, 1918to 1924. 
Example: For total hours in wind range 13 to 35, read curve at 12 and 35.) 


10- to 24-m.p.h. range of velocities in the calm month we get (see 
Table 5). 


Kw-hr. (per unit diameter) available in wind = 1.94 kw-hr. 


30 


TABLES CHOICE OF VELOCITY RANGE 


Per cent of 
total Per cent 
Velocity monthly of total 
range, Kw-hr. kw-hr. Hours hr. in 
m.p.h. included scaled included months 
Calmest month (see Figs. 19 and 20—3.18 total kw-hr.) 
8to24 2.21 70 306 42 


306 + 140 = 446 62 
306 — 112 = 194 27 


6to24 2.21 + 15 = 2.36 75 
10 to 24 2.21—0.27 = 1.94 


13 to 30) 8.3 332 

13to35 8.3+1.4 = 9.7 332 + 13 = 345 
10to30 8.3 + 0.76 = 9.06 332 + 141 = 473 
10to35 9.06 + 1.4 = 10.46 473 + 13 = 486 


Conclusion: 


For calmest month use range 8 to 24 m.p.h. (No advantage in going down to 6.) (From Fig. 20, 
(From Fig. 20, 20-m.p.h. 


14-m.p.h. wind has the greatest kw-hr.) 
For windiest month use range 13 to 35 m.p.h. (No advantage below 13.) 
wind has the greatest kw-hr.) 


To give same kw-hr. fall wheel must have twice the diameter of springtime wheel 


and, of course, a gear change. 


Take 14 m.p.h. as representative velocity for the 10- to 24-m.p.h. 


(Fig. 20). 


range, the velocity of maximum ———-——— 
a 7 unit diameter 


The generator output will be: 
Kw. = 36 X 4.01 X 10~® X (8.93)? X (12.6)? = 0.231 kw. 


For consistency we will make the arbitrary stipulation that 
all the energy in the whole wind range is to be utilized. With 
this assumption, we get for other velocities than 14 m.p.h. an out- 
put varying with V*, thus: 

At 10-m.p.h. nominal velocity the generator output should 

be 0.083 kw. 


At 14-m.p.h. nominal velocity the generator output should 

be 0.231 kw. 

At 24-m.p.h. nominal velocity the generator output should 

be 1.160 kw. 

If such a generator were available with gearing suitable to 
proper performance, the plant would furnish 30 kw-hr. useful 
current in the calm month. 

Actually, an electric generator does not have characteristics 
like the above; it will run at low efficiency at low velocities 
and will be overloaded at the high velocities—defects which will 
require, as offset, a slightly larger generator and larger wheel 
diameter than results from the calculations. How much larger 
is determined best by practical experience. 


To Cur Down Barrery Cost 


But, as will be shown below, such a windmill would actually 
be idle more than half the time in calm months, and would re- 
quire a large, expensive storage battery to furnish the useful 
current unaided for periods of several days. To economize on 
the battery cost—a major item in a windmill electric plant— 
the ‘‘dead-wind” periods should be reduced to a minimum. 
This would be accomplished by ignoring the high and useful 
though infrequent energy winds, and relying on the more fre- 
quent low-energy winds. For the same power at different ve- 


1 
Assuming as an extreme case a wind range of 6 to 8 m.p.h., a 


windmill plant to furnish 30 kw-hr. of useful current would be as 
follows: 


locities, the diameter will vary as 


kw-hr. 
unit diameter circle 


in 6-, 7-, and 8-m.p.h. nominal winds are 
0.272; then 


From the energy chart (Fig. 20), the total 


Remarks 27 per cent X 0.272 X 0.73 
= 23.65 [t. diam. 


A generator to put out its full load at 8- 
m.p.h. nominal velocity must be such as 


8 to 24 m.p.h. includes bulk 
of kw-hr. output 

kw-hr. increase 7 per cent, 
hr. 46 per cent 

kw-hr. decrease 12 per cent, : 
hr. 37 per cent to give 


Windiest month (see Figs. 19 and 20—12.3 total kw-hr.) 


13 to 30 m.p.h. includes bulk 
of kw-hr. output 

kw-hr. increase 17 per cent, 
hr. 4 per cent 

kw-hr. increase 9 per cent, 23.6-ft. wheel will be (Fig. 19) 
hr. 42 per cent 

kw-hr. have further increase 
17 per cent, hr. have fur- 
ther increase 4 per cent 


36 per cent X 4.01 X 10-* X (23.65)? X 
(8)? X (0.9)? = 0.3025 kw. 
The total hours of operation of such a 


60 hr. in 8-m.p.h. nominal winds 
X 0.3025 kw. = 18.2 kw-hr. 
67.5 hr. in 7-m.p.h. nominal wind 
X 0.2025 kw. = 13.7 kw-hr. 
73 hr. in 6-m.p.h. nominal winds 


2) X 0.1278 kw. = 9.3 kw-hr. 
2.21 = 
Total, 200.5 Totaloutput, 41.2 kw-hr. 


This plant would be expected to deliver some current nearly 
every day in the year, since winds of at least 6 or 8 m.p.h. are 
usually found about noon of any day, and would not require 
greater battery capacity than 80 ampere-hours (32 volts). If all 
winds above 8 m.p.h. were spilled this plant would operate about 
the same number of hours per month as the previously mentioned 
8.93-ft. plant. The distribution of running hours, however, 
would be such as to greatly mitigate the 3-day “dead periods” 
of the 8.93-ft. plant. The use throughout the year of a 23.6-ft. 
wheel, spilling all winds higher than 8 m.p.h., seems a high price 
to pay for overcoming 3-day “dead periods” which occur but 
rarely, especially when it is considered that the capacity (0.3 
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kw.) is lower than is usually associated with larger wheels. 
We do not know of any precedent for the use of so large a wheel 
with so small a generator; but the numerical example serves 
to show how difficult is the problem of making an electric wind- 
mill reliable without large battery capacity. It is impossible to 
design for the low-wind days of a given month without wasting 


Fic. 22 InsTANTANEOUS-READING ANEMOMETER, SECONDS CLOCK, 
AND REcoRDING Drum USED IN CALIBRATING Rosinson Cup 
ANEMOMETER AT WEATHER BUREAU STATION 


power on windy days, and, as shown, it would seem imprac- 
ticable to skimp the battery capacity. The analysis leads to the 
conclusion that use of an adequate battery is inescapable. 
Whether or not a large-diameter, low-capacity wheel is prac- 
ticable is another question, but the above figures show the un- 
disputed need for large diameter if battery cost is to be minimized. 
Our researches, which early showed the importance of larger 
diameter, have aimed to develop means tor construction, regu- 


AER-50-6 13 


Experience in quantity production of large wheels will de- 
termine whether or not they justify the saving in battery cost 
which is their prime raison d’étre. It is to be reiterated that it is 
only battery economy which stipulates large wheels—if sufficient 
storage capacity is provided to tide over the low-wind periods, 
wheel diameters can be cut in two for the same kw-hr. monthly 
output. 

The advisability of swinging this large wheel out of the wind 
for all velocities higher than 8 m.p.h. is shown as follows: As- 
suming the wheel properly regulated so that at higher wind 
velocities the output would maintain, but not exceed, the normal 
30-kw. value, there would be produced an excess of current 
amounting to 246 X 0.30 = 73.8 kw-hr., and the total monthly 
output would be 2'/2 times too great, necessitating the provision 
of some means of dissipating the excess. 

In the windy months of spring, the swing-out velocity would 
have to be raised, as there are not enough low winds during this 
period of the year to furnish the desired output. 


Tyine In LaBoratory COEFFICIENTS WITH WEATHER BuREAU 
AVERAGE VELOCITIES 


The windmill design coefficients given herewith were obtained 
in ap artificial steady wind, and are precise. In the measure- 
ment of outdoor wind velocity, there is no such thing as precision, 
since the wind velocity may change 50 per cent in 10 seconds. 
Weather Bureau records in the United States state the approxi- 
mate time of passage of one mile of wind past the observation 
station, without attempting to record instantaneous variations 
of velocity. ‘The Weather Bureau velocity records for periods of 
less than one hour are not easily available. In such a long period, 
including several miles of wind, changes of velocity intensity are 
always great. 

The problem, in brief, is: Knowing that a mill of a certain 
diameter gives a certain power in a steady artificial wind (wind 
tunnel), what is the “average hourly Weather Bureau Velocity” 
that will produce the same power when the same windmill is 
mounted outdoors? 

It was thought that a theoretical answer would be little better 
than an estimate, and an empirical solution was therefore sought 
as follows: 

For an anemometer, there was available a small 7-in.-diameter 
model windmill with 16 curved blades at 20 deg. blade angle, and 
mounted on a free-running instrument ball-bearing shaft. An 


TABLE6 U.S.W.B.SUMMARY OF COMPARISON ROBINSON CUP READINGS WITH SIMULTANEOUS CALIBRATED 
6 BL. ANEMOMETER READING 


(Test of Aug. 9, 1927) 


Ratio poe Ratio 
Weather Bureau results : M.p.h. Col. 6 Weather Col. 8 
Weather Bureau period Miles M.p.h. Miles mean EEV Col. 5, Bureau Col. 5 

1 2 3 4 5 6 7 . 9 

10:12:00.8 to 10:16:24.6 Onein 0.07325 hr. 13.65 0.863 in 0.07325 hr. 11.77 12.08 1.024 12.7 1.08 
10:16:24.6 to 10:21:42.2 One in 0.0882 hr. 11.34 m.p.h. 0.789 in 0.0882 8.95 9.33 1.041 10.7 1.195 

(12.0 as scaled by Mr. Niefert) 
10:21:42.2 to 10:30:24.3 Two in 0.145 hr. 13.8 m.p.h. (15 or 16 as scaled 1.728 in 0.145 (Equiv. to 11.9 12.5 1.05 12.8 1.075 
by Mr. Niefert) 0.864 mi. for 1 W. B. mile) 
8/6/ test (wind 20° of N.) 

3:30:00 to 3:36:07 One in 0.102 hr. 9.82 0.873 in 0. 102 hr. 8.57 9.10 1.061 9.4 1.008 

3:36:7 to 3:44:48.7 One in 0.1449 hr. 6.90 m.p.h. 0.899 in 0.1449 hr. 6.20 6.74 1.087 6.7 1.08 
Average 0.8 1.053 1,105 

(3)/(5) 
1.16 


Conclusion: 


(1) Robinson cup anemometer, after correcting, is 10 to 20% high (Avg. = 1.105) 
(2) During a mile movement velocity may rise or fall by one-half to three-fourths 


(3) During 10 sec. vel. may change from (V — 28%) to (V + 28%) 
(4) During 38 sec. vel. may change from (V— 43045 to (V + 45%) 


lation, and storm-proofing of large wheels. It may be said in 
passing that, while large wheels of conventional type are com- 
mercially impracticable, the propeller-type wheels which have 
been developed are not necessarily so, due to their lightness, 
cheapness, good regulation, and storm-proof quality. 


advantage of small size is that accurate calibration can be ob- 
tained in a wind tunnel. In this case the calibration was effected 
in a 5-ft. tunnel. By means of a fine worm gear, an electric 
contacting device was closed at each 40th revolution of the ane- 
mometer. This instrument was taken up to the Dayton, Ohio, 
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United States Weather Bureau tower, and held in the wind about 
6 ft. to one side of the Weather Bureau anemometer. Wires 
were run to a recording instrument. On the same tape were 
recorded (1) the revolutions of the anemometer (2) seconds, ob- 
tained from a specially made clock (see Fig. 22), and (3) each 
mile of wind as registered in the Robinson cup anemometer cir- 
cuit of the Weather Bureau recording apparatus. 

Typical readings were taken on two different days. From the 
results, plotted on (Fig. 23), and tabulated on Table 5, the follow- 
ing factors were deduced: 

1 The observations were made on winds the instantaneous 
velocities of which varied from 2.8 to 18.2 m.p.h. 

2 The Weather Bureau anemometer reading for an average 
mile was 16'/2 per cent higher than the 16-blade-anemometer 
reading. This 16'/2 per cent applies to all Weather Bureau data 
used in this paper, same being copied uncorrected from the Day- 
ton Weather Bureau records. 

3 Corrected by the usual Weather Bureau figure, the 16'/2 
per cent becomes 10'/; per cent. 

4 The true velocity, as recorded by the 16-blade anemometer, 
varied in 10 seconds from V — 28 per cent to V + 28 per cent; 
in 38 seconds, from V — 45 per cent to V + 45 per cent. The 
energy content of this fluctuating wind was deduced by taking 40 
revolutions of the 16-blade anemometer as a unit (1.7 to 10 sec.), 
and summing the cubes of the velocities for each of these unit 
periods. The equivalent energy velocity was then the cube root 
of the mean cube of the velocities for these unit periods. 

The effective energy velocity (HEV) was 51/3 per cent higher 
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than the mean velocity. (This checks the value 6.4 per cent ob- 
tained from Langley’s test at 26 m.p.h. in 1893.) Expressed 
another way, a meterological wind recording itself, in a mile, as 
10 m.p.h., has, due to its fluctuation above and below 10 m.p.h., 
the energy of a 10'/2-mile steady wind. 

Note that this 5!/; per cent applies only to periods of time short 


Fie. 24 Zaum-Type VENTURI TUBE AND KRELL MANOMETER FOR 
MEASURING WIND VELOCITY 


enough ('/2 hour or so) to avoid great change of wind strength. 
When the period is stretched out to a month, involving wide 
ranges of wind strength, the 5'/; per cent becomes 27 per cent, 


as shown in Figs. 17 and 18 and Table 2. 


5 Combining the above 16'/, per cent and 5'/3 per cent, it 
follows that an average mile of wind recording on the United 
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Bureau Tower, Dayton, Onto, AvuGust 9, 1927, a.m. 
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States Weather Bureau instrument at Dayton a velocity of 
V ws, will cause a windmill to perform as though in a steady wind 
of value 0.9 Vu». The energy obtainable from the mile of wind 
will be (0.9)? = 0.729, the amount computed from the uncor- 
rected Weather Bureau velocity. All the charts like Figs. 17 and 
18 must be corrected when used by multiplying velocity by 0.9, 
and kw-hr. by 0.729. 


OTHER INSTRUMENTS FOR MEASURING WIND 


Fig. 24 shows a venturi tube and Krell-type manometer which 
is useful for indicating instantaneous values of wind velocity- 
pressure. If several such instruments are set up near a windmill 
and connected in parallel to a single manometer they furnish a 
fair idea of the effective velocity experienced by the mill. Some 
damping device in the pressure line is used to smooth out the gust 
fluctuations. It is not proper to use measurements which have 
been made at a distance from the mill. Velocities recorded by 
Weather Bureau stations at a distance may be quite different, due 
to obstructions, hills, trees, etc. 

Another instrument, easier to read but harder to set up, was 
developed. A rotary windmill anemometer fitted with a brush 
and contact breaker was arranged to send an electric impulse 
through a circuit once every revolution. A chronometric 
electric tachometer in the circuit then showed the r.p.m. at any 
instant and its readings were proportional to the wind velocity. 
This instrument was the best of any employed for use out- 
doors because its reading fluctuated with the first power of the 
gust velocity, rather than the second power, as was the case with 
the instrument of Fig. 24. The tachometer when set up on the 
switchboard beside the ammeter and voltmeter facilitated cor- 
rect observations, and was partly responsible for the success ob- 
tained in tests made with full-size mills on a moving automobile. 


AVAILABLE ENERGY OF THE WIND 


Using the Froude momentum theory, the maximum energy 
recoverable from the wind has been determined by Betz, Munk, 
and Hoff, as 0.593 times the kinetic energy of motion. This 
maximum figure is reached when the wind after passing the wind- 
mill disk retains just 1/; its original velocity. Retardation of 
the wind further than 2/; results in increased impact, which, how- 
ever, is offset by decreased volume of flow through the disk. 

Improvement of this ratio by tandem wheels is impracticable. 
Supposing that it were desired to get all the available energy out 
of the wind flowing over a given surface of ground, how close 
may the mills be placed one behind the other? In answering 
this, it may be assumed that the loss of energy in the wind near 
the ground is replaced by transfer, through viscosity, of energy 
from the upper layers of air. The distance of flow necessary to 
effect this recovery depends somewhat upon the velocity. As- 
suming smooth flow, without trees, hills, etc., some experiments 
made by Eiffel on disks throw light on the question. At 10 
meters per second a disk 30 centimeters in diameter, if too close 
to a similar disk upstream, experienced a negative resistance. 
Eiffel found that if the rear disk was 2 diameters behind the for- 
ward disk it received no energy from the air, and the distance 
had to be increased to 3 diameters for the resistance to become 
positive, and therefore for the disk to receive energy from the air. 
Experiments by Crocco indicate that a disk 8 diameters behind 
another receives only 0.9 the normal wind velocity. 


VeLociry GRADIENT FROM THE SURFACE OF THE GROUND 
UpwarpD 


A reasonable velocity-gradient curve can be given only for the 
case of flat unobstructed ground. For practical use the curve 
may be considered a straight line. Pilot-balloon observations at 
McCook Field indicate the following equation, for heights up to 
5000 ft.: 
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V = (h/2400 + 1) X (V:) for average winds 


where V = m.p.h. at desired height 
h = altitude in feet 
Vi = m.p.h. near the ground. 


Close to the ground the gradient is steeper, judging from tests on 
Farnboro Common, England, by Taylor and Cave in 1916, who 
found the following: 


Wind velocity at 1!/, ft. above ground, 11.4 m.p.h. 
Wind velocity at 4 ft. above ground, 14.9 m.p.h. 
Wind velocity at 6 ft. above ground, 17.5 m.p.h: 


These last values seem largely a matter of “skin friction.” It 
is thought that above 30 ft. the altitude of a windmill tower is 
governed by the obstructions to be avoided, rather than the 
velocity gradient that may be expected. 


Discussion 


Greorce MaAnikowskeE.* We have found from experience 
in the past with full-sized wheels and laboratory data that wind 
velocities of 8 miles an hour should be utilized in order that the 
life of the storage battery may be prolonged, and that the prac- 
ticability of the plant depends upon utilizing the lower-velocity 
winds. In the test carried on by Professor Brackett at the 
University of Nebraska at Lincoln wherein he used a conven- 
tional propeller-driven electric-light plant whose generator 
was driven through gears, he found that should he use 1 kw- 
hr. of electricity per day, which supplied 2 small lamps turned 
on every night, the wheel would not generate enough current 
to keep these lights burning as previously arranged. There were 
55 nights during the year in which no electricity could be used 
on account of the battery being down and discharged to the 
point below which the instructions directed that no further 
current be used. Eleven of these were in July, 15 in August, 
17 in September, 6 in October, 2 in January and 4 last June. 
From Professor Brackett’s tests and from our own experience 
we are convinced that the commercially practicable plant will 
be one wherein the lower wind velocities are utilized. 

We disagree with the author that all winds are necessarily 
very gusty. It is true that where there are obstructions, even 
though they be 1000 ft. from the anemometer, the wind will 
be affected by these obstructions. On the plains in North Dakota 
where the wind has a clear sweep for miles, using a steady, even 
wind, we are not able at any time to get the great number of 
maxima and minima which the author has recorded in Dayton. 

We have found that obstructions disturb the uniform flow of 
air even though they be half a mile from the wheel. We have 
have found this so with respect to haystacks on the prairie, and 
the drift behind a haystack after a snow storm showed a wind 
disturbance in one case over 2000 ft. behind it. This haystack 
was not over 15 ft. high and 30 ft. wide. 

We are building single-propeller wheels in which the propeller 
is direct-connected to the armature. These generators are low- 
speed machines whose characteristics are designed to fit into the 
particular characteristics of the propellers which are used to 
drive them. We were able to get an efficiency of 78.1 per cent 
for our equipment in winds blowing at 14 miles an hour. We 
also build a double-propeller wind-driven electric-light and power 
plant in which one propeller carries the armature and the other 
the field. In this manner we are able to double the relative 
speed without gears and also take advantage of race rotation 
mentioned in the paper. We have found that this increases 
our efficiency, especially in low wind velocities. 


* The Aerodyne Co., Minneapolis, Minn. 
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The author’s coefficients relative to the analyzing of wind 
velocities in general are very valuable to those interested in de- 
signing windmills for certain localities wherein the load and 
the wind velocity are known. However, we find that the storage 
battery is only about 70 per cent efficient in the hands of in- 
experienced users over a period of years, and in the hands of 
those who abuse it or under special loading conditions the effi- 
ciency sometimes drops to 50 per cent. Keeping this in mind 
we have strived to build equipment which would generate current 
practically every day, instead of using only the energy winds. 

We have found that one of our double-propeller installations 
has generated 1715 kw-hr. in 11 months. One month was not 
recorded as the watt-hour meter was out of commission, and 
is not included in the total. This is an average of 171.5 kw-hr. 
per month. There were times when the windmill generator 
was shut down. 

We find we can increase the efficiency of our equipment by 
using the double-propeller machine for the reason that we are 
using lower tip velocities, and the double propeller wheel lends 
itself much better to long-propeller design. However, it is a 
little more costly to construct as two propellers are used, but the 
generator cost is lowered since we doubled the speed. The 
starting torque is much higher as a larger blade angle is used. 
We are using this equipment where a high efficiency is desired, 
especially in the low wind velocities. 


Tueopore Lucas.‘ The paper presents an interesting solu- 
tion not only for the production of electricity on land or for 
auxiliary service on board airplanes but also of possibly the 
greatest part of the knotty problem of the helicopter. 

Taking the author’s Fig. 13 with the highly increased tip- 
speed ratio of the new turbine type over old 4-arm Dutch-mill 
type, one might get wind-tunnel data again for a propeller from 
which there might be evolved a turbine vertical-lift propeller 
vastly superior to the present helicopter. 

If, further, the turbine were fitted with guide blades above 
and also below, the air being made to enter and leave in a ver- 
tical direction, one might vision that this research material of 
the author’s might lead to quite practical results. One might 
imagine a thick-wing monoplane into which two turbine lift pro- 
pellers with guide-vane sets were sunk flush so that there would 
be no increase in air resistance. If arranged one on each side 
with centrally located driving motor, nothing but a few pieces 
of shafting would be exposed. For horizontal flight the lift 
propeller would cut out and the normal propelling plant would 
come into action. 

As stated in the paragraph on model tests, the research seems 
to cover wind speeds down to 4 m.p.h. and apparently the author 
is already in possession of such complete data as would make 
attention given to this most.urgent problem well worth while. 

4 New York, N. Y. Mem. A.S.M.E. 
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Materials for Aircraft Parts Subjected to High 
Temperatures 


The Operating Conditions and Materials Now Being Used—Desirability of Developing Better 
Materials to Meet Requirements of Modern Design 
By J. B. JOHNSON,! DAYTON, OHIO 


N AIRCRAFT there are only a few parts whose materials 
I are subjected to temperatures above atmospheric. These 
are confined to engine parts heated by the combustion of the 
charge. The temperatures attained in aircraft engines are 
higher than those of automobile engines due to the use of greater 
mean effective pressures and the development of more horse- 


Fic. 1 TRANSVERSE SECTION OF WATER-CooLED LiBERTY-12 


ENGINE 


power per cylinder. The selection of material for these parts, 
in order to assure safe and continuous operation, requires a 
knowledge of the operating temperatures and the properties of 
the materials at these temperatures. This paper describes 


1 Chief, Materials Branch, Engineering Division, Air Service, 
War Department, McCook Field. 

Contributed by the Aeronautics Division and presented at the 
Annual Meeting, New York, N. Y., December 5 to 8, 1927, of THE 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 


the operating conditions and the materials which are now being 
used. The desirability of developing better materials to meet 
the requirements of modern design is also considered. 

All of the heat energy of the internal-combustion engine is 
generated in the combustion chamber. This energy is con- 
verted into useful work in driving the piston, and dissipated 
as waste heat by the products of combustion and by conduction 
through the various parts of the engine. These parts are the com- 
bustion chamber, consisting of cylinder wall, cylinder head, piston, 
and valves, and the pipes for disposing of the exhaust gases. 
Transverse, sections through the cylinders of the water-cooled 
and the air-cooled Liberty engines are shown in Figs. 1 and2. The 
jacket of the water-cooled engine is generally either a welded- 


Fig. 2 TRANSVERSE SECTION oF AIR-CooLeD LiBEeRTY-12 ENGINE 


steel sleeve or an aluminum casting. It completely surrounds 
the cylinder head and barrel of the engine, and holds the tem- 
perature of these parts close to the temperature of the cool- 
ing water. The air-cooled cylinder depends for cooling upon 
the transfer of heat from the metal in the head’ and barrel di- 
rectly to the air. This is facilitated by a large radiating surface 
and high thermal conductivity. The former is attained by 
the use of thin, deep fins; the latter, by the selection of a suit- 
able material for the head. A very satisfactory combination 
is a steel barrel and an aluminum-alloy head. The head is fast- 
ened to the barrel by screwing and shrinking, which forms a 
joint with good thermal conductivity. The air-cooled engine 
is subject to greater variations in temperature and attains 
higher temperatures than the water-cooled engine, due to the 
nature of the coolant. 


TEMPERATURES ATTAINED IN THE VARIOUS PARTS 


The temperatures attained in the various parts depend upon 
the type of engine and coolant and the operating conditions. 
The detailed design of the scheme for cooling the parts is very 
important, but the engineer must have materials which will 
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permit a variation in design and also take care of the worst 


operating ccnditions. Several investigations have been made 
to determine the operating cenditions which produce the maxi- 
mum temperature. Temperature surveys have been made under 
variable operating conditions by changing mixture propor- 
tions, coolant temperatures, ignition settings, and the char- 
acter of the conducting surface. The results of an extensive 
survey of a water-cooled Liberty cylinder at the Matériel Divi- 
sion of the Air Corps by F. G. Shoemaker indicate that the 


Fig. Exuaust Stacks, Lisperty-12 Snort STEEL 
STack 
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maximum cylinder-wall temperatures occurred at an air-fuel 
ratio giving maximum power, and that the maximum ex- 
haust-gas temperatures occurred at a leaner mixture than that 
giving full power or highest cylinder-wall temperatures. 
Cylinder-wall temperatures were only slightly affected by wide 
variations in the rate of flow of the cooling water, but increased 
directly with the water outlet temperature. Detonation caused 
an increase in the temperature of the cylinder walls, but a drop 
in exhaust-gas temperature. Increasing the exhaust back 
pressure had little effect on the cylinder-wall temperatures, but 
did increase the temperature of the exhaust gases. A thin layer 
of lime scale increased the temperature of the wall and the head. 
An increase in temperature of 120 deg. fahr. for 0.025 in. of scale 


was noted and caused the maximum temperature in the com- 
bustion chamber to reach 450 deg. fahr. at a point on the head 
between the valves. Cylinder-barrel temperatures did not 
exceed 220 deg. fahr., and the maximum temperature of the 
valve seat was 320 deg. fahr. for the exhaust and 220 deg. fahr. 
for the intake. The maximum temperature of the exhaust 
gases was 1700 deg. fahr., attained with a back pressure of 
7.5 in. of mercury. 

The piston temperatures, as reported by Jehle and Jardine,’ 
also obtained in a water-cooled Liberty cylinder, reached a 
maximum of 650 deg. fahr. This value is higher than noted 
by other investigators and can be considered the maximum for 
satisfactory design in aluminum alloys. Cast-iron pistons often 
exceed this temperature. Dr. Gibson* has reported temper- 
atures up to 460 deg. fahr. for aluminum pistons. Exhaust-valve 
and cylinder-head temperatures for air-cooled engines have been 
checked on several types of cylinders at the Matériel Division. 
The maximum temperature in this type of cylinder occurs on the 
lee side, generally in the middle of the head adjacent to the section 
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between the valve seats. ‘Temperatures as high as 650 deg. fahr. 
have been recorded for large cylinders. Exhaust valves do not 
reach the temperature of exhaust gases, but range from 1000 
to 1450 deg. fahr. as observed by a Shore pyroscope or similar 
optical pyrometer. There is not much difference between the 
temperature of the exhaust valves in the water-cooled and air- 
cooled engines. Efficient cooling of the valve guide and seat 
has a marked effect upon the temperature of the valve. The 
use of valve stems of large diameter and cooled internally by 
means of oil or salt has been an important factor in lowering 
the operating temperature.‘ Inlet valves operate at a temper- 
ature 200 to 300 deg. fahr. lower than the exhaust valves. 
A temperature survey of several types of exhaust stacks on 
the Liberty engine indicates that the highest temperatures 
are reached with an exhaust manifold of the swirl-chamber 
type, shown in Fig. 4, and the minimum temperatures in a 
cast-aluminum-alloy stack, Fig. 5. The former reached 
860 deg. fahr. and the latter 450 deg. fahr. in the hottest section. 
Short steel stacks (illustrated in Fig. 3), which are in quite 
common use, reached a temperature of 760 deg. fahr. The 
low temperature of the aluminum alloy has the advantage that 


cameras Jehle and Frank Jardine, Journal S.A.E., September, 


1922. 

3 A. H. Gibson, ‘‘Piston Temperatures in Aero Engines,’”’ Report 
of Royal Aircraft Establishments. 

4S. D. Heron, “Aircraft Engine Practice Applied to Passenger 
Cars,”’ Journal S.A.E., vol. 12, no. 1. Appendix 1. 
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it is not hot enough to ignite the air-gasoline mixture which sur- 
rounds the engine after a crash. 


SELECTION OF MATERIAL FoR CYLINDER HEADs AND Pistons 


The materials used for cylinder heads in air-cooled engines 
and for pistons in both air- and water-cooled engines are selected 
primarily on account of their high thermal conductivity, low 
density, and satisfactory physical properties at the operating 
temperatures. A comparison of the physical constants for 
a few of the available materials is shown in Table 1. The 
data for the pure metals are more reliable and complete than 
for the alloys. The natural selection to fulfil the above re- 
quirements is an aluminum-base alloy, since aluminum is commer- 
cially available in large quantities and the technique of cast- 
ing and manufacture is well known. Pure aluminum has a 
high thermal conductivity, but loses a large proportion of its 
strength at elevated temperatures and is difficult to cast and 
machine. Various elements added to aluminum increase its 
strength both at room temperatures and at elevated temper- 
atures. Copper has been 4. 
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TABLE 1 PHYSICAL CONSTANTS FOR PURE METALS AND 
TYPICAL ALLOYS 


True 
specific 
Thermal heat, 
conductivity, calories per 


Coefficient 
of expansion 


Density, per deg. cent. calories per cc. gram per 
—_ xX 10-8, per deg. cent. deg. cent. 
t 20 avg. 20 to at 100 deg. at 300 
Pure Metals oon, cent. 300 deg. cent. cent. deg. cent. 

Aluminum........... 2.70 25.7 0.492 0.2420 

pper. 8.90 16.7 0.908 0.0993 
ae 7.90 13.2 0.151 0.1340 
Magnesium . 1.74 28.3 0.3. 0.2728 

Alloys 

2.88 28.6 0.340 
Al 94.4-94. 8, Cu 3. 66—- 

3.74, Mg 0.36-1.08 24.7-26.9 
Al 95, Si 5, to Al 87, Si 

Cu 92.2, Al7.3, Zn 1.4 7.85 17.9 a 
era 20 11.6 0.121 
Steel (0.45 7°30 12.7 0.106 

1.97 26.9 0.320! 

1 100-250 deg. cent. 

Sources: International Critical Tables, vol. 2. Bureau of Standards 


Scientific Publications. Smithsonian Physical Tables. 
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nesium Corporation’s Handbook. 


almost universally used for this 


purpose. In fact, practically 2Cu, 


every piston or cylinder-head “+/4Cu,zHn 


alloy used in the past twenty 
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years has contained some cop- — an 
per. The analyses of a large | A 
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number of pistons used in 
foreign engines indicate that 
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the percentage of copper varied 
from 2 to 14 per cent. One 
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reason for this is indicated by 
the curves in Fig. 6. The 
xZn 


strength increases with the cop- 
per content up to at least 14 
percent. Silicon also increases 


Ultimate Tensile Stren 


xZn 


the strength at high tempera- 
tures, but the aluminum-silicon 5 


at Deg. Fahr. 


Tests at 500 Deg. Fahr. 


> 


alloys have a low proportional 0 
limit and distort under stresses 
at high temperatures more 
easily than the copper-bearing 
alloys. Manganese added to 
a copper-aluminum alloy prevents the rapid fall in strength 
above 500 deg. fahr. which is a characteristic of practically 
all of the aluminum alloys, but it lowers the thermal conduc- 
tivity.5 Zine has also been used as the principal alloying ele- 
ment, but is not satisfactory where the operating temperatures 
exceed 400 deg. fahr. Iron raises the tensile strength and with 
zine gives a ternary alloy of good physical properties but 
less satisfactory than the copper-bearing alloys. Small quan- 
tities of iron, magnesium, and nickel are now generally added 
to form ternary, quaternary, or higher alloys with copper and 
aluminum and the ever-present silicon. 

The principal advantage to be gained from the use of these 
alloys is the increase in strength and hardness after suitable 
heat treatment. This has led to the use of these alloys almost 
exclusively in this country in the modern types of aircraft 
engines for pistons and cylinder heads. The pistons have been 
manufactured in green-sand molds, dry-sand molds, semi- 
permanent molds (using a sand core), and in permanent molds. 
The method of manufacture affects the ultimate hardness. 
The average hardness for a semi-permanent-mold casting varies 
from 90 to 100 for the nickel-bearing alloy and from 100 to 110 


5 C. J. Jenkin, ‘‘Report on Materials of Construction Used in Air- 
craft Engines.” 
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Fie. 6 Errect oF INCREASING THE PERCENTAGE OF ALLOYING ELEMENT IN ALUMINUM ALLOYs CasT 


In GREEN SAND 


The letter x before the chemical symbol denotes the variable alloying element with aluminum. 


for the iron-bearing alloy after heat treatment. Permanent- 
mold castings will average from 10 to 30 points harder than 
sand castings. Cylinder heads are cast in dry sand. Typical 
analyses and heat treatments of these alloys are shown in Table 
2. The physical properties at elevated temperatures are shown 
in Figs. 7 and 8. These results were obtained at the Matériel 
Division on test bars cast in green sand and subsequently 


TABLE 2 MATERIALS USED IN AIRCRAFT ENGINES FOR 
PARTS OPERATING AT ELEVATED TEMPERATURES 


Chemical analysis Heat treatment 


Copper 4.0-5.0 9.25-10.75 ) Heat 935 to 965 
Pistons, air- Iron 0.75 (max.) 1.0 -1.5 deg. fahr. for 2 
cooled cylinder } Silicon 0.5 (max ove to 5 hr., quench 
heads, cast ex- ' Nickel 1.75-2.25 aide hot water. Age 
haust stacks Magnesium 1.25-1.75 0.35 (max.) | 210 to 350 deg. 
Aluminum Remainder Remainder ye for 10 to 
r. 
Aluminum 10.25-12.25 Heat 1650-1675 
Valve seats for | Iron 2.5 - 3.5 ey deg. fahr., 
air-cooled cyl- Nickel 4.5 5.5 | quench cold 
inder heads in 0.25 (max.) 0.25(max.) [| water. Tem- 
Copper Remainder Remainder per 800 to 1000 
deg. fahr. 
Carbon 0.44 1.30 
Manganese 0.34 0.44 
Chromium 8.34 12.80 
Valves, exhaust { Silicon 3.60 0.31 
Tungsten 
Molybdenum . 0.75 
Cobalt 3.05 
Piston rings, Cast iron—combined High-speed 
valve ate carbon 0.50 to 0.70 . tungsten steel 
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heat-treated. The specimens were immersed in an oil bath 
(Fig. 9) heated by an electric heater and held at the required 
temperature for 30 minutes before the load was applied. The 
proportional limit was obtained by using a special extensometer 
developed by D. M. Warner. The ball remained immersed 
during the heating period in making the Brinell hardness tests. 

The tensile properties and hardness of the aluminum-copper- 
nickel-magnesium alloy are consistently higher than the alu- 
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Fic. 7 Tension Tests aT ELEVATED TEMPERATURES ON ALLOYS 
USED FOR PISTONS AND CYLINDER HEADS 


H.T.—Cast in green sand and heat-treated as follows: 
Al-Cu-Ni-Mg: Heated 950 deg. fahr., 4 hr.; quenched in boiling water; 
aged 400 deg. fahr., 1 hr. 
Al-Cu-Fe-Mg: Heated 925 deg. fahr., 5 hr.; quenched in boiling water; 
aged 400 deg. fahr., 1 hr. 
S.C.—Cast in green sand. 


minum-copper-iron-magnesium. This is partially due to the 
fact that the original properties of the latter were lower, and 
there is little to choose between the two alloys on the basis 
of the physical properties at elevated temperatures. The 
aluminum-copper-nickel-magnesium alloy in the form of sand 
castings has more uniform physical properties after heat treat- 
ment than the aluminum-copper-iron-magnesium alloy, espe- 
cially in thick sections. 

If the heat-treated alloys are reheated for a considerable 
length of time at elevated temperatures, the tensile strength 


and Brinell hardness are decreased by an amount which is 
dependent upon the length of the heating period. The effect 
of 25 hours of heating for temperatures from 300 to 800 deg. 
fahr. is shown in Fig. 10. The effect of longer and shorter peri- 
ods is shown for 500 and 700 deg. fahr. by the individual points 
plotted on the chart. The numbers opposite the points represent 
the length of the heating period in hours. 

From a survey of the hardness over the cross-section of a 
piston (Fig. 11) which had been run in an engine, it is possible to 
deduce approximately the maximum temperatures which have 
been attained in the cylinder. The hottest spot was at or very 
close to the center, as indicated by the drop in hardness from 
about 110 to 59. One side of the piston was a little hotter than 
the other, but the skirt was practically unaffected by the rise 
in temperature. Increased hardness at the piston-pin bosses 
may be due to the fact that the temperature of this section 
was in the neighborhood of 300 deg. fahr., which tends to age 
the alloy and increase the hardness. The increase in strength 
due to heat treatment is lost at the center of the head, but 
is retained in the bosses and ribs. The hardness at the lands 
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Fig. 8 BrineLtt TEST AT TEMPERATURES. SAME AS 
1G. 


which forms a bearing surface for the piston rings is only slightly 
affected. 

Alloys containing a high percentage of magnesium have been 
used for pistons in automobile engines and, experimentally, for 
pistons in aircraft engines. The thermal conductivity of these 
alloys is lower than the aluminum alloys, and the tensile strength 
at atmospheric temperature is from 25 to 40 per cent less than 
that of the aluminum piston alloys previously mentioned. The 
effect of elevated temperatures on the magnesium alloys is 
comparable with their effect upon the aluminum alloys. The 
results of tests on an extruded 4.5 per cent zinc alloy showed a 
loss in tensile strength of about 30 per cent at 300 deg. fahr., 
60 per cent at 500 deg. fahr., and 80 per cent at 650 deg. fahr. 
Similar tests on a sand-cast alloy containing 9 per cent aluminum 
showed a percentage drop of 30, 40, and 60 per cent, respec- 
tively. The effect of the lower conductivity is to increase 
the temperature of the piston head if the thickness remains the 
same as for the aluminum piston. Therefore the weight of 
pistons cast from the two alloys will not vary directly with 
the density, since the volume of the magnesium-alloy piston 
must be increased, and it is doubtful whether a piston can 
be made from a magnesium alloy which will have any advantage 
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in weight over the aluminum pistons now used in modern en- 
gines. 

The aluminum-copper-nickel-magnesium alloy was selected 
for the exhaust stacks (Fig. 5) on account of the higher pro- 
portional limit, which prevents them from drooping. These 
stacks are fastened on with aluminum-bronze studs, as it was 
found that the difference in the coefficient of expansion of the 
steel stud and aluminum alloy caused the joint to loosen. 

The principal disadvantage of the aluminum alloys is the 
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Fic. 9 Dracram or Set-Up Usep In MAKING TENSION TESTS AT 
ELEVATED TEMPERATURES, SHOWING RELATIVE POSITIONS OF 
SPECIMENS AND EQUIPMENT 


high coefficient of expansion. In piston design the difference 
between the expansion of the piston and the steel barrel is 
large enough to affect satisfactory operation. The information 
on the expansion of aluminum alloys is not very complete, and 


piston clearance is generally determined by a “cut and try” 
method. The minimum clearance is calculated from the coef- 
ficient of expansion, but the final dimensions are determined by 
running the pistons with this minimum clearance in a cylinder, 
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‘Fie. 10 TrENsILE AND BRINELL Tests aT Room TEMPERATURES ON 
{Heat-TrREATED ALUMINUM ALLOYS REHEATED FOR A LONG 
Periop AT ELEVATED TEMPERATURES 


Al-Cu-Ni-Mg: Heated 950 deg. fahr., 5 hr.; quenched and aged for 16 hr. 
in boiling water. 

Al-Cu-Fe-Mg: Heated 925 deg. fahr., 5 hr.; quenched and aged for 16 hr. 
in boiling water. 


which very often results in seizure. The clearance is then 
increased slightly until the pistons can be operated without seiz- 
ing. A piston alloy with a lower coefficient of expansion for use 
with steel-lined barrels would be advantageous. Silicon tends 
to decrease the coefficient of expansion, but has not been used 
for the reasons previously mentioned. The use of an alu- 
minum-alloy barrel with the requisite surface hardness obtained 
by plating with nickel or chromium has been advocated. 
The chemical stability of the piston alloys at the temper- 
atures and pressures attained in high-compression engines is 
also subject to considerable improvement. Burning of the 
pistons occasionally takes place. Attempts to overcome this 
by spraying the top of the piston with nickel and chromium 
have not been satisfactory, since it is impossible to get a sat- 
isfactory bond between the sprayed coating and the aluminum 
casting. A bond formed by electroplating these metals may 
be more satisfactory, but a more stable alloy is desirable. 
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A high specific heat, especially in a cylinder-head alloy, tends 
to reduce the mean operating temperature for the extreme 
conditions experienced in flight. In the water-cooled engine 
the radiator with its large volume of hot water acts as a heat 
reservoir, but with the air-cooled engine the specific heat of 
the material in the head and cylinder must fulfil this function. 
The thermal conductivity is naturally very important, but there 
is another factor in connection with thermal conductivity 
which has not been thoroughly investigated, and that is the 
surface radiation. Mr. Heron® refers to tests reported in the 
Transactions of the Society of Automotive Engineers which 
indivate the importance of this factor. Copper was found to be 
the poorest of the materials studied, although it has the highest 
conductivity of any ordinary commercial material. Aluminum 
was not so good as steel. A high-gloss enamel applied to alumi- 
num improves its radiating properties, but attempts to use 
it have not been very satisfactory, as it is difficult to get a 


Fieg.11 Aut-Cu-Ni-Me Piston REMOVED FROM AIR-COOLED ENGINE 
on ACCOUNT OF SEIZURE AFTER 10 Hours oF RUNNING AT FULL 
THROTTLE 


product which will withstand the high operating temperatures 
in the cylinder head. Its use has been practically discontinued. 


Atuminum ALLoys Too Sort ror VALVE SEATS 


Aluminum alloys are too soft to form satisfactory valve seats 
in air-cooled cylinder heads. Aluminum bronze was selected 
in preference to steel, as it has a coefficient of expansion consider- 
ably higher. The bronze has been used with a Brinell hardness 
of from 150 in the extruded condition to 250 in the cast and 
heat-treated condition. A hardness of 200 gives an excellent 
seat and tends to polish under the impact of the valve. Two 
analyses which are used are given in Table 2. According 
to Bregowsky and Spring,’ aluminum bronze loses practically 
no tensile strength up to 450 deg. fahr. Tests on seats removed 
from cylinders which have been in service show no loss in hard- 
ness. 

The conventional material for valve guides in the water- 
cooled engines has been cast iron. About the only control over 
this material was to specify a combined carbon content of about 
0.50 to 0.70. Cast iron is not entirely satisfactory on account 
of the excessive wear. On account of the high-temperature 
operation of the valves, lubrication is practically impossible. 
Tungsten steel is now being used in some air-cooled cylinder 
heads. Aluminum bronze is a satisfactory material when the 
valve mechanism does not cause too much side thrust on the 
valve stem. Comparative tests on cast-iron and malleable-iron 


*S. D. Heron, “Air-Cooled Cylinder Design.” Trans. S.A.E., 
1922, vol. 17, part 1, p. 347. 
M. Bregowsky and L. W. Spring, of High 
oys.’ t 
Testing Materials, Sixth Congress, vol. 2, part 2. 


peratures on the Physical Properties of Som 
Assoc. 


TABLE 3 TESTS ON VALVE GUIDES IN LIBERTY ENGINE 
-———Wear in Inches. 


Material Minimum Maximum Average 
0.0011 0.0075 0.0050 
Malleable iron, heat treated!............ 0.0024 0.0057 0.0030 


1 Heat treatment: Quench 1550 at deg. fahr. in oil; temper at 1200 deg. fahr. 


guides (Table 3) indicate the latter ‘: much superior, espe- 
cially when heat-treated. 

Heat-treated aluminum bronze ne been tried for piston 
rings, but the wear was excessive. Steel rings are being used 
experimentally with good results. 


VALVES 


Aircraft-engine valves have practically always been made 
of a heat-resistant steel. The operating characteristics have been 
discussed in a previous paper. The exhaust valves in the 
Liberty engine were made of a steel of an analysis similar to 
a high-speed tool steel. These valves, however, are not satis- 
factory for continuous full-throttle operation due to the for- 
mation of scale which may become pounded into the valve seat, 
causing blows and loss of power. The 13 per cent chromium 
steel used extensively for the manufacture of cutlery or a steel 
containing higher carbon can be used in engines in which the 
operating temperatures are low, but if the temperature of the 
valve stem exceeds 1100 deg. fahr. it becomes softened and tends 
to gall in the valve guide. In order to obtain a better valve, 
tests have been made at the Matériel Division on high-chromium 
steels containing smaller percentages of silicon, cobalt, molyb- 
denum, and tungsten. These steels resist scaling much better 
than the high-speed tungsten steel and retain a large percentage 
of their original hardness. The chromium-silicon steels may be 
operated to about 1300 deg. fahr. without galling and with no 
surface oxidation. Above 1300 deg. fahr. the cobalt-chrome- 
molybdenum steel has a slight advantage. The addition of 
a small amount of tungsten to the chromium-silicon steel in 
an attempt to increase its red hardness has produced a valve 
which is somewhat better than the silchrome steel without 
tungsten, but the severe tests of engines operating on a test 
block indicate that the cobalt-chromium-molybdenum steel is 
slightly superior. The tendency in air-cooled engines where 
valves operate at high temperatures has been to cool the valve 
stem internally by some means, such as oil, mercury, or salt. 
The temperature of valves which are cooled in this manner 
can be reduced from 300 to 400 deg. fahr. This method is 
not entirely satisfactory, however, due to leakage past the plug 
in the stem and bulging of the walls under impact. The oper- 
ating temperature of the valve does not seem to have much effect 
upon the output; therefore a valve steel which would operate 
without scaling and retain its hardness at 1400-1600 deg. fahr. 
is highly desirable. 

The paucity of reliable data on the physical constants and 
properties at elevated temperatures of the various alloys used 
in aircraft-engine construction is very noticeable and undoubtedly 
retards the development of new materials. In procuring these 
data it is essential that standardized test methods be used, as 
very often the results from two laboratories are at wide variance 
and it is impossible for the designer to use them intelligently. 

The American Society for Testing Materials and The Amer- 
ican Society of Mechanical Engineers have recognized this 
need and are cooperating through a special committee. This 
work should have the support of all engineers designing and 
building internal-combustion engines. 


8 J. B. Johnson and S. A. Christiansen, “Characteristics of Mate- 
Valves Operating at High Temperatures.” A.S.T.M. 
une, 
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THE ENGINEERING INDEX 


(Registered United States, Great Britain and Canada) 


Items from Aeronautics Classification 


AERONAUTICAL INSTRUMENTS 


Oversea Navigation. Aircraft Instruments 
for Oversea Navigation, V. . Carbonara. 
Soc. Automotive Engrs.—Jl., vol. 21, no. 5, 
Nov. 1927, pp. 528-531, 4 figs. Direction of 
motion and rate of speed are sole data needed for 
determining position of moving object after 
certain period of time, but at present there are 
no absolutely precise instruments on airplane for 
accurate determination of these two factors; 
factors that constitute unsatisfactory features of 
navigating instruments available for aircraft are 
discussed and present methods of using various 
types of instrument and comments upon their 
practicability for oversea position finding. 


AERONAUTICS 

Air Transport, Future of. The Future of 
Air Transport, H. F. Guggenheim. Ry. Age, 
vol. 83, no. 26, Dec. 24 (Section I), 1927, pp. 
1251-1253. Factors in air transportation; safety 
today compared with pre-war times; how life is 
lost, fog problem, comparative costs, and dis- 
advantages of air transportation; cooperation of 
railroads needed. 

Commercial. Development of Commercial 
Aviation—A Duty to the National Defense, 
W. S. Varney. West. Machy. Wld., vol. 18, 
no. 12, Dec. 1927, pp. 569-570, 2 figs. Brief 
article dealing with progress of commercial planes; 
aviation now a business rather than science; 
night service steadily being increased; American 
air mail service envy of world; hundreds of small 
machine parts shipped by air mail and hundreds 
of orders for machinery dispatched by air mail; 
air-mail service proved reliability of American- 
built motors and established reliability of air- 
plane as means of transportation. 


Progress. Progress in Aeronautics. Mech. 
Eng., vol. 50, no. 1, Jan. 1928, pp. 48-54, 5 figs. 
Report contributed by Aeronautic Division of 
A.S.M.E. Interesting feature has been pre- 
dominance of air-cooled type of engine; airplane 
design and construction; aerodynamics; aerial 
surveyir.z; Department of Commerce, Aero- 
nautics Branch; aeronautical activities of Navy; 
airships. 

Southern United States. What Aeronautics 
Means to the South and the South to Aeronautics, 
G. Garner. Mfrs. Rec., vol. 92, no. 25, Dec. 22, 
1927, pp. 51-57, 4 figs. Treatment of desirability 
of opening South to airplane transportation; 
building of landing fields. 


AIRCRAFT 

Propellers, Design of. Calculating Thrust 
Distribution and Efficiency of Air Propellers, 
T. Bienen. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandums, no. 444, 
Dec. 1927, 10 pp., 2 figs. Proposes method for 
preliminary approximate calculations under any 
operating conditions; determines speed relations 
and forces developed on section with given 
direction and velocity of air current, solved with 
aid of momentum theory; determination of 
effect of finite number of blades. Translated 
from Zeit fuer Flugtechnik u. Motorluftschiffahrt, 
vol. 17, no. 22, Nov. 27, 1927, pp. 485-487, 2 figs. 


Radio Direction Finding. Radio Direction 
Finding, L. A. Hyland. Aviation, vol. 24, no. 1, 
Jan. 2, 1928, pp. 30-33, 5 figs. Fifth of radio 
series; aims of radio direction finding to direct 
aircraft along dark airways, to determine accu- 
rately limits of airport and to effect landing 
regardless of visibility; rotating coil compass not 
suitable; radio compass valuable on isolated 
routes; radio beacon; comparison of three types 
of direction finders; development of beam trans- 
mitters; no known remedy for “night effect;’’ 
beacon emergency landings possible; airplane 
direction finding by radio not automatic. 

Specifications. Manufacturers’ Specifica- 
tions on American Commercial Airplanes and 
Seaplanes as Compiled by Aviation. Aviation, 
vol. 24, no. 1, Jan. 2, 1928, pp. 42-43. Two- 
page chart showing price, seats, engine, propeller, 
span, wing area, overall length, overall height, 
weight empty, pay load, disposable load, normal 
gross weight loaded, high and cruising speed, 


landing speed, climb at sea level, climb to 10,000, 
service ceiling, fuel capacity, range, fuel con- 
sumption, fuselage and wing construction, wings 
wired for lighting, control, brakes, shock absorber, 
pontoons, certificate granted, performance figures 
guaranteed. 


AIRCRAFT CONSTRUCTION MATERIALS 


Selection. Selection of Materials for Aircraft 
Structures. J. A. Roche. Soc. Automotive 
Engrs.—Jl., vol. 21, no. 5, Nov. 1927, pp. 494-496. 
Formulas giving rational criteria for design of 
airplane members and for selection of most suit- 
able materials, taking due account of physical 
properties of aircraft materials and of resistance 
that result from proper use of each; tables of 
relative strength values show which materials 
are best for various parts and how much weight 
it is wise to add for given reduction in parasite 
resistance or for given increase in output of power 
plant; properties of various materials are studied 
separately with relation to their functions, and 
indexes are given classifying them in order of their 
merit for tension and compression, and for beams 
and columns. 


AIRPLANE ENGINES 


Air-Cooled. American Air-cooled Aircraft 
Engines, E. E. Wilson. Am. Soc. Naval Engrs.— 
Jl., vol. 39, no. 3, Aug. 1927, pp. 533-543, 6 figs. 
Details of Pratt & Whitney ‘‘Wasp”’ and ‘‘Hor- 
net;’”’ Wright ‘‘Whirlwind’’ and ‘‘Cyclone”’ 
engines. 

Combustion in. Combustion Time in the 
Engine Cylinder and Its Effect on Engine Per- 
formance, C. F. Marvin, Jr. Nat. Advisory 
Com. for Aeronautics—Report, no. 276, 1927, 
16 pp., 16 figs. Outline of what may happen in 
engine cylinder during burning of a charge; 
suggests type of information needed to supply 
details of picture and points out how combustion 
time and rate affect performance of engine; 
theoretical concept of flame front which is as- 
sumed to advance radially from point of ignition 
is presented, and calculations based on area and 
velocity of this flame and density of unburned 
gases are made to determine mass rate of com- 
bustion; from this rate mass which has been 
burned and pressure at any instant during 
combustion are computed; effects of different 
rates of combustion of engine performance are 
discussed and importance of proper spark ad- 
vance is emphasized. 


Commercial. The German Commercial 
Aero-Engines, Oefele. Eng. Progress, vol. 9, no. 
1, Jan. 1928, pp. 17-21, 7 figs. Achievements of 
German industry; as regards reliability, price, 
and economy, German engines compare very 
favorably with foreign types; advantages of 
German engines; they excel by exceedingly low 
fuel consumption and have made considerable 
progress with regard to increased durability; 
details of different German makes. 


Compression-Ignition. High-Speed, Com- 
pression-Ignition Engine Research, H. B. Taylor. 
Automobile Engr., vol. 17, no. 235, Nov. 1927, 
pp. 466-470, 13 figs. Advantages compared 
with gasoline engine are summed up as follows: 
reduction in specific fuel consumption; utiliza- 
tion of cheap fuels of high flash point; reduction 
of fire risk; elimination of electric-ignition 
system; ibility of simple two-stroke opera- 
tion. Offset against these advantages: increase 
of structural weight; lower power output per 
unit volume of cylinder capacity; need for some 
form of preheating of air. 

Fairchild Caminez. Fuel Tests on the 
Fairchild Cam Engine. Aviation, vol. 23, no. 
19, Nov. 7, 1927, pp. 1114-1116. Flights made 
in Waco 10 to determine engine-endurance 
possibilities. 

Farman. Farman Inverted 550-700-Hp. 
Aviation Engine (Le moteur Farman inverse 550- 
700 cv.). Aérophile, vol. 35, no. 19-20, Oct. 
1-15, 1927, pp. 314-317, 5 figs. This is 18- 
cylinder W-type engine arranged in three sets of 
six cylinders at angle of 40 deg.; dimensions are 
such that light gasoline without benzol or alcohol 
additions may be used; cylinders are cast en 
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bloc in Alpax alloy and each cylinder is provided 
with separate jacket; valves are operated by 
single camshaft carrying four cams per cylinder. 
Liberty. The Air Cooled Liberty Engine, 
N. H. Gilman. Aviation, vol. 23, no. 25, Dec. 
19, 1927, pp. 1468-1470, 7 figs. Weight is less 
and it develops more power than water-cooled 
design; improvement in use of rotary induction 
system; increased lift and longer valve opening; 
better designed intake port; new design for 
cylinders, camshafts and housings, valves, springs 
and rocker arms; cylinder-assembly method. 


Superchargers. Supercharged Engine Per- 
formance, Calculated and Actual, O. Chenoweth. 
Soc. Automotive Engrs.—Jl., vol. 21, no. 5, 
Nov. 1927, pp. 508-515, 11 figs. Method of 
predicting power output of given aircraft engine 
equipped with direct gear-driven centrifugal 
supercharger; three superchargers of different 
ratings are considered for purpose of selecting 
one giving best all-round performance; effect 
of superchargers of various ratings on engine 
power output and effect of various factors on 
engine performance; conclusions reached are 
that, for all-round performance to definite alti- 
tude, an intermediate supercharger rating should 
be selected, and that performance of engines 
equipped with direct-driven centrifugal super- 
chargers can be predicted with fair degree of 
accuracy by methods outlined. 


_Two-Cycle. The ‘‘Ajax” and ‘Atlas’ En- 
gines. Aviation, vol. 23, no. 23, Dec. 5, 1927, 
pp. 1351-1352, 3 figs. Two-cycle, eight- and 
six-cylinder, radial, air-cooled, supercharged 
engines produced by Aircraft Holding Corp.; 
development from tests; effect of double system 
of intake and exhaust; absence of valves and 
valve mechanism; forced-feed lubrication system. 


Valve Seats, Replacement of. Method of 
Installing Valve Seats Lengthens Life of Hisso 
Engine. Aviation, vol. 23, no. 24, Dec. 12, 
1927, p. 1405. Method and tools used in re- 
placing valve seats. 


AIRPLANE PROPELLERS 


New Type. A New Type of Propeller, 
F. K. Kirsten. Soc. Automotive Engrs.—Jl., 
vol. 22, no. 1, Jan. 1928, pp. 77-80, 4 figs. Rotor 
disk with blades projecting at right angles to 
disk surface; blades mounted to rotate about 
own axes, which lie on an orbit concentric with 
axis of propeller rotor; all blades effective during 
complete revolution on orbit; efficiency superior 
to screw type; thrust directed along any line in 
horizontal plane coincident with rotor surface; 
noiseless operation; possible applications. 

Variable-Pitch. A Promising Variable-Pitch 
Airscrew. Aeroplane, vol. 33, no. 19, Nov. 9, 
1927, p. 646, 1 fig. Successful series of tests 
was made by Royal Canadian Air Force on 
propeller designed by W. R. Turnbull; variation 
of pitch angle is controlled by small electric 
motor carried on, and in front of, hub, which 


rotates blades through suitable train of gearing. 


AIRPLANES 


Airfoils. The Characteristics of the N.A.C.A. 
97, Clark Y, and N.A.C.A.-M6 Airfoils with 
Particular Reference to the Angle of Attack, 
G. J. Higgins. Nat. Advisory Committee for 
Aeronautics—Tech. Note, no. 270, Dec. 1927, 
4 pp., 8 figs. Aerodynamic characteristics as 
determined in variable-density wind tunnel at 
Langley Field; differences in geometric and 
absolute angles of attack; drag-coefficient curves 
and lift curves; polar curves and curves of 
profile-drag coefficient plotted against lift co- 
efficient; curves of induced-drag coefficient. 


Airfoils. Experiments on Airfoils with Aileron 
and Slot, A. Betz. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandums, no. 437, Nov. 
1927, 6 pp., 4 figs. Results of experiments on 
three airfoils to which rear portions, having 
chords respectively 1/4, 1/3, and 2/5 or total chord, 
are hinged so as to form ailerons, especial atten- 
tion being given to shape of slot between aileron 
and main portion of airfoil. 

Alignment. Alignment and Checking of 
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Components, R. C. Taylor. Roy. Aeronautical 
Soc.—Jl., vol. 31, no. 203, Nov. 1927, pp. 1037- 
1049, 13 figs. Deals with certain methods of 
checking components for alignment; principles 
of lining up fuselages; method of supporting 
fuselages; checking alignment of various types 
of fuselages. 

Amphibian. The Loening OL-8 Amphibian. 
Flight, vol. 19, no. 51, Dec. 22, 1927, pp. 861- 
864, 8 figs. For army and navy observation 
work and aerial photography; 425-hp. ‘‘Wasp”’ 
air-cooled radial engine unusually mounted; 
combination flying-boat and tractor fuselage; 
hull of wood frame with metal-covering sheets 
bolted on; specially braced to withstand cata- 
pult stress; composite wing construction; aileron 
fitting and operation; landing wheels pivoted on 
frames, raised and lowered laterally with respect 
to hull; dual control provided. 

Avimeta. First French All-Metal Commercial 
Aeroplane. Flight, vol. 19, no. 46, Nov. 17, 
1927, pp. 793-795. ‘“‘Avimeta” A.V.M. 132 is 
3-engined monoplane of same general type as 
Fokker F VII 3-m, but differing from that 
machine both constructionally and in several 
features of its design. 

Biplanes, Wing Design of. The Distribution 
of Loads Between the Wings of a Biplane Having 
Decalage, R. M. Mock. Nat. Advisory Commit- 
tee for Aeronautics—Tech. Note, no. 269, Nov. 
1927, 33 pp., 13 figs. Distribution at various 
angles of declage, when gap-chord ratio is one, 
and there is no stagger; terms defined; vortex 
theory applied to biplane and corrections neces- 
sary in equation due to three effects; theoretical 
and experimental investigations and comparison; 
wind-tunnel experiments. 

Blackburn Bluebird. The Blackburn Blue- 
bird, Mark II. Aeroplane, vol. 33, no. 19, 
Nov. 9, 1927, pp. 650-654. Unlike all other 
two-seater light planes now on market, it has 
side-by-side seating for two occupants. 

Control. The Arens Control. Aviation, vol. 
23. no. 21, Nov. 21, 1927, pp. 1242-1243, 4 figs. 
Control mechanism designed to replace bell 
cranks and yet be light, positive and reliable. 

De Havilland. A New De Havilland Aero- 
plane. Flight, vol. 19, no. 44, Nov. 3, 1927, 
p. 759. D.H. 61 is designed and built to order 
of Australian firm for use between Broken Hill 
and Adelaide; it is single-engine biplane fitted 
with Bristol Jupiter engine and has cabin accom- 
modation for 6 to 8 passengers, as well as ample 
luggage space and considerable range at its 
cruising speed of 100 m.p.h. 

Defects and Deterioration. Defects and 
Deterioration, W. G. Gibson. Roy. Aeronautical 
Soc.—Jl., vol. 31, no. 203, Nov. 1927, pp. 1050- 
1060. Deals with general defects and deteriora- 
tion encountered during normal life of aircraft 
without reference to actual breakages caused by 
crash, together with more general methods of 
overcoming or repairing such defects and deterior- 
ation. 

Design. Problems in Transport-Airplane De- 
sign, C. N. Monteith. Soc. Automotive Engrs.— 
Jl., vol. 21, no. 6, Dec. 1927, pp. 682-690, 9 figs. 
Major problems encountered in operation under 
contract of that portion of Transcontinental Air 
Mail line between Chicago and San Francisco; 
possible solutions for difficulties; comparison of 
relative advantages of monoplane and biplane 
for transport service. 

Design Control. .Control of Aircraft Design, 
E. W. Stedman. . Automotive Engrs.—Jl., 
vol. 21, no. 5, Nov. 1927, pp. 516-518. Difficul- 
ties experienced in regard to engineering features 
of control of civil aviation during period of 7 years 
are summarized; outline of formation of Inter- 
national Commission for Air Navigation sub- 


sequent to Great War; Canadian Air Board Act . 


of 1919; I.C.A.N. minimum requirements of air- 
craft and engines for air-worthiness which are 
being worked to in Canada as closely as possible; 
suggestion is then made that regulations must 
make minimum requirements for strength and 
performance sufficiently great to allow for rea- 
sonable deterioration of structure and loss of 
engine power; effect of increasing load factors. 


Gliders. Structural Details of German Gli- 
ders, A. Gymnich. Nat. Advisory Com. for 
Aeronautics—Tech. Memorandums, no. 439, 
Nov. 1927, 32 pp., 63 figs. Deals with wings; 
fuselage; landing gear; steering organs. 

The Rhoen Glider Contest of 1927 (Technische 
Fortschritte beim Rhoen-Segelflugwettbewerb 
1927), W. Huebner. V.D.I. Zeit, vol. 71, no. 49, 
Dec. 3, 1927, pp. 1717-1721, 22 figs. Descrip- 
tions of recent glider models, including one 
weighing only 35 kg.; also glider having wing, 
symmetrical in cross-section. 

Kirkham-Packard. The Kirkham-Packard 
Racing Biplane. Aeroplane, vol. 33, no. 19, 
Nov. 9, 1927, p. 648. Biplane wings, of unequal 


span and chord are of multiply-spar construction, 
covered with two-ply spruce, and are attached to 
top and bottom lines of fuselage; engine cooling 
is by means of wing radiators. 

Landing Brakes. Landing Brakes for Air- 
craft. Aeroplane, vol. 33, no. 22, Nov. 30, 1927, 
pp. 738 and 740. Important design features; 
American experiments and production; points 
to be considered in fitting brakes to machine. 

Metal. Metal Aircraft Construction at 
Vickers. Flight, vol. 19, no. 37, Sept. 15, 1927, 
pp. 646-649. Vickers, Ltd., at their Wey- 
bridge works, have carried out long ‘series of 
experiments, and evolved forms of duralumin 
construction; simplicity is keynote of design; 
forms of construction evolved are such that 
resulting structure is considerably lighter than 
corresponding wood structure, for same strength; 
basis of system is novel form of spar web. See 
also Nat. Advisory Committee for Aeronautics— 
i Memorandums, no. 440, Dec. 1927, 5 pp., 
5 figs. 

Metal, France. New French Three Engined 
Metal Plane Is of Interesting Design. Aviation, 
vol. 23, no. 26, Dec. 26, 1927, p. 1521, 1 fig. 
Built of Alferium alloy; wing divided in two 
parts; cantilever structure reinforced by struts; 
ailerons extending whole length of wing; vertical 
stabilizer adjustable in flight, horizontal only on 
ground; three air-cooled 9-cylinder Salmson type 
9AB engines; table of dimensions. 

Military. English Aircraft Firm Builds New 
Biplane for the R.A.F. Aviation, vol. 23, no. 24, 
Dec. 12, 1927, p. 1409. Military equipment and 
fuselage construction; inspection facilitated. 


The Curtiss Attack Plane. Aviation, vol. 23, 
no. 24, Dec. 12, 1927, pp. 1404-1405. Original 
Falcon developed into series of two-place ob- 
servation and attack planes; armament speed 
and maneuverability of A-3 Falcon. 


Monoplane vs. Biplane. Monoplane or 
Biplane, C. H. Chatfield. Soc. Automotive 
Engrs.—Jl1., vol. 22, no. 1, Jan. 1928, pp. 49-52 
and (discussion) 52-54. Comparison of struc- 
tural efficiency, aerodynamic characteristics and 
performance; in structural efficiency biplane 
superior both in strength-weight ratio and in 
rigidity; monoplane better adapted to metal 
construction; biplane advantage in smaller size 
and affording better vision; advantages of mono- 
plane in aerodynamic characteristics. 


Non-Stallable. German Firm Builds Non- 
Stallable Plane Which Won’t ‘‘Nose Over.” 
Automotive Industries, vol. 57, no. 26, Dec. 24, 
1927, p. 945, 1 fig. Few facts about plane that 
cannet be stalled and cannot ‘‘nose over’’ on 
ground; table of weight distribution; description 
of initial flight. 

Performance. A Simple Theoretical Method 
of Analysing and Predicting Airplane Perfor- 
mance, I. H. Driggs. Flight, vol. 19, nos. 
34, 38 and 43, Aug. 25, Sept. 22, and Oct. 27, 
1927, pp. 596a-596d, 668d-668f, and 750a—750b. 
Gives formulas to show relation of certain funda- 
mental variables to absolute ceiling and to rate 
of climb, and to allow estimate to be made for 
these quantities with but minimum of calculation. 


Rotating Wings. Another Rotating Wing 
Machine. Aeroplane, vol. 33, no. 22, Nov. 30 
1927, pp. 742 and 744. Designs and rights of 
“‘Helicogyre’’ acquired by British Air Ministry; 
separate engine and airscrew to give horizontal 
motion. 

Slot-and-Aileron Control. On Salvation by 
Slots. Aeroplane, vol. 33, no. 17, Oct. 26, 1927, 
pp. 549-570 and 572, 2 figs. It is claimed that 
with Handley Page slot (plus aileron) control, 
even worst pilot cannot spin and nose-dive if he 
stalls his machine. 

Spars. Metal Wing Spars. Aviation, vol. 23, 
no. 23, Dec. 5, 1927, pp. 1342-1346, 15 figs. 
Construction of deep, medium and shallow spars; 
cheap production, easy inspection and simple 
repair considerations; metal spar as quantity- 
production affair. 

Tiger Moth. The D.H. “Tiger Moth.” 
Aviation, vol. 23, no. 25, Dec. 19, 1927, pp. 
1472-1473, 3. figs. Monoplane flies 186.5 
m.p.h. at altitude of 20,000 ft. and lands at 
60 m.p.h.; experimentation with very high 
speeds at reasonable cost; easily converted into 
seaplane; controls operated by stick and pedal; 
stick attached to crank which through rocker arm 
actuates ailerons by torque. 


Vought Corsair. The Vought “Corsair.” 
Aviation, vol. 23, no. 26, Dec. 26, 1927, pp. 
1518-1519, 3 figs. Results of Navy tests; 
military equipment; interchangeable landing 
gear. 

Wheel and Brake. The Bendix Wheel and 
Brake. Aviation, vol. 23, no. 22, Nov. 28, 1927, 
pp. 1286-1287. Complete brake and disk-wheel 
unit is now on regular basis. 


Wheel Brakes. Wheel Brakes and Their 
Application to Aircraft, G. H. Dowty. Flight, 
vol. 19, no. 47, Nov. 24, 1927, pp. 810d-810f, 
4 figs. Indicates nature of modifications to air. 


Welding. Airplane Construction and Weld- 
ing, R. M. Mock. Acetylene Jl., vol. 29, no. 7, 
Jan. 1928, pp. 284-289, 7 figs. Discussion of 
advantages of welded construction and some of 
important joints in which welding is essential; 
welding is now practically confined to tubular 
members, though there is some tendency toward 
building trusses of pressed sheeting. 

AIRSHIPS 

British. The Airship R 100. Engineering, 
vol. 37, no. 3228, Nov. 25, 1927, pp. 692-693, 
3 figs. Passenger-carrying airship of 5,000,000 
cu. ft. capacity; it is 709 ft. in length and has 
maximum diameter of 130 ft., while displace- 
ment is 156 tons; hull is streamlined throughout, 
without any parallel portion; power plant will 
consist of six Rolls-Royce engines running on 
gasoline. 

The First of Our New Airships. Aeroplane, 
vol. 33, no. 21, Nov. 23, 1927, pp. 694-696, 4 figs. 
Two ships for British Air Ministry, R 101 of 
steel tubing and unique framework; R 100 of 
duralumin with interchangeable and replaceable 
girder units; tube production; crew and passen- 
ger accommodations and control inside main hull 
framing; power from six Rolls-Royce Condor 
engines. 

Rigid. Some Recent Developments in the 
Design of Rigid Airships, W. T. Sandford. Roy. 
Aeronautical Soc.—Jl., vol. 31, no. 203, Nov. 
1927, pp. 1029-1036. Factors governing shape; 
loading; stresses in structure; structural arrange- 
ments; other considerations affecting safety; 
future development; increased knowledge of 
loading has led to development of more accurate 
method of stressing which have indicated many 
improvements in structural arrangement, until 
it should now be possible to build a successful and 
economical commercial airship of a strength 
several times that of any previously constructed. 

Semi-Rigid. A New British Semi-Rigid Air- 
ship. Flight, vol. 19, no. 46, Nov. 17, 1927, 
pp. 790-792. B.S.R. 1 of 1,000,000 cu. ft. 
capacity; fundamental feature of design is new 
form of ‘‘twin keel,’’ mainly enclosed inside 
envelope in such manner as to reduce head 
resistance by avoiding as far as possible any pro- 
jections causing unfair shapes; keel is constructed 
in form of two girders of duralumin; power plants 
consists of four main engines. 


AUTOMOTIVE FUELS 


Aircraft Engines. Fuel for the Wright 
“‘Whirlwind.”’ Aviation, vol. 23. no. 20, Nov. 
14, 1927, pp. 1170-1172. Of the hundreds of 
new fuels recently put on market only two have 
been recognized as being satisfactory by Army 
and Navy Air Services; these are gasoline 
blended with benzol or with tetraethyl lead and 
even these fuels must be used with caution, as 
it is not sufficient to insure suitable anti-knock 
value unless other requirements as to purity and 
volatility are complied with. 

Anti-Knock. Anti-Detonators, G. B. Max- 
well. Instn. Petroleum Technologists—Jl., vol. 
13, no. 63, Aug. 1927, pp. 578-581. Summary 
of prevalent theories of pinking in internal- 
combustion engine. 

Characteristics of Some Anti-Knock Fuels in 
Internal Combustion Engines, M. K. Thornton, 
I.» and R. Flagg. Agric. & Mech. College of 

exas—Bul., vol. 13, no. 7, July 1927, 26 pp., 
89 figs. There are several preparations on mar- 
ket which when added to gasoline are claimed to 
improve its qualities; among improvements 
claimed are that they will eliminate carbon 
deposit, increase power of engine, improve 
economy, and either reduce or eliminate detona- 
tion; investigation undertaken to determine to 
what extent preparations exhibit characteristics 
claimed for them, especially when used in engine 
of Ford or similar type. 

Detonation. Dopes and Detonation, H. L. 
Callendar. Aeronautical Research Committee— 
Reports and Memoranda, no. 1062, Dec. 1926, 
31 pp., 7 figs. Primary object of investigation 
was to complete rational explanation of cause of 
detonation in engines using liquid fuel, with 
especial reference to chemical side of problem; 
study of low-temperature oxidation of liquid 
fuels in air, in conjunction with engine experi- 
ments to determine relationship between detona- 
tion and observed chemical action; it is found 
that detonation is due to formation of organic 
peroxides, which become concentrated in nuclear 
drops during compression and ignite them 
simultaneously when detonation temperature of 
peroxide is reached; it is suggested that isolation 
of organic peroxides and study of their properties 
might lead to discovery of more useful dopes 
than are known at present. 
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Development of the Buffalo Airport 


Early Work in Planning Airport—General Layout—Runways and Drainage—Power and 
Other Lines—Hangars—Garage—Rolling Stock—Administration Building, Etc. 


By JOHN M. SATTERFIELD,' BUFFALO, N. Y. 


portance in the United States. Many cities throughout 

the country are building airports, and a still larger number 
are contemplating such construction. In the construction of 
the Buffalo airport lack of experienced engineering service in- 
volved the needless expenditure of thousands of dollars. It 
would have been worth to the city of Buffalo a sum of $50,000 to 
have had the services of a competent airport engineer. City 
departments gave some little help, and local engineers, not in the 
service of the city, gave all the assistance they could. Never- 
theless the construction of the Buffalo airport developed so many 
new problems and difficulties that a review of our work and 
experience should certainly be of service to others. 


‘a = question of airport construction is one of vital im- 


CONSIDERATION OF THE FuTURE ESSENTIAL 


The building of an airport is an engineering problem, similar 
to the basic problems met in many other Jines of engineering. 
But when it comes to the solution of these problems in an air- 
port, many new factors are introduced which make standard 
practice not exactly applicable, and which demand novel solu- 
tions. Also in the construction of an airport we have to look 
into the future. We know what is used in aviation today. 
We know there are going to be tremendous developments. 
Just what form those developments will take we do not know. 
Yet when we build an airport we are building something that is 
permanent in design and construction, something which cannot 
be altered from time to time to meet the changes that will come 
in the future, without serious difficulty and expense. There- 
fore it is of prime importance before starting an airport to 
consider very carefully all the possibilities that can be envisaged 
in the future, and then to lay out the design to meet all those 
possibilities, so far as the physical conditions of the field will 
permit. 

Size AND SuRROUNDINGS 


One of the first questions that always arises is that of the size 
of the airport. Opinions differ very widely: There is no stand- 
ard as yet, although there have been efforts to arrive at some- 
thing definite. Size will depend on two factors. One is the 
surroundings, the other the extent to which the future is to be 
taken care of. 

As to the surroundings, in a large, open, flat country where 
obstructions are few and very low, where the terrain generally 
is suitable for forced landings, where encroachment of buildings 
and development of subdivisions and other extensions of the 
city are not likely (as, for example, in locating an airport near some 
small city on the western plains), the actual area necessary for 
the airport is relatively small. Near a large city in the East the 
field must be large enough not only to afford the necessary flying 
areas but to afford a safety zone beyond those areas. Notwith- 
standing all the improvements that have been made in motors, 
they still fail sometimes. They fail sometimes directly after 
the take-off. In such a case it is impossible to turn because 
a turn may mean a crash; the pilot must come down wherever he 
happens to be at that moment, and he cannot choose. This 


1 Chairman, Buffalo Air Board. 
Presented at the First National Meeting of the A.S.M.E. Aero- 
nautic Division, Buffalo, N. Y., April 25 and 26, 1927. 


means that there must be a large safety zone beyond the point of 
take-off and in the line of flight of the plane, so that if the plane 
is forced to come down in the first few moments it may land 
with perfect safety and without a crash. 

As to the future, it is wise for the municipality that is under- 
taking the construction of an airport to acquire a good deal more 
land than it expects to use at the moment, not only because of 
future developments which will probably require more space for 
the airport itself, but because of the activity which the building 
of the airport immediately creates as a center of interest. It 
at once brings other people there and it starts land speculation 
which will make it very difficult for the city to acquire additional 
land in the future without paying prohibitive prices. 

It is difficult to say how big an airport should be, but provision 
for taking off in any direction involves a clear run of not less 
than 3000 ft.; beyond that, if another thousand feet can be secured, 
so much the better. But a clear run of 3000 ft. in all directions 
is the minimum required for a good, safe field for the large com- 
mercial operations that are coming. 

The number of acres required will depend on the shape of the 
field and the amount of land which will not be usable for one 
reason or another. It will also depend on the amount of land 
necessary for hangars and other buildings. Each airport is a 
problem by itself, so it is not possible to state definitely the 
number of acres needed. 


Earty WorkK IN PLANNING BuFFALO AIRPORT 


When we started our airport in Buffalo, we started with an 
ambition to build the best one in the world. The first thing we 
did, before we had actually acquired the site, was to draw a map 
of the airport of Buffalo as we conceived it would appear in the 
year 1947. It would have been relatively easy to draw a map 
of the airport of Buffalo for the year 1927. That, unfortunately, 
is just what has been done by a very large majority of the cities 
that have built their airports. The result every time has been 
that within a few years they have had to start rearranging and 
compromising, thus wasting very large sums of money. 

Perhaps the most outstanding example of such lack of fore- 
sight is Croydon, the airport of London. Croydon was built 
as a military flying field during the war. It was a small field and 
was used under great pressure during the war, but served fairly 
well. After the war was over it was utilized as a commercial 
field, and more buildings and facilities of one sort or another were 
added from time to time. A great deal of money was sunk in it, 
but finally the authorities realized that it was so badly arranged 
and the size so much too small, that a large amount of adjacent 
property was purchased at a very high price and the airport was 
entirely rebuilt. In planning airports for our cities, such ex- 
amples should be kept in mind. 

The first layout of the proposed airport is shown in Fig. 1. 
It was a composite of the dreams of quite a number of us who 
had been working in aviation for a long time, and represented 
what we thought would be about the right sort of airport for 
Buffalo to have twenty years from today. 

The city finally purchased a tract of 518 acres, somewhat 
irregular in shape. It lies at the highest point near Buffalo, 
which is important because of fogs. The higher the level of 
the site, the greater the freedom from fog. Our site was located 


‘ 
ay 
cur, 
1 
299 


Wehrie Orive 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


0 200 400 600 800 1000 
SCALE In FEET 


| | 
|| 
| 
3! | 
aS 
& 
B2 BS BG 
Phillips Road SB Stagas B 
GARAGE 
3) | Parkin FIRE DEPT. Ny 
PADIO STATION 
se, AIP MAI POST OFFICE 
RESTAURANT 
re) MOTOR SHOP AND TEST 
MACHINE SHOP 
FIRST A/D STATION 
CUSTONS HOUSE 
| 
20 
| e/las 
Parking Space 
EMPLOYEES? 


see 


RESIDENCES 
HOTEL 


AUTO SERVICE 
STATION 


Fic. 1 First Proposep Layout or BuFrFraLo AIRPORT 


on the Lehigh Valley Railroad in order to secure the necessary 
rail transportation. The site was located on a main highway, 
Genesee Street, which leads into the city and which affords 
quick and easy access. It is possible to go from the airport 
into the center of the business district in twenty minutes. 


SLOPE AND CHARACTER OF SOIL 


The land slopes gently in two directions from a high line 
that divides the area into approximately two equal parts. It is 
frequently said that an absolutely flat piece of land is the ideal 
airport site. It is not, because drainage problems that are very 
difficult are introduced thereby. At Buffalo the watershed is 
in both directions and we get rid of most of our water imme- 
diately by surface flow. A certain residue remains that has to 
be taken off by subsoil drains, but the important thing is to get 
rid of most of it immediately by surface flow. (See Fig. 2.) 


The character of the soil is something that should be considered. 
Good natural drainage is important. We in Buffalo were not 
fortunate in that respect. We had to put up with a soil that is 
not the best. We have a great deal of clay in our soil, and this 
makes it difficult to develop the underground drainage. A 
loose, sandy soil saves a great deal of money on drainage. 


GENERAL Layout OF AIRPORT 


The plan called for the building of a new road as shown in 
Fig. 2, to bring passengers and traffic into our airport. We 
determined that this road should be the heart or center of every- 
thing; that the field should be laid out so that there would be 
a@ minimum distance from the operating center and hangars to 
the center of the runways. Many fields are so laid out that the 
distance from the hangars out to the flying area is excessive, run- 
ning to 2000 or 3000 ft. This may not appear to be an important 
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matter but it is so in reality, because of the amount of taxiing 
that has to be done in getting in and out of the hangars. We 
located our flying center and our operating center as near to- 
gether as we could possibly get them. Then we laid out the 
runways, 3000 ft. long, and placed them in directions that would 
be most serviceable for the winds we usually have here. The 
prevailing wind in Buffalo is nearly always from the south- 
west, and the runway in this direction is used 75 to 80 per cent 
of the time. The wind next most frequent is east and west. 


RUNWAY 


AER-50-8 3 
taurant and the shop buildings, repair buildings, etc., so that all 
our repair and building operations will be on the east side of the 
road. The west side is reserved for hangars. 


RUNWAYS AND DRAINAGE 


The runways themselves were one of our great problems. 
There is in fact a great diversity of opinion as to whether or not 
runways should be built at all. Most fields in existence today 
are not using runways but simply taking off from the sod. In 
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Fic. 2 DratnaGE System 


We therefore laid out a very good runway running east and 
west. We rarely have a north and south wind, but we shall 
nevertheless build a north-and-south runway and also a north- 
west-southeast runway this summer. 

The administration building (Fig. 11) is the heart of all 
operations. It not only provides offices, but also the control 
point for the whole field, and was located as shown in Figs. 2 
and 3. 

The hangars as at present constructed are adjacent to the 
administration building on both sides and we have provided 
for the construction of additional hangars. We have planned 
also for the establishment of an army post on the northeast 
corner of the field. 

Factory space was laid out along the northwest end of the field, 
so that builders of airplanes could locate here and carry on 
testing operations on the field. 

On the east side of the entrance road we have all the accessory 
buildings. There is the so-called garage (Fig. 7), which is really 
a good deal more than a garage. Here will be located the res- 


fine summer weather there is nothing more delightful than to 
have a fine seeded lawn to take off from, but unhappily the 
weather is not to be depended on, and it is not always sum- 
mer. We are assuming in this airport that we shall run 365 
days a year. When we have a bad day, and there has been a 
very heavy rainfall, the ground may be soggy and soft. Land- 
ing one of the large commercial planes with a ton of freight 
on the soft sod or taking off under those conditions is not pleas- 
ant. The mere fact of having a week of heavy rain in the sum- 
mer would transform the field into a sea of mud, and operations 
would be severely hampered if not suspended. But with run- 
ways it is always possible to land and take off quite regardless 
of weather. 

The runways are 100 ft. wide and 3000 ft. long. They were 
constructed by excavating the soil to a depth of about 14 in. 
on each side and then crowning toward the center so that the 
center was practically at the normal grade of the adjacent land. 
The clay soil was then rolled hard with a 10-ton roller. Then 
we ran ditching machines along the edges so as to sink a drainage 
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tile about a foot below the low point of excavation. We then 
covered the drainage tile with coarse gravel so as to permit 
an easy flow of water into the tile. Then we covered the whole 
with cinders so that we have a 12-in. bed of cinders on top of the 
soil. The water seeps through the cinders to the hard crowned 
subsoil and is pitched down to the drains at the edges. This 
is absolutely essential. The runways must be kept as dry as 
possible to make them practicable. 

The center area here is largely used now by planes for beginning 
their run, but we prefer that a plane should go up to the end 
of the runway for taking off, so as to have the benefit of its full 
length. A plane starting up needs only three or four hundred 
feet to get into the air. It may be said there is no occasion for 
these long runways. However, a plane may leave the ground, get 
up perhaps thirty or forty feet, and then have the engine go dead 
and have tocome down. Witha thousand feet of runway to go it 
is possible to make a perfect landing. In other words, the pilot value in the operation of a field and the real reason why we have 
can come down with perfect confidence. That is of inestimable to use the 3000-ft. runways. 


Fig. 4 oF Hanear No. 1 


In the drainage diagram of Fig. 
2 the basis of the system is a 
30-in. steel conduit, designed to 
carry off all the sub-surface drain- 
age of the field. We have indi- 
cated in Fig. 2 the size of other 
pipes and tiles. This represents 
a very large expenditure in the 


do Slate 


way of labor and material. The 
7 -main drain also serves 
as our sewer 
% system. The sewer system runs 
W through a septic tank. We had 
of PHILIPS ROAD to practically create a city, with 
sewers, lights, telephones, and 
4 everything that goes with one. 


Ordinary standards of drainage 
are not suitable for an airport. 
The best drainage engineers avail- 
able in our territory who were en- 
gineers engaged in the practice of 
their profession and in laying out 
drains, gave many conflicting 
ar et opinions. We decided they were 

all wrong and then laid out our 
own system. Whether our system 
is right or not we are not quite 
prepared to say, because we have 
only been running for six or eight 
© 0 40 60 months. We have made a few 
SCALE OF FEET minor changes not shown in the 
diagrams. After the winter when 
the snows had melted, we found 
out some points where the water 
accumulated rapidly and where 
we had some difficulty. We in- 
stalled additional collection basins 
at these points. 

These collection basins are large 
precast-concrete tanks buried un- 
derground and with cast-iron 
drain covers. They are located 
at strategic points where water 
accumulates very rapidly. 

Fig. 3 gives an idea of the plan- 
ning and the work on the develop- 
ment of our underground conduits 
and plumbing. Our theory again 

Fic. 3 Oursmwe Conpuits anp PLuMBING was to build for the future. 
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PowER AND OTHER LINES 


We have our power lines, our telephone lines, our water lines, 
our fire-alarm system lines, our gas lines, and our compressed- 
air lines, all buried underground (Fig. 3). The pipes are of 
such size that they will not only care for existing hangars and 
buildings, but for all the other hangars that will be built there 
in the future. We have drilled for natural gas. We were lucky 
and got natural gas, and we distributed that all around the 
field so that we have natural-gas fuel available for heat. We 
have not got quite enough gas now to heat all the buildings, so we 
are going to drill another well or two and bring more gas in. 
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may turn part or all of the field lights on. For water we drilled 
a well and struck splendid water. We installed an underground 
pressure-tank system and an automatic electric pump, and we had 
a splendid water supply. Presently it was decided to drill 
another gas well near the water well. The gas well went down 
all right, but at the 500-ft. level it struck a most extraordinary 
supply of black sulphur water, highly curative but highly offen- 
sive to the sense of smell. This black sulphur water came up 
through the gas well and flooded the strata where our water sup- 
ply came from. We shall probably have to abandon the water 
well and pipe in from some other source of supply. 


HANGARS 


Fig. 4 shows a typical hangar. 
are built from the same design. There is no such a thing as a 
standard type of hangar construction. It is necessary to gather 
the experience of other airports, get what information there is 
and make up a design that will meet special requirements best. 

We shall shortly start the construction of another hangar 
and shall build a duplicate of the one shown because we have not 
found any improvements as yet. The hangar has windows 


All our hangars and buildings 


designed to give a maximum of light, which is of great impor- 
The lean-to is 20 ft. wide. 


tance in designing a hangar. This 


We are using about fifteen > 
or sixteen telephone extensions ( 
now. Our underground tele- 
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us 


phone conduits carry 100 pairs. 
This seems rather a large num- 
ber, but we are looking forward 
to the day when we are going to 
have many more hangars, and 
when that day comes the tele- 
phone lines will be ready for 
them. We carry another line 
that operates through remote 
control from the administration 
building. All the buildings are 
designed to be lighted on the 
outside for night flying, with 
central control in the admini- 
stration building so that no one 
can carelessly turn out the out- 
side lights. 

In the garage building we have 
our switchboard and an elec- 
trical room, and the remote- 
control operation is carried on by 
push buttons in the administra- 


WASH RACK 


ave 


BOILER... ROOM 5 10 15 2 


SCALE OF FEET 


GASOLINE FIRE 


APPARATUS APPARATUS 


REPAIR 


tion building, so that at any time 
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provides an office, shops, and storeroom facilities for the oper- 
ations carried on in this hangar, and is of concrete-block con- 
struction here. It has a concrete floor and there is a complete 
drain along the front of the hangar, which is open and covered 
with cast-iron drain cover, to pick up surface water. One of 
the most ticklish questions in hangars is the door. There are 
two types of doors, the rolling-curtain door, such as we have, 


Fie. 9 Specrtau Service Truck 


Fig. 10 ADMINISTRATION BUILDING WITH CLEAR VISION FOR 
MANAGER 
and the sliding door, something like an old barn door. Each 


system has its advantages and disadvantages. It is really hard 
to say which is the better. The rolling-curtain door is easy 
to operate and quick in operation, and offers a minimum of diffi- 
culty in other respects so long as it is in good order. We have 
a large shaft running the full length of the door. It is operated 
by a 7-hp. motor which is located right behind the housing. The 
motor is controlled by switches, so that the operation of the 
door is exceedingly simple and only involves touching a button. 
There are times when a hangar door should be shut imme- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


diately because of the wind, cold weather, etc. The operation 
of our door, being simple and requiring no physical effort whatever, 
the result is that the attendant will open and shut it as often as 
may be desired. 

The sliding or barn-door type requires a good deal of physical 
labor by the attendants, not to mention time, and the result, 
therefore, is a natural disinclination to open and shut it except 
when absolutely imperative. 

A mistake was made in our first hangar. The door, housing, 
shaft, motor, etc., were all hung on the front truss, and thus 
placed a very heavy load on that truss. Our first hangar did 
not have a sufficiently heavy truss. We have strengthened the 
truss since. On this hangar No. 1 we calculated on a 1'/,-in. sag 
with the extra load. The sag actually amounted to nearly 
2 in. and threw everything out of line, and we had to take it off 
and reset it. We know now that the door is set properly and it 
will stay so. 

Fig. 5 is a floor plan of the hangar as laid out. The office 
was desired by the commercial operators, and they also wanted 
a handy place for a stockroom and repairs. This, by the way, 
is a heated hangar, and that is another difficult problem. There 
has been no correct solution of hangar heating. We have failed 
so far and are going to do something else this coming winter. 


GARAGE 


In the garage (Fig. 6) we have carried out the same type of 
construction as in all our buildings, and we propose to continue 
along the same lines. 

Fig. 7 shows the floor plan of the garage building, which is 
rather interesting. It was originally intended to be only a garage, 
but as we developed our plans it was found desirable to include 
in it certain other departments. It was intended for, and is 
being primarily used as, space in which we store and repair 
our motor vehicles. We have to have a certain number of 
trucks, tractors, rollers, etc., and they are housed here. This is 
not a garage for the public. It is simply for field service. We 
have here a repair shop so that our rolling stock may be repaired 
frequently. The heavy duty required of these tractors causes 
them to require a good deal of repair. 

In the garage are located the fire apparatus and the gasoline 
apparatus. The walls and ceilings of the appropriate rooms 
are fireproof. There are always some men working here, so 
we have our fire crew ready. The fire apparatus is called by the 
central fire-alarm system that goes to every building and has 
as its center the administration building. We went to all the 
fire-apparatus manufacturers and told them what we wanted, 
and they all said they had never built anything like that. We 
have submitted our designs to them and we shall get our ap- 
paratus shortly. Ordinary fire apparatus will not work. 

The boiler room contains a boiler not only big enough to heat 
the garage building but also to heat the adjacent restaurant build- 


ing. 
Stock 


Figs. 8 and 9 show some of the rolling stock that we use, includ- 
ing a large truck, three Ford tractors and a scraper and grader, 
the latter being an exceedingly useful machine not only in con- 
struction but in the business of upkeep. 

The service truck shown in Fig. 9 is an exceedingly useful 
piece of apparatus. The first rule we established was that no 
airplane may be filled with gasoline while in any hangar. Every 
airplane must be rolled out of the hangar before gas is put in it. 
That is of course essential because of the fire hazard. One 
reason it is not enforced at some airports is because the outside 
servicing on an airplane is not easy and makes a lot of trouble. 
This car was developed to meet that condition. It is equipped 


Fig. 8 AUTOMOTIVE EQuiIPpMENT 
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with two tanks for gasoline and 
additional tanks for water and 
oil. We have a power pump 
which is connected with the en- 
‘gine. The valves and tanks 
are so connected that we can 
pump from these tanks into 
the airplane and from one tank 
to another, and from the un- 
derground main storage tank 
into the tank on this truck. 
The filling hose here has a 
self-closing valve on the end. 
When that valve is shut off, 
the back pressure in the hose 
causes a bypass in the pump 
to open, so that there never 
can be any excessive pressure 
on the hose. We have a meter 
which measures the gasoline 
pumped out of, and into, the 
tanks. The pump delivers gas- 
oline at such a rate that we 
find we are able to completely 
service the largest planes with 
oil, gasoline, and water, so that 
they are ready to take off with- 
in six minutes of the time when 
they land on our field. The 
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car has double wheels with large 
balloon tires so that it cannot 
sink in soft ground. Webought 
four 5-gal. foamite fire extinguishers to attach to the truck. 
In service this arrangement proved unsatisfactory because when 
the truck was traveling over rough ground it jounced about 
enough to set off the fire extinguishers. We were therefore 
forced to design a new type of container for our extinguishing 
material. Experiments with the new type have shown them 


Fig. 11 PLan oF ADMINISTRATION BUILDING 


Fig. 12 GeNneRAL oF AIRPORT 


to be satisfactory, and the truck is now equipped with them. This 
truck is not only prepared to fight fire in case it occurs during 
the fueling of a plane, but also to fight a burning crash. If a 
plane crashes on the field and catches fire, we expect that this 
truck will be out in less than a minute, with a prospect of ex- 
tinguishing that fire. So far as we know, there has been no 
attempt made at other American airports to pro- 
vide this form of fire protection. 


ADMINISTRATION BUILDING 


Fig. 10 is an exterior view of the administration 
building, which was designed only to fulfil its purpose. 
The curved front is the manager’s office. When 
the manager sits in his office and looks through the 
large curved window he can get a complete view 
of all the flying operations on the field at all 
times. These wings run in both directions, and 
the building is so designed that the wings can be 
extended as the need arises in the future. 

On top we have our 7,000,000-candlepower re- 
volving beacon, which is intended to bring a pilot 
within sight of our landing lights. The landing 
lights we have not put in because we have been un- 
able to ascertain what is the best light. We are 
not going to buy our night-landing lights until that 
question is settled. 

Fig. 11 shows the layout of the building. There 
is no obstruction to the manager’s vision in any 
direction. The public will come in through the 
main entrance at the rear. We have a main wait- 
ing room, the information clerks’ room, an opera- 
tion and assistant manager’s office, and a pilot’s 
room. We have taken great pains to provide com- 
fort for pilots and have a fine, large room for them. 
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Fie. 13 Arr View or AIRPORT 


They have their own outside entrance and they can make them- 
selves perfectly comfortable with every facility. We have a 
dressing room so that when the pilots come in after a long flight, 
they can lock their belongings in their own locker, take a shower 
and get dressed, clean up and go to town. 

This building is the center of the telephone system, gas system, 
fire-alarm system, lighting system, ete., and all controls are 
centered in it. 


GENERAL VIEWS OF THE FIELD 


Fig. 12 is a photograph from the air which was taken some , 
weeks ago when the field was particularly muddy and rough. 
Those of you who have had experience with aerial photographs 
know that a very slight track on the ground shows up plainly. 

It is possible to distinguish a “hard area’”’ as we call it. It is 
composed of 18 in. of heavy slag, impregnated with tarvia. 
A plane comes out on to this “hard area’”’ and warms up there, 
and it does not blow dirt and stones about as always happens on 


a dirt area. As we go on with our construction this hard area 
will be carried on in front of all hangars. 

Fig. 13 is another air view which gives a little better idea of 
the same buildings. The cinder runways are plainly visible. 
One of the problems to solve is how to surface these runways. 
Our first thought was to build concrete runways. Concrete 
would have been permanent and would have provided an ideal 
surface when there was no wind. However, with any kind of a 
cross-wind a plane could not hold its course on a concrete run- 
way and would “ground loop.” The tail skid could not “bite in’”’ 
on concrete. A softer surface is necessary. And yet we cannot 
have material which will blow away too easily and be disturbed 
too much. Some of our cinders do blow away. We have 
experimented with a number of binding compounds without 
finding anything which will do, but hope some day to get one 
that will act as a soft binder for those cinders that will not be- 
come hard with the passage of time, that will not wash out, and 
that will not become lumpy. 
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The Development and Technical Aspects of 
The Fairchild Caminez Engine 


By HAROLD CAMINEZ,! FARMINGDALE, L. L, N. Y. 


CoS: 


Fic. 1 Cross-Section oF Mopret 447-B Cam ENGINE SHOwING GENERAL ARRANGEMENT OF CAM AND ROLLERS 


The object of this paper is to explain the operation of the drive- 
cam mechanism and to give a general description of the Fairchild 
Caminez engine. The history of the engine development is next 
related, following which come particulars of tests conducted and 
problems encountered. A discussion of the principles and the 
method of the drive-cam design is also included. 


r I NHE Fairchild Caminez engine is a four-cylinder radial 
aircraft engine which differs from other engines in respect 
to the mechanism employed for converting the reciprocating 

motion of the pistons into rotary motion of the propeller shaft. 

This engine utilizes a double-lobed cam in conjunction with 

piston rollers in place of the conventional crankshaft and con- 

necting rods. This cam causes each piston to complete four 
strokes at each revolution of the propeller instead of two strokes 
as in a crankshaft engine. The propeller shaft of the cam engine 


1 Fairchild Caminez Engine Co. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


therefore runs at one-half the speed that a crankshaft would 
run to give the same number of piston strokes. ‘The cam mech- 
anism is thus the mechanical equivalent of a crankshaft employ- 
ing a 2 to 1 propeller reduction gear. It provides the means of 
obtaining high power output per unit of cylinder displacement, 
at the same time affording efficient propeller-shaft speeds with- 
out resorting to propeller reduction gearing. 

The cross-sectional view of the cam engine shown in Fig. I 
illustrates the general construction of the cam mechanism. Four 
cylinders are arranged radially about a central double-lobed cam, 
the axes of the cylinders being at right angles to each other. 
Mounted on the center of each piston pin is a large roller bearing, 
the outer race of which acts as the cam follower. The outer 
ends of the piston pin fasten to a parallelogram of links, which 
serves as an interconnection between all four pistons. The 
outline of the double-lobed cam is such that the linkage em- 
ployed constrains the motion of the piston rollers and causes 
them to follow the cam. The piston connecting links are at- 
tached to the piston pins through the medium of intermediate 
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link holders. The use of these link holders, which are free to 
pivot about the piston-pin axis, equalizes the tension in the pis 
ton interconnecting links and prevents any piston side pressure 
being set up by the forces acting through the links. This link- 
age arrangement cares for any misalignment of cylinders and 
for some slight inaccuracy of the cam profile. The tendency 
of the link holders to be rotated about the piston-pin axis pro- 
vides an automatic compensation for the clearance that might 
exist between the cam and the piston rollers. The profile of the 
drive cam is such that there is always a force due to piston 
inertia which tends to draw at least one of the pistons from the 
cam. Because of this all the links are always in tension when the 
rotational speed of the engine is high enough for the inertia 
forces to overcome piston friction. A photograph of the piston, 
roller, and link assembly, arranged around the drive cam, is 
reproduced in Fig. 2. 

A longitudinal section of the cam engine is shown in Fig. 3. 


Fig. 2. Piston, RoLLER, AND Link AssEMBLY ARRANGED AROUND 
Drive Cam 


Aside from the basic differences due to the use of a drive cam and 
piston rollers in place of a crankshaft and connecting rods, 
the construction of this engine is similar in most respects to that 
of the usual conventional radial aircraft engine. It may be 
noted that the counterweights required in the usual radial crank 
engine to counterbalance the piston inertia forces are not re- 
quired in the cam engine, since opposite pistons of the cam 
engine move with the same velocity and acceleration with respect 
to the engine axis and are therefore in complete inertia balance. 
It may also be noted that the valve cams of the cam engine are 
mounted directly on the engine drive shaft and that no valve- 
cam drive gears are employed. This construction is possible 
in this engine since each of its pistons completes four strokes 
during a revolution of the drive shaft, so that a single-lobed cam 
mounted directly on this shaft operates the valves in proper 
sequence. 

The main engine case or cam case of the Fairchild Caminez 
Model 447-C engine consists of two aluminum-alloy castings 
which are bolted together in the plane of the cylinder axis. 
The main shaft of the engine is supported in the cam case at the 
rear by a roller bearing and at the front by a deep-groove radial 
ball bearing which locates the shaft endwise and takes all thrust 
loads. A large plain bearing is provided in the center of the 
shaft and acts as a medium for transmitting the lubricating oil 
into the shaft, whence it is distributed throughout the engine. 


The drive cam is mounted on the shaft by means of integral 
splines. The valve cam is keyed to the shaft, being located at 
the front end directly behind the ball thrust bearing. 

Four holes bored in the cam case at right angles receive the 
cylinders, which consist of cast aluminum-alloy heads screwed 
and shrunk onto hardened steel finned barrels. Steel cylinder 
skirts fitted in the cam case have recesses into which the cylinder 
barrels pilot. Two aluminum-bronze rings are shrunk into each 
spherical-domed cylinder head and serve as valve seats. One 
intake and one exhaust valve are used in each cylinder, the exhaust 
valve having a wide seat and a large-diameter stem to provide 
for adequate valve cooling. The valves are operated from the 
valve cam mounted on the main shaft by means of pushrods 
and overhead rocker arms. 

The drive cam, which is a chrome-vanadium alloy-steel forg- 
ing, is heat-treated to obtain maximum surface hardness on the 
cam profile. This cam is carefully ground to conform to a master 
cam which has been generated to be correct to within 0.002 in. 
The piston rollers are special double-row roller bearings, the 
outer races of which act as the cam rollers while the inner races 
are mounted on the centers of the piston pins. The roller races 
are made of high-chrome, high-carbon alloy steel carefully 
hardened and ground. The double row of cylindrical steel rollers 
are located in these races by means of extruded-bronze cages. 
The pistons are made of heat-treated aluminum alloy and are 
of the slipper type with larger bearing areas on their thrust 
sides. Four narrow piston rings are provided, one of which is 
an oil-scraper ring. The cam roller bearing is mounted in each 
piston on a carburized and hardened alloy-steel pin. The piston 
interconnecting links are mounted in the link holders upon double- 
row roller bearings, the link holders being bolted to each end of 
this piston pin. 


History OF THE CAM-ENGINE DEVELOPMENT 


The development of the cam engine was initiated at the 
Engineering Division of the U. S. Army Air Corps at McCook 
Field, Dayton, Ohio, in 1923. The object of the Air Corps was 
to determine what promise the cam mechanism had for aircraft 
engines. ‘Toward this end an improvised engine was constructed, 
using wherever possible details from existing engines in order 
that the project might be accomplished at a minimum expense. 
Because a set of cylinders of 5°/; in. bore were available, the 
cam engine was developed with this bore of cylinder. The 
stroke was fixed at 4!/. in. The number of strokes per minute 
of the cam engine is high, and this short piston stroke was chosen 
in order to avoid excessive piston speeds. This bore and stroke 
in a four-cylinder engine produces a piston displacement of 
447 cu. in. The bore and stroke determined in this first cam 
engine worked out satisfactorily and were retained on future 
models. 

The design of this first cam engine was somewhat crude, due 
to lack of data and experience on what was required of the 
various details of the cam mechanism, and also due to the 
necessity of building the engine so that the accessories which 
had initially been designed for engines of a different type could 
be employed. However, the engine satisfied the object for 
which it was constructed. It was carefully tested on an electric 
dynamometer, and the power output and the mechanical effi- 
ciency determined. These tests showed that the brake mean 
effective pressure and the mechanical efficiency of the cam 
engine were equal to those of modern crankshaft engines. The 
results of these tests, determined at McCook Field in 1924, are 
given in the Table herewith. 

After the dynamometer tests a test propeller was installed on 
the engine and it was submitted to further running in the engine 
test house. Here the engine was run for a total of about 25 
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PoweErR Run 


Brake 
Equivalent Brake m.e.p., 
Cam crank load, Brake lb. per 
r.p.m. r.p.m. lb. hp. sq. in. 
600 1200 403 80.0 119.4 
780 1560 4111!/ 109.5 124.3 
900 1800 373 112.2 110.3 
1000 2000 357 119.3 105.7 
Friction Run 
Equivalent Brake Mechanical 
Cam crank load, Friction efficiency, 
r.p.m. r.p.m. Ib. hp. per cent 
600 1200 42 8.4 90.6 
900 1800 87 26.1 85.6 


hours, most of which was at throttled speeds. In the test-house 
installation the maximum cooling air blast that could be obtained 
on the engine was 30 miles per hour, which was insufficient to 
allow any extended full-throttle running. About 40 minutes 
of full-throttle running was obtained, which was composed of 
runs of 3 to 5 minutes duration. According to the calibration 
of the test propeller, this engine developed at full throttle a 
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maximum of 140 hp. at 1040 r.p.m. A tear-down inspection of 
the engine after this test showed that the pistons, cylinders, 
spark plugs, and valves had been overheated. The drive cam 
had also failed, being badly pitted on the power lobe. This 
cam had been made of a medium-carbon steel heat-treated to a 
Brinell hardness of about 300. It was finished by hand filing 
to a templet after heat treatment, which prevented providing 
greater hardness. The test of this first cam engine showed 
that cams of greater hardness were essential in the further 
development of engines of this type. 

Due to the results obtained with preliminary development of 
the cam engine at the Air Corps, the Fairchild Caminez Engine 
Corporation was formed in 1925. Using the experience gained 
from the Air Corps tests, a new engine was constructed which 
contained numerous modifications in the basic cam and roller 
design and which possessed engine accessories, such as a valve 
gear, oil pump, induction system and ignition, that were designed 
specifically for the cam engine. This engine had a hardened 
and ground drive cam. In order to manufacture this cam it was 
first necessary to build a special grinding machine as there was 
no equipment available on the market for this purpose. This 
engine, which was known as the Fairchild-Caminez Model 
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447-A cam engine, was the first complete engine specifically 
designed around this cam mechanism. It was completed in 
May, 1925, and delivered to the Air Corps for test. Here the 
engine was run for 50 hours, half of which time was between 
90 per cent and 100 per cent full throttle. While numerous 
minor failures were experienced such as are common with all 
newly developed aircraft engines, the cam and roller mechanism 
proved entirely satisfactory. The hardened and ground cam 
had eliminated the trouble with this part that was experienced 
in the McCook Field test engine. After the tests at McCook 
Field this Model 447-A cam engine was shipped to the newly 
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Fic. 4. Drive Cam AFTER 168 Hours oF RUNNING, 92 Hours oF 
Wuicu Was BetweEeEN 90 AND 100 Per Cent THROTTLE 


acquired factory of the Fairchild Caminez Engine Corporation, 
where it was submitted to further testing in the laboratory, 
after which it was installed in an Avro 504K airplane and suc- 
cessfully flight tested in April, 1926. In this connection it might 
be interesting to note that this was the first flight on record of an 
airplane powered with a crankless engine. During 1926 the 
Model 447-A engine was redesigned; the new design being the 
Model 447-B engine. A number of these engines were con- 
structured for test purposes, in order to establish a production 
model of this type. Extensive tests on these engines were 
conducted in 1926 and 1927, both on the test stand and in the 
air. A 50-hour test on one of these engines was completed in 
June, 1927, for the U. S. Department of Commerce, together 
with other extended tests for the purpose of developing detail 
parts of the engine. 

One of the early criticisms of the cam mechanism was that 
wear would occur on the cam and rollers, and that this wear 
would set up excessive clearances which would be destructive to 
the mechanism., In all the test work the cams and rollers were 
therefore carefully inspected for wear. In none of the test 
engines, several of which were run for over 200 hours, did any 
measurable wear occur on these parts. In the course of the 
development, tests were made to determine what minimum cam 
and roller width could be employed. When the width of these 
surfaces was too narrow or when these parts were not properly 
hardened, failure occurred which was not caused by the wear in 
the surfaces, but was due to the crushing of these parts. These 
tests proved that in a properly manufactured cam engine, 
the wear on cam and rollers need not be considered. 

In order to determine what effect excessive clearances between 
the cam and rollers would have on the operation and life of the 
engine, a test engine was assembled with undersize cam and 
rollers. At that time the engines were being assembled with a 
total clearance between the cam and rollers ranging from 0.000 
to 0.015in. For this test the clearance was increased to 0.065 in. 
This engine was run for considerable periods both on the test 
stand and in an airplane. On inspection no increase in the initial 
clearance between the cam and rollers could be determined. 

The wear testing of the cam engine and rollers revealed certain 


interesting phenomena. A standard 50-hour type test, which 
consisted of ten 5-hour non-stop runs, the first half-hour at full 
throttle and the next 41/2 hours at 90 per cent full throttle, 
was conducted on one of the test engines. The cam and rollers 
were carefully measured before and after this test. The cam 
after the test had the exact same fit to its gage as before test. 
A photograph of this cam which had a total of 168 hours of 
running, 92 hours of which were between 90 per cent and 100 
per cent full throttle, is reproduced in Fig. 4. Measurement 
of the four piston rollers after this test showed that two rollers 
had no appreciable change in size; that one was 0.001 in. larger, 
and one 0.002 in. larger after test than before the test. It was 
first thought that this increase in size was due to a mistake in 
measurement, and all instruments and micrometers were there- 
fore carefully checked. A metallurgical examination was then 
conducted on these rollers which revealed the cause of their 
growth. It was found that they had been somewhat neglected 
in the drawing operation after heat-treating. Because of the 
lack of sufficient drawing the steel was in an austenitic condition. 
The operating temperature in the engine was sufficient to change 
some of the austenite to martensite, with a resulting increase in 
volume of the steel and a corresponding increase in roller diam- 
eter. While no effect in engine operation could be noticed due 
to this slight increase in roller diameter, the heat treatment of 
of these parts was altered to provide a sufficient time and tem- 
perature during the drawing operation so as to prevent any 
further occurrence of this phenomenon. In this connection it 
may be noted that the determination of the proper materials 
and heat treatment for the component parts of this engine was 
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most essential for the successful development of the engine. 
Credit for this work is due to Mr. F. P. Somers, metallurgist 
of the company. The service to which the material in the cam 
and rollers is subjected in this engine is somewhat unusual, 
and the experience gained on materials in the more conventional 
aircraft engines is of little value as a basis of selection. 


Tue DESIGN OF THE DrIvE CaM 


The most interesting design problem in the development of 
the cam engine is the determination of the proper profile for the 
drive cam. This profile determines the characteristics of the 
piston motion. While considerable variety in the characteristics 
of the piston motion is possible in cam engines, only a few types 
of piston motion are suitable for a successful engine. The cam 
profile must be such that it produces a piston motion in which 
there is no sudden change in acceleration. A constant-accelera- 
tion cam or any other such cam profile in which the piston 
acceleration changes instantaneously from positive to negative 
should be avoided. A curve of piston acceleration should be a 
continuous curve, preferably a harmonic such as is obtained in 
a crank engine. It is desirable that the maximum accelerations 
occur when the velocities are low, as the product of acceleration 
and velocity is proportional to the kinetic energy stored in the 
moving part. 

Another point to be considered in the determination of the 
cam profile is that all inward inertia forces of the piston are taken 
directly between the cam and roller, while the outward inertia 
forces are transmitted through the piston connecting links. 
Since the cam and rollers must be made sufficiently large to take 
the maximum explosion pressure on the piston, the magnitude 
of the maximum inward inertia force is unimportant at the 
speeds at which aircraft engines operate. However, as the value 
of the maximum outward inertia force determines the size of the 
link and link bearings, it is desirable to keep the value of this 
outward acceleration as low as possible. The desired outward 
piston acceleration should produce a continuous tension on the 
piston connecting links which will be constant throughout a 
cam revolution. 

The cam of the Model 447 cam engine was laid out to meet the 
above requirements. Curves showing the variation in piston 
position, velocity, and acceleration, together with the variation 
in stress on the piston connecting links that occurs throughout 
a revolution of the cam, are shown in Fig. 5. The equations 
for piston motion which were used in laying out the cam profile 
can best be explained by reference to Fig. 6. Referring to this 
figure, quadrant MN of the cam is identical with the opposite 
quadrant PR, and quadrant NP is identical with the opposite 
quadrant RM. The contours of quadrants MN and PR de- 
termine the piston motion inward, and those of quadrants NP 
and RM the motion outward. 

The cam quadrants MN and PR are so laid out that the piston 
motion inward will be in accordance with the following equations 


xz =r [(1— cos 2a) —k(1 — cos B)].......... [1] 


where x = piston travel from top center 

r = 1/2 length of total piston travel 

a = angle of cam rotation from top center 

k = constant selected to suit cam-profile requirements, 
which for Model 447-C engine is 2.3, and, 

8 = angle whose value is determined from Equation [2] 
following 

sin B = [2] 


The variation in velocity during the inward stroke of the piston 
is obtained by differentiating Equation [1] 


AER-50-9 5 
Vz = rw (sin 2a — cos 2a tan B)............ [3] 
where Vz = piston velocity during inward stroke, and 
» = angular velocity of cam. 


The variation in acceleration during the inward stroke of the 
piston is obtained by differentiating Equation [3] 


2 
Az = rw? 
k cos* B 


+ sin tan a)... [4] 


where Az = piston acceleration during inward stroke. 
The quadrants RM and NP are such that the link length 
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Fig. 6 DIAGRAMMATIC ARRANGEMENT OF Drive CAM, ROLLER, AND 
Piston CoNNECTING LINK 


employed keeps the piston rollers in contact with this portion 
of the cam during the outward stroke. Referring to Fig. 6, it 
is seen that the following hold true 


[5] 
(a — xz)? + (b—y)? = [7] 
where a = distance of link-pin center from center of cam 
when piston is furthest out 
b = distance of link-pin center from center of cam 
when piston is furthest in 
s = length of piston stroke 
c = length of piston connecting link 
zx = travel of piston in from top center 
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—y = travel of piston out from bottom center, y being 
taken as negative to denote motion away 
from cam center. 


The distance the piston moves outward on quadrant RM in 
relation to the piston motion inward on quadrant MN is therefore 


as follows: 
—y=2—b + G—z)*............ [8] 


The velocity of the piston during the outward stroke with 
relation to the velocity of the adjacent piston is obtained by 
differentiating Equation [8] 


where V, = piston velocity during outward stroke, and 
Vz velocity of adjacent piston at corresponding 
instant during its inward stroke. 


The acceleration of the piston during the outward stroke with 
relation to the acceleration of the adjacent piston during its 
inward stroke is obtained by differentiating the preceding 
equation 


a—z 1 
A, = As — —— + Vy") ........ 1 
where A, = piston acceleration during outward stroke, and 
Az = acceleration of adjacent piston at corresponding 
instant. 


The curves of piston travel, velocity, and acceleration versus 
cam angle shown in Fig. 5 were obtained from the preceding 
equations. 


CONCLUSIONS 


The experience gained with the cam engine to date shows that 
the cam mechanism is an adequate means for converting re- 
ciprocating motion of the pistons into rotary motion of the drive 
shaft in an engine. The merits of the cam mechanism for air- 
craft engines are that it allows low propeller-shaft speeds without 
sacrifice in engine horsepower; it eliminates the necessity of 
counterweights and valve-cam operating gears; it allows a 
simple construction for the use of anti-friction bearings; and it 
provides an engine arrangement in which compactness and low 
head resistance are obtained without sacrifice of accessibility. 
The Fairchild Caminez engine is now developed to a point where 
adequate performance and reliability are obtained. Because of 
the comparative riewness of the cam mechanism, it is probable 
that refinements in design and improvements in material for 
cam, rollers, and links can still be made, resulting in further 
increase in engine performance and reduction in engine weight. 
It is also probable that the results obtained with the cam mecha- 
nism in aircraft engines may lead to its use in other branches of 
engineering. 


Discussion 


Macpitu.? The author has furnished a description of 
one of the most interesting undertakings in recent aircraft activ- 
ities. This is one of the very few successful departures from the 
conventional crank and connecting-rod mechanism in the field of 
internal-combustion engines, and it is particularly engaging be- 
cause the benefits which seem likely with this type of construc- 
tion are virtues greatly sought after for aircraft service. The 
author deserves hearty congratulation for his accomplishment, 


2 Major A. C.; Chief, Experimental Engineering Section, Mate- 
rial Division, Air Corps, Wright Field, Dayton, Ohio. 


not only for his discernment in recognizing the possibilities of such 
construction, but for his courage and tenacity in its development. 

The writer has no serious complaints against the paper. On 
the whole, it is an excellent description of the mechanical arrange- 
ment of the engine and of the general design procedure. It would 
have met a wish if the author had gone into more detail about the 
features of the design which first inspired its development by the 
Materiel Division. The author indicates that curiosity was the 
underlying motive. In general, that is true, but it was aroused 
primarily by the promise of greatly reduced weight and complex- 
ity, and by the hope of obtaining the advantages of propeller re- 
duction gears without paying for them in engine weight. This 
apparently has been accomplished, but not entirely without price. 
The large slow-speed propeller required by the reduced shaft 
speed and the low frontal area of the engine, made possible (neces- 
sary, in fact) by the cam mechanism, combine to leave the cooling 
of the engine very much dependent upon the forward speed of the 
airplane. This establishes a rather severe condition of operation 
for the engine in low-speed climbs and in ground testing. It 
seems likely also that the four-cylinder torque variation accentu- 
ated by the reduced propeller speed may in some installations 
produce rather severe vibration. 

The author indicated early in the paper that the cam mechan- 
ism hardness was entirely responsible for the durability of the 
present cams. The unhardened cam had no provision or very 
little provision for oil supply to the cam face, and the hardened 
cam, the writer believes, was not successful until generous lubrica- 
tion was supplied. That, however, is a detail, as is also the fact 
that the short stroke, which it is true provides low piston speeds, 
is essential in this type of construction; for with the present 
stroke, short as it is, it has been necessary to slot the cylinder 
skirts for the cam lobes and links. The Air Corps has purchased 
one of these engines for performance comparison in a Consolidated 
primary training airplane with the more conventional types of 
power plants. 


AUTHOR’s CLOSURE 


In regard to Mr. Bartel’s question as to weight per horsepower, 
the present four-cylinder cam engine weighs 350 lb. and develops 
135 hp., resulting in a weight per horsepower of 2.6 lb. This 
weight per horsepower is about what would be expected from a 
conventional aircraft engine of equal power output. The larger 
multi-cylinder engines recently developed have considerably lower 
weight-to-horsepower ratios. My experience has been that in 
small engines with few cylinders, built for commercial aircraft use, 
it is not possible to obtain the same low weight per horsepower as 
in the larger multi-cylinder engines. 

Mr. Gerhardt wished to know what data we had on the differ- 
ence between our engine and conventional engines of the same 
horsepower employing high propeller speeds. Unfortunately we 
have not had sufficient equipment to conduct really thorough 
tests on relative performance of high- and low-speed propellers. 
It is very difficult to know the exact horsepower of an engine at 
the time of flight. When comparing the performance of two en- 
gines in one plane, the errors in determining engine horsepower 
have a large effect on the accuracy of propeller performance data. 
We have made some comparative performance tests of our present 
cam engine against the OX-5. Both engines were installed in the 
same make of plane, and they were flown together. The OX-5 
engine was run at 1550 r.p.m. at full throttle in the plane that 
was tested, at which speed it is estimated this engine develops 
from 90 to 100 hp. When flying against the airplane with the 
OX-5 engine operating at full throttle, the cam-engine plane 
maintained the same speed when throttled to 820 r.p.m., at which 
speed it developed about 80 hp. with the propeller that was em- 
ployed. The fact that a low-speed propeller requires less engine 
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horsepower to fly a given plane is also demonstrated by the fuel 
consumption. In a cross-country flight from Kansas to New 
York we had two similar airplanes flying together, one powered 
with a cam engine and the other with an OX-5. In spite of the 
fact that the cam-engine plane was carrying a slightly heavier pay 
load it consumed about 20 per cent less gasoline. 

Mr. Gerhardt asked about the take-off of a plane with our en- 
gine. We find that our low-speed propeller results in a shorter 
take-off than is obtained in the same plane with an engine of equal 
power but operating at higher propeller speed. The low-speed 
propeller results in an improved rate of climb. The maximum 
rate of climb also occurs at lower airplane speeds, so that the 
angle of climb is increased to a greater extent than the rate of 
climb, making it possible to more readily climb over obstructions 
at take-off. We have measured the static thrust of our engine, 
using a two-bladed propelier which allowed the engine to turn up 
to 900 r.p.m. at full throttle on the ground. At this speed the 
engine develops 125 hp. and the static thrust was 900 Ib., resulting 
in a static thrust per horsepower of 7.2 lb. This thrust is greater 
than usually obtained with a high-speed propeller. It is a con- 
venience in taxiing in muddy fields and allows the plane to get 
under way quicker during take-off. 

Professor Kirsten desired to know the cooling properties of the 
engine and whether the engine would cool satisfactorily if it were 
entirely out of the propeller slip-stream. The codling of any air- 
cooled engine depends considerably on the climate and the con- 
dition of engine operation. Our experience on the test stand has 
shown that a 60-m.p.h. air blast is required for the engine to give 
satisfactory cooling for continuous operation at full throttle. In 
an airplane the cooling blast is obtained both from the forward 
speed of the airplane and the slip-stream from the propeller. In 
full throttle flight this air blast is generally well over 60 m.p.h. 
With the plane stationary on the ground the slip-stream from the 
propeller around the engine is about 30 m.p.h. This air blast is 
sufficient to allow the engine to be run at full throttle for a few 
minutes, which is long enough to determine whether it is operating 
satisfactorily before take-off. In our flying to date we have ex- 
perienced little trouble due to overheating of the engine. How- 
ever, I do not advise holding the engine wide open on the ground 
for any length of time in hot weather or flying wide open at stall- 
ing speed for long periods. In our engine we depend partly upon 
the lubricating oil for cooling the pistons and cylinders, and there- 
fore circulate more oil through the engine than is necessary for 
lubrication purposes alone. If air-cooling conditions are bad, we 
can increase the oil circulation by increasing the oil pressure, but 
this would necessitate the use of a large oil cooler in the airplane. 

Mr. Stinson wanted to know whether we provided any adjust- 


AER-50-9 7 
ment on the piston connecting linkage to obtain a proper fit of the 
rollers on the shaft. We have provided no adjustment for the 
linkage in the engine and have found no use for it. The parts are 
manufactured with a sufficient degree of accuracy so that the en- 
gine can be assembled with proper clearances without any adjust- 
ment of the linkage. All the bearings and rubbing surfaces are of 
hardened steel and do not wear in service, so that no take up in 
the linkage is necessary. I believe that if an adjustable feature 
was required for the linkage to obtain proper clearances, either in 
initial assembly or in operation, the engine would not be a satis- 
factory aircraft engine. 

Mr. Webb asked about the relative efficiency of cam and crank 
engines. Our tests have shown that the mechanical and thermal 
efficiency of the cam engine is about the same as the conventional 
crank aircraft engine. There is apparently no noticeable differ- 
ence in efficiency between the cam and crank mechanisms. It is 
the experience of the author that in aircraft engines the efficiency 
of an engine depends more on the cylinder design and manifolding 
employed than upon the mechanism to convert the reciprocating 
motion of the pistons into rotary motion. In order for a mech- 
anism to stand up under the high power outputs that it must 
transmit in an aircraft engine its efficiency must necessarily be 
high in order that its bearings and rubbing surfaces will not over- 
heat and burn out in operation. While the cam engine has no 
advantage over crank engines so far as the overall efficiency of the 
engine is concerned, it develops its rated power at lower propeller 


‘revolutions, which results in increased propeller efficiency in air- 


craft use. 

Mr. Sweet desired to know the effect of '/32: lost motion in the 
linkage. Such high lost motion is not ordinarily obtained in the 
cam engine. This '/;: lost motion might cause an engine to be 
noisy at low speed, but it would not affect the power output of the 
engine nor the endurance of the mechanism. The engines are 
generally assembled with clearances allowing less than '/« loss 
motion in the linkage, and after extended tests there is no appre- 
ciable increase in the initial clearances. 

Mr. Morse inquired about the change in design that we have 
made in the linkage. In our first engine we used plain bearings in 
the links, and therefore the link centers were spaced about 1'/, in. 
apart in the link holders in order to obtain ample bearing area for 
the plain link bearings. We later changed the link design to use 
roller bearings in order to obtain the advantage of any friction 
bearings throughout the engine. With the roller-bearing links, 
the link centers were brought to a common point in the link hold- 
ers and the bearings were placed side by side. We have found 
roller-bearing links more satisfactory as they require no direct 
lubrication and are therefore more reliable in operation. 
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An Introduction to the Problem of Wing 
Flutter 


By CARL F. GREENE,' WRIGHT FIELD, DAYTON, OHIO 


After defining wing flutter and analyzing the evidence accumu- 
lated as to the conditions under which it occurs, the author gives 
particulars of a study of the torsional oscillations of an airfoil, 
and of the position of the elastic axis and location of the center of 
mass of an airplane wing. He then discusses the aerodynamic 
considerations involved in the problem and the present status of 
the latter, and concludes with a brief discussion of the field of future 
investigation. The purpose of the paper is not to present any 
general solution for the problem, but to promote discussion as to 
rational methods of employing such data as are now or may be on 
hand with a view to formulating a sound basis for future design 
procedure. 


\ X 7 ING flutter or the undamped and destructive oscillations 
which appeared in some early cantilevered wings at 
high speeds, has been the cause of several major acci- 
dents both in this country and abroad, many minor accidents, 
and the condemning of quite a number of airplanes as unsafe to 
fly. Like other diastrous manifestations which are apparently 
unexplainable and unreasonable, it gave rise to a feeling of mys- 
tery and suspicion regarding the soundness of the unbraced 
monoplane as a substantial and trustworthy type. Perhaps a 
more far-reaching result attributable to these experiences has 
been the retarding effect on monoplane development, particularly 
in the United States. Fortunately, however, the mysterious 
and unknown, while repelling the matter-of-fact purchaser, also 
attracts the investigator, and wing flutter has been investigated 
by a great many individuals and organizations. 

This activity has produced a large amount of mathematical 
analysis, and a number of wind-tunnel experiments of a more or 
less specific nature. Adding to the above the scattered data 
obtainable regarding experiences with actual flutter in the air, 
we find an apparently extremely complex problem the only 
key to which at the present time lies in finding some relationship 
between a large number of partial solutions. That the assorted 
data such as we now have can be straightened out into com- 
paratively reliable engineering information and the results suc- 
cessfully applied to actual design, is demonstrated by the fact 
that many examples of the unbraced monoplane are now in 
daily use. 

The purpose of this paper is not to present any general solution 
for the problem, but to promote discussion as to rational methods 
of employing such data as are now or may be on hand with a 
view to formulating a sound basis for future design procedure. 


HIsTorY OF THE PROBLEM 


Wing flutter, as a distinct manifestation, began to appear 
in the shape of “tip flutter’ at about the same time that de- 
signers sought to reduce the amount of external bracing by allow- 
ing an increasing portion of the wing tip to project unsupported 
except for its own internally contained structure. The vibra- 
tions and oscillations observed at this stage were usually accom- 
panied by a flapping action of the ailerons which was quite the 
most pronounced part of it all and was apparently regarded as the 


1 Ist Lieut. A. C., Airplane Branch, Material Division, U. S. Army 
Air Corps. 

Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


beginning and end of the trouble. At any rate aileron design, 
together with the shape of wing tips, came in for a lot of attention, 
with the result that a great deal was learned about both. It was 
not, however, until some examples of fully cantilevered wings 
had been brought out that well-defined wing flutter appeared and 
was recognized as a source of oscillation entirely independent 
of the aileron. Meanwhile several disasters and near-disasters 
occurred in fairly rapid succession. The first-hand data, when 
obtainable from survivors of these experiences, could hardly be 
called first-class scientific information inasmuch as they were 
collected under circumstances not favorable to calm analytical 
observation. 

Unfortunately there were also cases from which no witnesses 
survived excepting those who happened to make observations 
from the ground. These observations could usually be boiled 
down to the following: 


a The plane apparently nosed downward, picking up speed, 
or had commenced a maneuver; 

b The plane was seen to shake violently, with a flapping 
action of the wings; 

c One or both wings carried away and the plane crashed. 


The evidence accumulated from all sources, although incom- 
plete and differing in many respects, and complicated by many 
cases of vibration wholly or partly chargeable to sources such as 
ailerons, power plant, or even machine guns, all pointed sub- 
stantially to some fluctuation in the wing loading, this fluctua- 
tion becoming destructive only upon finding resonance with some 
natural period of vibration of the wing structure. This con- 
fined the investigation to finding what type of fluctuation and 
what mode of vibration might, under the proper conditions, 
become mutually complementary or undamped with respect to 
each other. Whether the fluctuations caused the vibrations or 
the vibrations, once set up, caused the fluctuations which in 
turn aggravated the vibrations and so on to destruction, was not 
considered important so long as it was established that the 
guilty pair were a menace only when working in collaboration. 
The problem would then be solved by finding ways and means of 
keeping them apart. 


RESEARCH AND EXPERIMENT 


With the above conclusion to work from, the trail led directly 
to a study of the effects of torsional oscillations. An examination 
of Fig. 1 will show that this line of investigation was entirely 
sound. The figure shows the chief characteristics of an airfoil, 
represented in the conventional manner excepting that for our 
present purpose the curves of lift and moment can be assumed 
to represent total forces acting on a wing of given size and section 
at a given airspeed. We can also disregard numerical values for 
the time being. 

To see what happens as a result of torsional displacements, 
and eliminating other complications, suppose this wing to be in 
equilibrium at, say, 4 deg. angle of attack and that no torsional 
stresses exist. That is, the position of the center of pressure 
coincides with the position of the elastic axis of the wing. The 
moment curve has been plotted with reference to the above 
point. If the wing is twisted back and forth a few degrees about 
this axis it is seen that the induced changes in moment are always 
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unstable, tending to aggravate the motion. If now we substitute 
for the forced twisting of the wing its own natural period of tor- 
sional vibration—a vibration of the order of, say, ten per second— 
the case becomes complete, provided one other condition is met. 


LocaTION OF CENTER OF Mass or WING 
When the location of the center of mass does not coincide with 


the elastic axis, the necessity arises for considering the effect of 
bending oscillations, and, more particularly, the combined effect 


of bending and torsional movement. The pos- 
sible combinations, both dynamic and aerody- 
namic, are so many and of such a widely varying 
degree of importance that for our purpose it 
will only be possible to locate by inspection 
and concentrate on those whose magnitude 
and characteristics render them most active 
in and adapted to unstable oscillation. 

Motion in pure bending such that each ele- 
ment moves vertically in translation with re- 
spect to the root of the wing can only occur in 
vibration when the center of mass of each ele- 
ment lies exactly on the elastic axis. If the 
wing, oscillating in this manner, is moved for- 


ward through the air the resultant changes in 
angle of incidence will produce no change in 
lift at points of maximum vertical acceleration, 
but, at points of zero acceleration, maximum 
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changes in lift but opposite in direction to the 
vertical motion. The result is strong damping. 
If, however, the center of mass is separated 


| 


Fig. 1 Typricat Curves or Lirrt MOMENT 


This other condition must be considered in view of the fact that 
the induced variation in torsional moment is not mechanically 
hooked up with the wing vibration. In other words, there is 
apparently a certain amount of what might be called “lag” in 
the ability of the air flow to conform to the changing attitude of 
the wing and to register the moments corresponding to each 
instantaneous value of the angle of attack. The condition 
which seems to affect and even eliminate this apparent lag has 
been shown experimentally to be air speed. In any event it 
has been definitely shown that there exists for each wing a 
certain minimum air speed below which the torsional vibrations 
and the fluctuations of torsional moment cannot be brought into 
agreement. It is fortunate that this is the case, otherwise it 
would be difficult if not impossible to build a wing which would 
not have a tendency to flutter at any and all airspeeds. Further- 
more it may be accepted that in general, other things being 
equal, the stiffer torsionally the wing can be constructed the 
higher its natural torsional frequency will be—and the higher 
the critical speed at which flutter can be established. 


Pos!ITION oF Evastic Axis 


Another important element in the problem, and one which is 
a factor in the economy of the structure, is the location of the 
elastic axis of the wing. Fig. 2 (a) is a typical sheaf of curves 
showing the magnitude of the moments, plotted against angles 
of attack. Each curve shows the moments referred to a different 
axis: at leading edge, '/s chord, '/, chord, etc. It will be noted 
that for an axis at about 22 per cent of the chord the moment 
for this wing is approximately constant throughout a range of 
angles of incidence between —10 deg. and +17 deg., which in- 
cludes the normal flying range. The same data shown in con- 
nection with center-of-pressure travel are represented in Fig. 
2(b). Since the rate of change of the moment with change of 


incidence must be some measure of the intensity of torque 
fluctuation, it follows that the elastic axis giving the flattest 
curve should give the greatest flutter stability. That this is 
true is borne out by several laboratory experiments, and further 
demonstrated in certain examples of present-day wing con- 
struction. 


from the elastic axis, vertical accelerations tend 
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Fie. 2 (a) Location or Exastic Axis oF WING 
Fig. 2 (6) CENTER-OF-PRESSURE TRAVEL 


to induce twisting displacements in a direction depending on 
whether the center of mass is in front of or behind the elastic 
axis. If in front, the inertia of the wing with downward accel- 
eration will tend to increase the incidence, producing aerodynamic 
damping; if in the rear, the induced change of incidence will be 
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decreasing for downward accelerations, giving instability. This 
latter is the condition under which many ailerons developed 
sustained flapping, the axis of movement being at the leading 
edge and the center of mass to the rear. The cure has been 
substantially to bring these axes more into coincidence. 

Returning to the wing, if we can imagine one with an ex- 
tremely strong and stiff front spar, a conventionally weaker rear 
spar, and the two connected by a single plane of drag bracing 
supplemented by light ribs, we shall have a wing that will have a 
tendency to flutter in the most destructive manner possible—by 
combined and synchronous bending and torsion. The elastic 
axis is well forward, the center of mass back toward the center 
of the wing, and the whole so limp in torsion as to readily follow 
and aggravate the stronger bending oscillations. This wing is 
not a freak, but can easily be the reputable product of design 
rules at present in use for externally braced biplane wings. 
Fig. 3 (a) illustrates the essential features of this system, in which 
each spar is treated as an individual structural unit carrying its 
share of the design load. Furthermore the design loads applied 
to these spars are produced by two entirely distinct conditions 
of flight. In other words, when one spar is working efficiently 
the other is partially idle, and the wing is carrying excess struc- 
tural weight. 

Supposing we merely rearrange the structure by removing some 
of the material from the strong front spar, using it to form a tor- 
sionally stiff connection between the front and rear spars. The 
strength of the system can be retained and the resultant structure 
will be a unit torsionally, having the ability to resist twisting 
action induced not only by vertical bending oscillations but by 
the unstable torsional impulses previously considered. Fig. 3 (6) 
illustrates the application of the air load to the wing for design 
purposes. If the elastic axis of this box structure can be deter- 
mined in advance in the design room, the use of a diagram such as 
shown in Fig. 2 (a) will permit of locating this box at such a point 
as to give any desired relation between the direct and torsional 
loads to meet critical design conditions. Further discussion of 
this important part of the subject will be continued later. 

To return to the location of the center of mass and the com- 
bined effects of bending and torsion, the field of investigation is 
narrowed considerably by the fact that we are dealing only with 
elastic bodies having the physical proportions of normal wings. 
Assuming structures reasonably close-knit torsionally, the inertia- 
stiffness ratios referred to the axes of movement are such that the 
natural frequency in torsional vibration may be of an order of 
from 5 to 10 times that in bending. This means that the two 
will have a tendency to operate independently unless one or the 
other can be forced out of its natural period or mode of vibration 
and into step with the other. This was shown to happen where 
the torsionally limp wing or aileron obligingly flapped in unison 
with the strong bending movement. On the other hand, it is 
evident from an inspection of Fig. 4 that a wing with mass eccen- 
tric to the elastic axis and vibrating in so-called pure torsion 
induces a synchronous bending component. This arises from 
the fact that the resultant center of oscillation lies at some point 
other than at the elastic axis or the center of mass, this point 
depending on the stiffness-inertia relations involved, and each 
has a vertical component of motion different from the other. 
These vertical displacements are not set up dynamically by 
torsional vibration when the axes coincide, and are also subject to 
aerodynamic damping when the center of mass is in front of the 
elastic axis. See Fig. 4 (b). For convenience the center of 
movement is shown midway between the axes. 

Although the wing within itself is less stable when the center 
of mass is rearward, the outstanding evil of eccentric mass loca- 
tion, either fore or aft, arises from the fact that it renders the 
wing vulnerable to torsional vibration contributed by sources 
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outside the wing. In other words, any outside disturbance 
applied to the wing and having a vertical component with a 
frequency close to that of the wing in torsion may set{ up 
torsional oscillation. These possible sources such as the power 
plant, fuselage, tail, machine guns, etc., are so numerous and 
would be so difficult to clearly identify as the seat of the trouble 
that sensible design again points to the desirability of keeping 
the center of mass directly on or close to the elastic axis. If 
this is done, outside vibrations with vertical components or, 
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in fact, any periodic disturbances of ordinary magnitude im- 
pressed on the wing other than pure torsional impulses should not 
contribute to instability. 


AERODYNAMIC CONSIDERATIONS 


It is believed by a number of investigators that the flow of air 
around even a steady airfoil is characterized by regular fluctua- 
tions in torque, and that the frequency of these fluctuations is, 
for any particular airfoil, some function of the air speed. Just 
what causes this action has not been demonstrated, although it 
is natural to suspect those sources of discontinuity of flow with 
which we are most familiar—that is, the trailing edge and tip 
vortices. Possibly a closer study of these phenomena by means 
of extremely high-speed motion pictures similar to the Japanese 
films recently shown in this country by Professor Klemin may 
clear this question up somewhat. A few investigators believe 
that these fluctuations are able to produce torsional oscillation 
in a wing, possessing both mass and stiffness, independently of 
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any natural vibration of the wing itself. This theory appears 
doubtful, but it is entirely reasonable that the frequency and 
magnitude of these torsional impulses are inherent aerodynamic 
properties of each airfoil and can be represented by coefficients 
plotted in the same manner as those of the usual airfoil character- 
istics. If these coefficients are related to and can be derived from 
standard lift-drag-moment data, the experimental research in- 
volved in their derivation will be greatly reduced. There will 
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b What relationship these periods may bear (if any) to the 
lift-drag-moment characteristics of the airfoil. 

Another phase of this same investigation deals directly with the 
proposition previously mentioned that aerodynamic torsional 
fluctuations are not in themselves of sufficient magnitude to 
disturb a comparatively stiff and inert wing and must therefore 
find resonance with some natural period of the wing in order to 
become destructive. The apparatus to be used in this investi- 
gation is illustrated in Fig. 5 and consists 
of an airfoil supported by a horizontal 
shaft of known strength and elastic prop- 
erties. This shaft is in turn supported 
outside the wind channel in such a way 


Path of that the torsional stiffness can be varied 
Center of /7ass. independently of the bending stiffness. 
The center of mass and moment of inertia 
pom pom of the wing and the position of the shaft 


Lnerha 

rs yeregnens) number of comparative or qualitative re- 

Heavy. Forus of Aris of Ans lationships among the variables involved. 
Canciding Point of Zero By repeating the tests on other airfoils, 

—. —Nase avy, of - under identical conditions, it is hoped to 
determine what bearing (if any) the airfoil 
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attachment on the wing may also be varied 
independently, the total mass remaining 
constant. Readings of air speed at which 
flutter occurs, periods in bending and tor- 
sion and all the corresponding settings of 
the apparatus, should establish a large 


section itself has on the problem. 

It is expected that these tests, while 
not in themselves conclusive evidence of 
the quantitative results to be expected 
with full-scale wings, will at least be truth- 
ful as to relative effects. In any event 
the field of critical relationships should 
turn out to be fairly well defined, so that 
any further or more exact experimental 
werk can be focused directly on the most 
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Fig. 4 (b) 
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remain, however, all the usual difficulties of applying wind-tunnel 
data to full-sized bodies, complicated considerably by the fact 
that the dimensions of mass and time will enter more frequently 
into the seale-effect relationship than they now do in considering 
only the air reactions on stationary models. 

One phase of the investigation now under way in the Experi- 
mental Engineering Section of the Army Air Corps is expected to 
bring out: 

a Whether airfoils do or do not generate aerodynamic 
impulses in torsion whose magnitude and frequency, 
under identical conditions as to air speed and size and 
shape of model, are characteristics of each particular 
airfoil section; and 
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important spots in the problem. 


PRESENT STATUS OF PROBLEM 


It might seem from the foregoing that, 
lacking certain specific and fundamental 
mathematical and aerodynamic laws, the 
development of stable monoplane wings 
would not now be in a very advanced state. 
Fortunately, however, the accomplishment 
of monoplane wing stability carries with 
it such large rewards, particularly in op- 
erating economy, that a number of con- 
structors both in this country and in 
Europe have specialized in and made a suc- 
cess of some particular form of monoplane 
construction. They have built large numbers of planes, mostly 
for commercial purposes, and the proportion of monoplanes in 
daily use is increasing rapidly. Their results have been the 
product of extensive study and development, and the application 
of sound structural sense to a problem the solution for which 
does not appear in any book. These airplanes must certainly 
be considered as stable in respect to flutter within the ranges 
of speeds and maneuvers for which they are intended. They 
are safe structurally by virtue of demonstrated performance, 
which, after all, is the final test for all engineering products. 
These airplanes may be said to have “‘made the grade” in one 
respect at least—that of safety. Just how close they may come 
to instability or, on the other hand, how much excess structural 
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material they may carry is not a matter of general knowledge at 
the present time. A reasonable margin of strength and rigidity 
is essential, but the expenditure of fuel and lubricants for carrying 
excess weight which displaces pay load and does not contribute 
particularly to the stability of the structure wili cause purchasers 
to become more and more particular about stiffness-weight re- 
lationships. It would appear that the interests of all would be 
served if certain information and experience were pooled for a 
better understanding of the subject. For instance, if for every 
monoplane design actually constructed we knew certain physical 
characteristics such as stiffness in bending and torsion, position 
of elastic axis, position of cg. axis, and weight of the wing, we 
could today define a field within which stability is reasonably as- 
sured. It might be possible to state that for a wing of certain 
proportions intended for operation through a given range of 
air speeds the torsional stiffness should be such that the wing 
would twist not more than so many radians per foot of length 
under a torsional load which would be some function of a standard 
loading—say, low incidence. Further, that for every two per 
cent of chord separating the center of mass and the elastic axis 
the above allowable torsional displacement should be reduced in 
the neighborhood of ten per cent. Bear in mind that this is an 
imaginary ruling and is set down merely as one example of the 
general form which suggests itself as expressing possible future 
criteria. Being elastic properties, their determination could be 
arrived at under loadings which need not stress the structure to 
the elastic limit or to the yield point, so that such tests could be 
carried out on production articles without permanent distortion. 
This fact together with the simplicity with which these proof 
loadings may be applied should tend to overcome whatever ob- 
jections manufacturers may have had heretofore to the static 
testing of major assemblies on the grounds of expense and delay. 
It is understood that the Germans, who are today the most exten- 
sive builders of metal monoplanes, employ severe torsion tests 
and are continually adding to their fund of information along 
this line. 


Fie tp oF Future INVESTIGATION 


We might stop right here and leave the problem in the hands 
of the industry, but there is still quite a field open to the student 
and investigator. Up to the present time, in this country at 
least, the monoplane has been produced only in moderately large 
sizes for moderate speeds. Eventually increases in size and 
performance will necessitate drawing on some fund of positive 
information which has been reduced to terms usable in the design 
room. There must be a demonstrably accurate agreement be- 
tween the requirements of safety on the one hand and the de- 
mands of competitive economy on the other. 

There are two general lines which if followed in immediate 
future investigations should combine in the end to furnish both 
theory and proof, namely: (1) Research and Experiment, and 
(2) Practical Application. 

Under Research and Experiment will come: 


a Experimental determination of the effect of air speed on 
the frequency of torsional impulses under varying con- 
ditions of elastic restraint, mass distribution, etc. 

b Development of practical design-room methods for pre- 
dicting the natural torsional frequencies of complex wing 
structures. 


This involves: 


1 Location of elastic axes 

2 Evaluation of torsional stiffness 

3 Determination of moment of inertia 
(A function of the two former). 
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Under Practical Application will come: 


a Compilation of elastic-dynamic properties of current 
products, with a view to corroborating or revising 
the theoretical methods mentioned above. 

b Establishment of rational methods of static test to demon- 
strate the qualities entering into the question of sta- 
bility. 


To these might well be added the necessity previously pointed 
out of throwing away design methods based on the old two- 
spar school of procedure. While this system might have been 
the best for computing the separate actions of the spars, ribs, and 
drag bracing of an externally braced wing, its early application 
to monoplane design undoubtedly contributed largely to some 
of the ensuing misfortunes. Cantilever wings of this period were 
designed with ample individual spar strength to absorb in bending 
the allotted loads, drag bracing was inserted to take the drag 
loads, and ribs were sprinkled along to hold up the outer covering 
and deliver the surface loadings to the spars. The wings promptly 
flapped their ailerons off—and no wonder! 


Fie. 5 APPARATUS FOR STUDYING THE COMBINATIONS OF ELASTIC- 
Dynamic ConpiTIions UNDER Wuicu Futter Is Set Up 


It is not to be expected that a full transition from the loading 
conception shown in Fig. 3 (a) to that shown in 3 (b) can be accom- 
plished until methods are developed for computing not only the 
theoretical distribution of combined torsional and bending stresses 
but the actual capacities under combined loadings of the thin- 
gage material entering more and more into this sort of con- 
struction. This latter presents a large field of investigation 
in itself, involving stability of thin material, stress-bearing skins, 
etc., and belongs here only as it exemplifies the failure of the old 


fashioned internal structure to cope economically with the situ- 


ation. 

The revision of established rules for the application of wing 
loadings is therefore of the utmost importance, because any 
interpretation of future criteria based on the elastic properties 
of the wing must contemplate the action of the wing as a struc- 
tural unit—not as a collection of individual ‘and more or less 
independent elastic bodies. 


LITERATURE 


The following is a summary of the documents on hand in the 
library of the Matériel Division pertaining to the general subject of 
wing flutter. These include both theoretical analyses and experi- 
mental results. It might be stated that the most complete mathe- 
matical treatment is believed to be contained in the application 
by Mr. J. S. Newell of the study by Messrs. Blenk and Liebers. 
The most convincing experimental work is that reported by Mr. 
Geo. W. Brady. 


Division DocUMENTS AND TRANSLATIONS 


‘“‘New Problems in Airplane Statics (Cantilever Wings),”’ by 
Prof. H. Reissner, Zeitschrift fiir Flugtechnik und Motorluftschiffahrt, 
1926. Trans. by J. F. Vanier, 4 parts, three of which are com- 
pleted. 

“The Oscillation of Airplane Wings Due to Combined Bending 
and Torsion,” by Blenk and Liebers, Zeitschrift fir Flugtechnik und 
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Motorluftschiffahrt, Dec., 1925. Translation and application by 
J. S. Newell (A.D.M. No. 827). 

“Torsion Tests and Study of Flutter on a Single Spar Panel,’ 
by J. S. Newell (A.D.M. No. 758). 

“Fluttering on Single Spar Lower Wings,’ by H. Blasius, Zeit- 
schrift fiir Flugtechnik und Motorluffschiffahrt, Feb., 1925. Trans. 
J. F. Vanier (A.D.M. No. 160). 

‘Wing Flutter Investigation on Brady’s Wind Tunnel Model,” 
by J. E. Younger (I.C. No. 608). 

“Some Aspects of Torsion in Multi-Spar Cantilever Wings,’’ by 
F. W. Pawlowski, Univ. of Mich. (A.D.M. No. 911). 


OTHER LITERATURE 
“Accidents to Airplanes Involving Flutter of the Wings,’’ Aero- 


nautical Research Committee (British), Reports and Memoranda 
(No. 1041). 

“‘An Investigation of Wing Flutter,’ by R. A. Frazer, Aero. 
Research Committee, Reports & Memoranda (No. 1042). 

‘Some Factors Affecting the Critical Velocity of Wing Flutter,” 
thesis by Geo. W. Brady, M.I.T., 1927. 

“Remarks on the Stability of Oscillations of an Aeroplane Wing,”’ 
by A. G. von Baumhauer and C. Koenig. Translation for Inter- 
national Air Congress, London, 1923. 


Discussion 


A. F. Zaum.? The author shows graphically, for an unbending 
wing in a uniform wind of speed V, how the magnitude L and po- 
sition x of the lift vary with varying angle of attack a, and how 
the pitching moment M = Lz varies with them. Thence the 
author graphs the rate of change 0M //da versus a. 

Wing Twisting. These graphs show that if, for a given V and 
a, the lift is at the wing’s elastic axis, it runs ahead thereof when 
a increases, and conversely. Thus M increases with a; that is, 
it is a disturbing moment tending to cause torsional flutter. 
Here the present writer should introduce the restoring moment 
M’ due to the torsional elasticity of the wing. If with increasing 
a, due to wing twist, the restoring moment grows faster than the 
disturbing moment M at the speed V, the flutter tendency is 
nullified. This stability condition is expressed by 

oM OM’ 


[1] 


which means that the inclination of the disturbing-moment curve 
must be less than that of the restoring-moment curve. This re- 
quirement may be called the first rule of anti-flutter design. 

Wing Flapping. So much for a wing free to twist but not to 
bend. If it is limber and free to bend but not to twist, it may 
flap if it has an auto-rotative profile; viz., if its rolling moment is 
in the direction of roll. Auto-rotational flapping can be pre- 
vented by providing for adequate bending stiffness, also by choos- 
ing a wing form having 


[2] 


that is, having a negative slope in its graph of rolling moment L 
versus roll velocity p. This is a second rule for anti-flutter de- 
sign, though not presented by the author, and probably less im- 
portant than rule |. 

Wing Bending and Twisting. If the wing flaps vertically, giv- 
ing its mass m an acceleration z, the entailed inertia force is m2. 
This force multiplied by its distance y from the wing root is the 
inertia flapping moment mzy», and multiplied by its distance x» 
aft of the torsion axis is the inertia pitching moment mzzo. 
These moments combined with those previously noticed appear 
in the complete equation for combined twisting and flapping. 
Its solution, not here given, shows stability against flutter when 
m is on or before the elastic axis, viz., when 
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which is a third rule for a nti-flutter design. Lieutenant Greene 
shows verbally that condition 3 causes flapping to damp out. 

Wing Viscosity. Rules 1, 2, and 3 apply to a perfectly elastic 
wing, hence more forcibly to one having viscous resistance to 
structural deformation. The internal viscous moments which 
the wing structure opposes to twisting and bending vary directly 
as the velocities of twist and bend, just as do the aerodyanmic 
damping moments; hence can be allowed for in the pitch and 
roll equations for the wing by suitably increasing its resistance 
derivatives for pitch and roll. Only experiment can furnish 
these aerodynamic and structural damping coefficients. 

Air-Stream Flutter. All the foregoing treatment assumes the 
air stream uniform in velocity and direction. In a pulsating 
wind or vibrating wake the air-stream flutter may beget some 
resonant flutter in a wing of like free period. This effect may be 
looked for in a tail unit located in the wing-wash. 

Experimental Program. A complete experimental investiga- 
tion of wing flutter should determine: 

1 The moments of inertia A, B of the wing about its rota- 
tion axes 

2 Its elastic coefficients M's, L’, for pitch and roll 

3 Its coefficients of aerodynamic pitching and rolling mo- 
ment Mo, Ly 

4 The aerodynamic damping coefficients Mz, Lp 

5 The like structural damping coefficients M’,, Mp’ (the 
combined aerodynamic and structural damping coeffi- 
cients may be determined more easily and serve as well in 
the equations of flutter) 

6 The natural frequencies ng, n, of vibration of the wing 
structure in pitch and roll 

7 The air-stream variations in velocity and direction. 

Then the performance of the wing in a specified wind should be 
experimentally determined and compared with that previously 
calculated from the general equations of motion involving these 
coefficients. In this way we might learn both how to design 
flutter-proof wings and how to anticipate flutter in those of 
faulty design. These general equations serve not only to predict 
behavior, but also to indicate what coefficients the experimenter 
must determine and what role they severally have in the prac- 
tical operation of a wing. 

References. Brief equations of motion for roll, pitch, and both 
together are given in the forthcoming N.A.C.A. Report No. 285, 
entitled “A Study of Wing Flutter,” by Mr. R. M. Bear and the 
present writer wherein the rules 1, 2, and 3 are demonstrated. It 
gives theoretical and experimental results obtained by the authors 
in 1925 for the Bureau of Aeronautics and supplied to other aero- 
nautical laboratories of the government in the following year. 

The reader may consult also Reports and Memoranda Nos. 
1041, 1042 of the British Aeronautical Research Committee for 
1926-7, giving theoretical and experimental studies of wing flutter. 


Feirx W. Pawtowsk1.? I would refer to this problem as a 
very nasty one, knowing no better way to refer to it, and I 
frankly admit that I personally do not see any way for an im- 
mediate successful solution of it. However, I am very glad 
that this problem is being taken up by Lieutenant Greene, as he 
is perhaps the best qualified man to tackle such a problem. 

It seems to me that the flutter, particularly the torsional flutter 
of wings, is determined by the elastic properties (the torsional 
elastic properties) of the wing, and that every wing of certain 
construction will have some natural period of torsional vibration, 
the vibrations, being induced by various external causes. There 
are sufficient causes to set up these vibrations, and one of them 
—perhaps the principal one—might be the periodic discharge of 
trailing-edge vortices. These vibrations might become_very ob- 
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jectionable and even dangerous if the period of discharge of 
these vortices coincides with the natural period of torsional vibra- 
tion of the wing. 

The period of discharge of trailing-edge vortices is, of course, a 
function of the velocity of flight, but primarily it is a function of 
the angle of attack and size (cord) of the wing. In an actual 
airplane the angle of attack of the wing is tied up with the velocity 
of flight. It is not so in the wind-tunnel experiment. In the 
wind-tunnel experiment, all kinds of velocities can be used, from 
zero up to a certain maximum, in connection with any angle of 
attack. 

Now it might be interesting to know the results of such experi- 
ments connecting up the wind velocity, the angle of attack, and 
the torsional stiffness of the wing. I am interested to know 
whether such results have been obtained and published. 

I would like to know what Lieutenant Greene means by “‘satis- 
factory stiffness.” Does he mean stiffness at which the period of 
natural torsional vibration in the wing would be entirely outside 
of the range of the period of discharge of the trailing-edge vor- 
tices, so that they would not be able to induce the setorsional 
vibrations in the wing? 

It seems to me that it would be perhaps the only way of prac- 
tical solution to build the wings in such a way that the natural 
period of torsional vibration would not coincide in any case with 
the period of discharge of the trailing-edge vortices, which are 
probably the chief source of wing flutter. That is just a supposition. 

I would like to ask, also, whether it would not be advantageous 
to make the center of mass of the wing coincide with the elastic 
axis of the wing, and whether it could be done, considering the 
usual wing construction, without introducing in the construction 
an undue amount of excess structural material, and whether there 
would be an advantage in making these two axes coincide. 


AuTHOR’s CLOSURE 


The author would like to say, in replying to Dr. Pawlowski’s 
questions, that the scope of this paper did not permit of more 
than a general survey or inspection of the subject. No mathe- 
matical expressions have been presented and many of the aero- 
dynamic considerations such as periodicity of vortex disengage- 
ment, airfoil section, planform and shape of wing tips, etc., 
have necessarily been neglected. The elastic-dynamic proper- 
ties have been emphasized as affording the most convenient route 
by which to arrive at some measure of the vulnerability of the 
wing to flutter incidence. Most of these properties may be 
disposed of in one final expression—the natural frequencies and 
modes of vibration of the wing. 


AER-50-10 15 


Now for the designer’s use one cannot hand out a piece of infor- 
mation that deals with periods of vibration. That will have to go 
through a further series of approximations, so that the designer 
will -have nothing more abstruse to think about than possibly 
mass distribution and torsional stiffness. That is the final ap- 
proximate solution of the problem in the way it is hoped that all 
the results of this work may be translated later on. That may 
not be right. One may not be able to evaluate it in any terms of 
torsional stiffness. It may be that some wing-load function that 
determines the ordinary mean operation of the aircraft within a 
certain field of angles of attack at certain speeds will be the de- 
ciding factor. If, however, one can give a table of satisfactory 
torsional stiffnesses, that will be the end of it all and will include 
quite a number of intermediate steps. 

We can define satisfactory torsional stiffness as that stiffness 
which gives the wing a period such that the setting up of un- 
damped oscillations requires a higher air speed than will be en- 
countered in even extreme operation of that aircraft. 

The author has said nothing about the periodicity of vortex 
discharge and so on. Those are things that the producing de- 
signer will not care about. He wants to have the information 
expressed somewhat as follows: 

“Tf the wing is of a certain mass distribution and certain size 
and if this wing will twist less than so many radians per foot of 
length for a certain torsional load which is a function of a given 
load such as the high or low incidence loading, it will be satisfac- 
tory for the purpose for which it is intended.’”’ That would be 
the most useful piece of information to give to the designer. Of 
course, he can delve into the propagation of these impulses and 
all the laboratory research work that goes with it, the periodicity 
or where it comes from, and the natural period of the wing, and 
so on, as far as he wants to, but the object of it all is to find some 
way to put into the designer’s hands something that he can take 
and say, “If I do thus and so, I will avoid or overcome the bogy 
of wing flutter.” 

The author is not prepared to say that it will be absolutely 
necessary or even highly desirable to get the center of mass ex- 
actly on the elastic axis. The author has pointed out some of 
the things that happen when the center of mass is not on the 
elastic axis and all the considerations of modes of vibration that 
are involved in that condition. The author early in his paper 
took up the point of the indication of the desirability of deter- 
mining the effect of a separation of these axes. In other words, we 


’ want to find out what is in it for us to get the elastic axis and the 


center of gravity in coincidence before we say it must be done by 
all means or that it is highly imperative. 
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Combustion in Aircraft Oil Engines 


By WM. F. JOACHIM,? LANGLEY FIELD, VA. 


The oil engine is the most efficient self-contained prime mover 
so far developed, and endeavors are now being made to adapt it to 
the high-speed service required in automotive vehicles and aircraft. 
The author discusses the difficulties encountered in obtaining uni- 
formly controlled and efficient combustion at high speeds, and 
enumerates the factors upon which the solution of these problems 
depend. He also considers the advantages of light-weight, high- 
speed, high-capacity oil engines in aircraft, namely, high cycle 
efficiency, ability to burn heavy fuels efficiently, and general me- 
chanical simplicity and better adaptability to the two-stroke cycle. 
He then establishes formulas for the evaluation of aircraft-engine 
performance, using them in comparing the performance of 85 different 
carburetor aircraft engines, both air- and water-cooled, and 101 
different oil engines. He concludes by giving brief particulars 
of researches being conducted by the N.A.C.A. to determine the 
laws governing the hydraulics of fuel-injection systems, and the 
formation and distribution of oil sprays, as well as their ignition 
and combustion in spray combustion chambers and in engines 
fitted with various pistons and cylinder heads. 5 

engine in the technical press of the world. At first 


M thought it would appear that the subject might be quite 
fully covered from every angle. The engine itself has been de- 
veloped, through many successive stages, from the early con- 
ceptions of Dr. Rudolph Diesel (1)? to the many varied, but 
commercially successful, types of engines burning fuel oil today. 
Brief histories have been given and some of the problems to be 
solved have been indicated and discussed in technical papers 
on the oil engine (2, 3, 4, 5). Detailed descriptions of many 
sizes and types of engines have been written (6, 7, 8), and ex- 
perimental data have been presented and analyzed (3, 9, 10, 11). 
Many engineers, inventors, commercial organizations, and 
governments are engaged in the further development of the oil 
engine. Large sums of money are being devoted to the improve- 
ment of its efficiency. All these are well deserved because the 
oil engine is the most efficient self-contained prime mover so 
far developed. 

Oil engines will be found in successful daily operation in many 
different services, from the large, slow-speed engines in com- 
mercial power-plant or marine service to the relatively small, 
medium-speed engines being used in some locomotives, rail cars, 
tractors, and power shovels. Today we are endeavoring to 
extend the field of practical service of the oil engine to services 
requiring still higher speeds: to the truck, to the automobile, 
and to aircraft. 


UCH has been said and is now being published on the oil 


ComsustTION ConTROL 


The difficulty of obtaining the same uniformly controlled 
and efficient combustion in the oil engine at high rotative speeds 
that is obtained new at low rotative speeds is well known and 
fully attested on every hand. Many engines of entirely dif- 
ferent designs have been constructed in the United States and 


1 The illustrations in this paper have been supplied through the 
courtesy of the National Advisory Committee for Aeronautics, Lang- 
ley Field, Va. 

2 Mechanical Engineer, National Advisory Committee for Aero- 
nautics. 

3 Numbers in parentheses refer to similarly numbered items in the 
bibliography at the end of the paper. 

Presented at a meeting of the Metropolitan Section of the 
A.S.M.E., New York, November 22, 1927. 
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abroad to run at automotive speeds, but, so far as is known, 
none may be said to be truly successful and efficient in public 
service. The reason for this present condition is not that injec- 
tion systems cannot be made to operate satisfactorily at high 
speeds, nor that all oil-engine parts cannot be adapted to high 
speeds, but that the combustion of the fuel is not yet satisfactorily 
controlled. 

While some oil engines are now approaching the performance 
required of truck engines, at moderate speeds of from 800 to 
1200 r.p.m., the experience that high-speed operation involves 
a sacrifice in fuel economy, or in the proper control of the maxi- 
mum cylinder pressures developed, is almost universal. This 
is particularly true at high loads, where efficient utilization of 
all the fuel and all the air in the cylinder, as is required in air- 
craft engines, almost invariably results in high explosion pres- 
sures, or, if the explosion pressures are kept low, results in greater 
fuel consumptions. 

The solutions of these two problems of maintaining good fuel 
economy and at the same time moderate explosion pressures in 
high-speed oil engines (3, 4, 9), are dependent upon four groups 
of interdependent factors. 

The first group of factors includes the general engine design, 
the materials used, the workmanship, heat treatment, and finish 
on all parts, and in particular the detail design and arrangement 
of the combustion chamber, valves, and the piston. 

The second group includes the general design of the injection 
system, the fuel pump, connecting tubes, and the injection valves; 
the materials used; the workmanship, heat treatment, and finish 
on all parts, and in particular the actual hydrokinetics of the 
system, and the rate, period, and timing of the injection. 

The third group of factors includes all those that affect and 
control the time lag of auto-ignition of the oil spray. These are 
the method of injection; the injection pressure, spray velocity, 
and penetration; the degree of atomization and the distribution 
of the oil particles within the spray and of the spray in the com- 
bustion chamber; the fuel characteristics and the initial fuel 
temperature; the compression ratio and the somewhat depend- 
ent cylinder temperatures and pressures; the timing, direction, 
and amount of turbulence; and the amount of radiation from 
hot surfaces in the combustion chamber. 

The fourth group includes those factors directly affecting and 
controlling combustion. These include all of the factors named 
under the auto-ignition time-lag group, and several factors 
from each of the first and second groups. They may be summar- 
ized under combustion-chamber design; the method, rate, 
period, and timing of the fuel injection; fuel characteristics; 
spray atomization and distribution; and cylinder-air turbulence. 

If the factors in these four groups are properly correlated and 
controlled, the engine and the injection system will operate 
efficiently and will be satisfactorily coordinated; the lag of auto- 
ignition of the oil spray may be minimized, the explosion pressures 
controlled and reduced, and the combustion completed early 
in the power stroke without shock and without excessive cylinder 
pressures at speeds suitable for trucks, for automobiles, and for 
aircraft. 

ADVANTAGES OF OIL ENGINES IN AIRCRAFT 

It is customary, when undertaking a new project, to review 

its advantages and disadvantages and to formulate the require- 


ments which the new thing must meet. While the aircraft-oil- 
engine project is not new, it is also not completely solved, so 
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that a brief review of its advantages is of value because it brings 
before us the reason for its existence. 

The advantages of the light-weight, high-speed, high-capacity 
oil engine for use in aircraft may be divided into three groups. 
The first group results from the relatively high cycle efficiencies 
at which the oil engine operates, the second from its ability to 
burn heavy fuels efficiently, and the third from its general me- 
chanical simplicity and better adaptability to the two-stroke cycle. 


Hicu Cycie EFrriciency 


The cycle efficiency of the oil engine varies with the compres- 
sion ratio, the maximum cylinder pressure, and the amount of 
constant-pressure burning. According to Dr. W. J. Walker 
(12), the numerical values of the cycle efficiency of the oil engine 
vary from 47.0 per cent for a compression ratio of 8.0, to 47.6 per 
cent for a compression ratio of 12. Other authorities give higher 
values (10, 13), depending chiefly upon the method of calculation, 
the maximum cylinder pressure assumed, and the values used 
for the specific heats of the gases of combustion. Using Dr. 
Walker’s formula, Chorlton has obtained a cycle efficiency of 
65.3 per cent for a compression ratio of 15.0 and a maximum 
cylinder pressure of 1000 Ib. per sq. in. If a value of 50 per cent 
for the cycle efficiency is assumed, then the brake mean effective 
pressure should be approximately 148 lb. per sq. in., and the fuel 
consumption only 0.35 lb. per b.hp-hr. These values may be 
readily calculated, assuming combustion of the fuel to be com- 
plete with no after-burning, the mechanical efficiency to be 80 per 
cent, and that enough fuel is burned with no cooling losses to 
reduce the excess air in the cylinder to 15 per cent. 

The average brake mean effective pressure for a number of the 
more efficient present-day carburetor aircraft engines is 123 
Ib. per sq. in. The average fuel consumption for these engines is 
0.50 lb. per b.hp-hr. Indicated mean effective pressures as high 
as 137 lb. per sq. in., and fuel consumptions as low as 0.30 lb. 
per i.hp-hr. have been reported for slow-speed commercial oil 
engines (14, 15). The author has measured indicated mean 
effective pressures up to 132 lb. per sq. in. with a fuel consumption 
of 0.33 lb. per i.hp-hr. on the standard N.A.C.A. Universal single- 
cylinder test engine. The engine speed was 1500 r.p.m. There 
was 38 per cent excess air in the cylinder and the mechanical 
efficiency was 80 per cent. This is good oil-engine performance 
for the high speed of 1500 r.p.m., but the cylinder pressures were 
too high for continuous operation in a light-weight aircraft engine. 

Another type of cylinder head used on t he N.A.C.A. Universal 
test engine has given an indicated mean effective pressure of 
132 lb. per sq. in. at 1500 r.p.m. and full load for a fuel con- 
sumption of 0.44 lb. per i-hp-hr., and only 670 lb. per sq. in. 
maximum cylinder pressure. This and similar power perform- 
ance at 1500 r.p.m., and cylinder pressures as low as 500 lb. per 
sq. in., have been readily reproduced and the engine operated 
continuously with standard aircraft parts. 

The fuel consumption at part load on the Committee’s single- 
cylinder Liberty test engine has been measured as 0.26 lb. per 
i.hp-hr. The engine speed was 1600 r.p.m., and the maximum 
cylinder pressure was 560 lb. per sq. in. These data have been 
published in other papers (3, 16). Thus, the increase in power 
and the decrease in fuel consumption that are theoretically and 
practically attainable with the oil engine are distinct gains and 
will considerably increase the commercial or military load- 
carrying ability of aircraft between present destinations, or, 
with present loads, will increase the range of flight. 


CoMBUSTION OF HEAvy FUELS 


The injection of the fuel into the cylinder a few degrees before 
top dead center on the compression stroke is an inherent oil- 
engine advantage that not only permits high compression ratios 


to be employed, but also permits the efficient combustion of 
heavy fuels. The automotive carburetor engine is limited to the 
use of highly refined fuel and functions imperfectly when at- 
tempts are made to burn even very light oils. Because of the 
high-pressure atomization of the oil fuel during injection the oil 
engine may operate without great differences in performance 
on several grades of fuel oil. The oil engine is not dependent on 
special fuels as are high-compression carburetor engines. 

Fuel oil costs less to produce than gasoline. At present the 
price of fuel oil ranges from about 30 to 50 per cent of the cost of 
gasoline. Considerable economic gains are therefore realized in 
commercial oil engines, and should be of interest and a con- 
siderable advantage in the operation of all aircraft and auto- 
motive vehicles. 


Fire Hazarp 


Probably one of the chief advantages of the automotive oil 
engine and its use of heavy fuels lies in the considerable decrease 
in fire hazard. Aviation has been physically and financially 
retarded by gasoline fires in the air and on the ground. The 
ground fires result, in most cases, from the breakage of a gasoline 
line, or of one or more of the fuel tanks, during a crash. These 
fires are most serious because the airplane may be partly or wholly 
wrecked and the pilot and passengers injured or pinned in the 
airplane. The high volatility and ease of ignition of gasoline 
constitute a definite fire hazard that has resulted in heavy finan- 
cial losses and the death of many able men. 

Fuel oil, on the other hand, has a very low volatility and is ex- 
tremely difficult to ignite at ordinary atmospheric temperatures. 
Though the temperature at which fuel oil ignites when sprayed on 
to a hot surface is somewhat lower than the temperature required 
to similarly ignite gasoline, it is certain that the low volatility of 
the fuel oil will effectually eliminate the almost instantaneous 
blaze that often envelops a crashed airplane and sometimes 
a wrecked automobile fueled with gasoline. In fact, it has been 
shown in tests that fuel oil at ordinary temperatures cannot be 
made to ignite from sparks and small blazes, and that where an 
incipient fire is already started a quantity of fuel oil thrown upon 
it, as it might be spilled from a crashed airplane’s fuel tanks, 
will extinguish it. The scanty vapors of fuel oil at ordinary 
atmospheric temperatures will not ignite. 


MECHANICAL SIMPLICITY 


Much could be written on the mechanical simplicity of the 
oil engine. Instead of a complicated carburetor with its idling 
and main jets, multiple venturi throats, accelerating well, alti- 
tude mixture control, automatic air-bleed valves, water jacket, 
and variously shaped intake manifolds with water jackets or 
exhaust-gas hot spots, the oil engine uses a small positively 
operated fuel pump and an injection tube and injection valve for 
each cylinder. The fuel pump will have a lesser number of 
parts, it will be more compact, and may easily weigh less than 
the carburetor, inlet manifolds, and ignition apparatus. Because 
of the mechanical operation of the oil-engine fuel pump it will be 
positive in its fuel delivery for any attitude or maneuver of an 
airplane. There can be no “missing” or “cutting out” of cyl- 
inders on the oil engine because of rough ground or high acceler- 
ation in taking off or in violent maneuvers in the air. Likewise, 
there will be no difficulty in starting cold automotive oil engines, 
nor will there be any ‘“‘missing” or “backfiring” when the acceler- 
ator is suddenly depressed. 

The injection valve may be as small and as light in weight as 
an ordinary spark plug, and it may have as few parts. In fact, 
such a valve, having only four parts and no sliding surfaces, has 
been used with entire satisfaction in a considerable amount of 
research. 
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Instead of a heavy ignition battery or dual magnetos, radio 
interfering distributers, ignition cables, and spark plugs, the oil 
engine uses only the heat of compression to ignite its fuel. The 
entire electric ignition system of the carburetor engine is com- 
pletely eliminated. 


Two-Srroke-CycLe ADAPTATION 


Probably one of the most important inherent advantages of 
the oil engine, in its projected use in automotive vehicles and in 
aircraft, is its adaptability to the two-stroke cycle. Attempts to 
operate carburetor engines on the two-stroke cycle invariably 
lead to failure. This is especially true where the engine load 
and speed are variable. The practical impossibility of properly 
scavenging the exhaust gases and filling the cylinder with the 
fresh combustible mixture without mixing the new charge with 
some of the exhaust gases and losing some of it out of the exhaust 
ports is well known. 

There can be no such fuel losses in the two-stroke-cycle oil 
engine because only pure air is admitted to the cylinder during 
the exhaust-gas scavenging period. Thus the oil-engine cylinder 
may be completely scavenged and completely filled with fresh 
air at or higher than atmospheric pressure with no direct loss of 
fuel. Each oil-engine cylinder may be made to give ar efficient 
full-load power stroke for each revolution of the crankshaft, and, 
with fewer engine parts, result in a lighter, more compact, and 
smoother-running engine. 

These many advantages would appear to place the high-speed 
oil engine well above any other known type for both automotive 
and aircraft service. This would actually be the case were it not 
for the increasing difficulty of controlling the maximum cylinder 
pressures while maintaining the high fuel economy of the slow speed 
oil engine as the rotative speeds are increased. It is the almost 
universal experience of oil-engine engineers that either the already 
relatively high cylinder pressures of the oil engine are rapidly 
increased with increase in engine speed, or, if the cylinder pres- 
sures are controlled to normal values by late fuel injection or 
special cylinder-head and piston design, the fuel economy is 
materially decreased. Thus it happens that the direct compari- 
son of brake mean effective pressures and fuel consumptions 
alone of different makes and designs of oil engines does not con- 
stitute a fair or complete measure of their respective perform- 
ances. It is necessary to take the maximum cylinder pressures 
and the engine speed into consideration. These last two factors 
are of considerable importance in determining the suitability of 
an oil engine for automotive and aircraft service, because the 
maximum cylinder pressure determines to a large extent the 
strength required in each engine part, and therefore the total 
weight of the engine, and the engine speed determines its weight- 
power ratio in pounds per brake horsepower. 


EVALUATION OF AIRCRAFT-ENGINE PERFORMANCE 


In order to establish the present position of various oil en- 
gines in respect to their suitability for use in aircraft and to indi- 
cate their relative performance when compared with carburetor 
aircraft engines, those factors that have the greatest influence on 
overall aircraft-engine performance may be arranged in formula 
form and the formulas evaluated for comparison. In order to 
obtain the maximum performance from any engine, the mean 
effective pressure and the engine speed should be as high as 
possible, and the fuel consumption and the maximum cylinder 
pressure, or the weight-power ratio which it largely controls, 
should be as low as possible. These factors are therefore arranged 
in expressions for engine performance as in Equations [1], [2], 
[3], and [4]. 

_ I.M.E.P. X R.P.M. 
F.C.I. X M.C.P. 


Engine Performance 


.AER-50-11 


_ B.M.EP. x R.P.M. 
ECB. xX 


I.M.E.P. X R.P.M. 
Engine Performance = FOL XWULHP. [3] 


_ B.M.EP. x R.P.M. 
F.C.B. X Wt./B.H.P. 


Engine Performance 
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Engine Performance 


In these equations 
I.M.E.P. = indicated mean effective pressure, lb. per sq. in. 
B.M.E.P. = brake mean effective pressures, lb. per sq. in. 
R.P.M. = engine speed, r.p.m. 
F.C.I. = fuel consumption, lb. per i.hp-hr. 
F.C.B. = fuel consumption in Ib. per b.hp-hr. 


Wt./IL.HP. = engine weight, lb. per i-hp. 
Wt./B.HP. = engine weight, ib. per b.hp. 
M.C.P. maximum cylinder pressure, lb. per sq. in. 


A consideration of Equation [1] shows that the numerical value 
obtained by evaluating this expression for any particular engine 
is largely a measure of the cycle and combustion efficiencies, 
and of the speed at which that engine operates. If another 
engine operates at the same indicated mean effective pressure, 
speed, and fuel consumption in pounds per indicated horsepower- 
hour, but with a lower maximum cylinder pressure, then that 
engine will have a higher overall performance than the first 
engine because it may be constructed to weigh less per indicated 
horsepower. Further, if an engine has a lower fuel consumption, 
then that engine is more economical and may fly farther without 
refueling, and it may do this for the same fuel cost. Or, if the 
indicated mean effective pressure or the engine speed is higher, 
the fuel consumption and the maximum cylinder pressure re- 
maining constant, then the horsepower output will be greater 
for the same fuel economy and engine weight. This equation 
provides a means for comparing the degree of perfection with 
which the combustion processes have been carried out. 

An inspection of the second equation shows that the brake 
mean effective pressure and engine speed appear in the numerator 
and the brake fuel consumption and the maximum cylinder 
pressure in the denominator. The second performance equation 
is similar to the first performance equation, the chief difference 
being the substitution of data based on brake horsepower for 
data based on indicated horsepower. The same comments that 
apply to the first equation apply with equal force to the second, 
and overall engine performances may be compared as regards 
their power-economy-weight characteristics at the crankshaft. 

The importance of high mechanical efficiency in aircraft 
engines is evident from an examination of Equations [1] and [2]. 
By multiplying the indicated mean effective ‘pressure in the 
numerator and by dividing the indicated fuel consumption in 
the denominator of Equation [1], each by the mechanical effi- 
ciency of the engine being considered, Equation [2] may be 
derived. The mechanical efficiency thus appears twice in the 
transposition of engine performance on the indicated-horsepower 
basis, Equation [1], to engine performance on the brake-horse- 
power basis, Equation [2]. By performing the algebraic multi- 
plication indicated it is found that the mechanical efficiency 
appears as a squared function in the numerator of Equation [1] 
to obtain Equation [2]. Thus an engine having a mechanical 
efficiency of 90 per cent transforms only 0.81 of its indicated- 
horsepower performance to brake-horsepower performance, an 
engine having a mechanical efficiency of 80 per cent transforms 
only 0.64, and an engine having a mechanical efficiency of 70 per 
cent transforms less than one-half or only 0.49 of its indicated- 
horsepower performance to brake-horsepower performance. 

The mechanical efficiency of an aircraft engine is of consider- 
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able importance in flight at high altitudes. It has been found 
that the friction horsepower of an engine does not decrease greatly 
with altitude (17, 18). Since the indicated horsepower of an 
unsupercharged engine decreases in proportion to the weight of 
the fuel charge taken into the cylinder with increase in altitude, 
and the friction horsepower remains substantially constant, 
the difference between them, the brake horsepower, decreases 
rapidly. Since the rate of brake-horsepower decrease with alti- 
tude is high when the initial ground-level mechanical efficiency 
is low, it is important to increase the mechanical efficiency of the 
aircraft-type oil engine as much as possible. 

Equations [3] and [4] are similar to Equations [1] and [2]. 
It may be noted that the factor of ‘Maximum Cylinder Pressure”’ 
in the denominator of each equation has been replaced by the 
factor, “Engine Weight in Pounds per Horsepower.” The nu- 
merical values arrived at by evaluating these two equations for 
cifferent engines include the degree of perfection with which the 
combustion processes have been carried out, the effects of cooling 
and volumetric efficiencies as reflected chiefly in the mean effec- 
tive pressures, the effect of mechanical efficiency in Equation [4], 
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Several of the better-known and more successful carburetor 
aircraft engines of each type of cooling were selected, and their 
performances calculated and averaged. The average perform- 
ance for both air-cooled and water-cooled carburetor aircraft 
engines, as determined by each of the four formulas, was also 
determined. These carburetor-engine performance values indi- 
cate the small differences in overall performance that exist at 
present between the average good water-cooled engine and the 
average good air-cooled engine. These data are criteria for the 
estimation of the suitability of various oil engines for aircraft 
service and are presented in Table 1. 

Since the rotative speeds of the oil engines considered vary 
from about 100 r.p.m. to about 1600 r.p.m., and the engine 
speed factor appears in the numerator of each performance 
equation, the oil engines were classified into eight speed groups. 
Values for the four performance equations were calculated for 
each engine and averaged to show the approximate numerical 
performance values of several oil engines at each speed. The 
results for commercial oil engines, at speeds from 800 r.p.m. to 
1600 r.p.m. include data for the Acro-Bosch, Attendu, Beard- 


COMPARATIVE PERFORMANCE OF AIRCRAFT CARBURETOR ENGINES, 6 ee OIl, ENGINES, AND N.A.C.A. 


TABLE 1 
SINGLE-CYLINDER EXPERIMENTAL AIRCRAFT OIL ENGIN 
(National Advisory Committee for Aeronautics, Langley Field, Va.) 
Aircraft N.A.C.A. 
Carburetor Experimental 
Engines() Commercial Oil Engines Engines(6, 
(15 engines) (101 engines) Liberty Untversal 
Performance Air- Water- — R.p.m. ~ p.m. 
Equations cooled cooled 100 200 400 800 1000 1200 1400 1600 1600 1709 
I.M.E.P. X R.P.M. 1094 1213 61 142 170 462 420 396 (d) (d) 764 617 
F.C.I. X M.C.P. (avg. 1153) (c) (c) (c) 
B.M.E.P. X R.P.M. 908 982 35 70 98 273 248 234 (d) (d) 450 383 
F.C.B. X M.C.P. (avg. 945) 
LM.AELP. < RPM. 318,100 353,900 138 251 454 18,830 18,610 55,100 49,900 106,000 214,000 221,000 
FET. X Wt... (avg. 336,000) (c) (c) (c) (c) (c) 
B.M.E.P. X R.P.M. 240,750 257,990 60 87 198 8,570 8,470 25,100 22,700 48,250 106,000 107,000 


F.C.B. X Wt./B.H.P. (avg. 249,370) 


Experimental engines, operated on the 4-stroke cycle. 


Muximum cylinder pressure not available. 


and the effect of maximum cylinder pressure, the use of good 
engineering materials, heat treatment, and genius in design as 
reflected in the factor “engine weight in pounds per developed 
horsepower.” 

It is interesting to note that the introduction of the weight- 
power ratio into the denominator of Equation [4] has brought the 
mechanical efficiency into this important performance equation 
for the third time. When the algebraic multiplication indicated 
is performed it is found that mechanical efficiency appears as a 
cubed function in the numerator of the equation. Thus an 
engine having a mechanical efficiency of 90 per cent transforms 
only 0.73, and one having a mechanical efficiency of 70 per cent 
transforms only 0.34 of its indicated-horsepower performance to 
brake-horsepower performance. 

It is realized that a more complete expression for aircraft- 
engine performance might contain a factor on engine endurance, 
durability, and maintenance, but the almost complete lack of 
data has prevented the incorporation of such a factor. Some 
of the performance factors used in these four equations are more 
important than others, particularly where the engine is being 
used in different flight services, but no attempt has been made 
in this paper to assign coefficients or powers to any factor. 

Engineering performance data have been collected for 85 
different carburetor aircraft engines and for 101 different oil 
engines, and the above four formulas used in comparing their 
relative performances. There are 30 air-cooled, and 55 water- 
cooled carburetor aircraft engines represented in this group. 


Average data for 15 high-performance engines selected from 85 engines. 


Calculated from a mechanical efficiency of 76.9 per ceat; average of 29 oil engines. 


more, Benz, Dorner, Foos, Junkers, M.A.N., Maybach, and 
Peugeot high-speed engines. 

Corresponding data for the Liberty and Universal single- 
cylinder test engines, two of the experimental engines of the 
National Advisory Committee for Aeronautics, have been pre- 
pared and their performances included with those of the car- 
buretor and commercial oil engines in Table 1. The data for 
these two engines have been previously published in other papers 
(3, 9). It is regretted that more complete information could not 
be obtained for recent development on other experimental air- 
craft oil engines. 

The cylinder pressures in the tests on the Committee’s experi- 
mental single-cylinder test engines were carefully measured 
with gas-balanced, disk-type, maximum-cylinder-pressure indi- 
cators. The moving part in this type of indicator is small, light 
in weight, and has a relatively large area exposed to the gas pres- 
sures in the cylinder. The movement of the disk is restricted to 
about 0.002 in. The indicator is screwed into the cylinder head 
so that the disk is nearly flush with the combustion-chamber 
wall. 

When the pressure in the engine cylinder exceeds the gas 
pressure above the disk in the indicator, the disk is lifted from 
its seat and some of the cylinder gas is trapped in the indicator. 
This process continues until a stable condition is reached, when 
the pressure in the indicator is read from a calibrated Bourdon- 
tube pressure gage. The maximum cylinder pressures used to 
calculate the Liberty-test-engine performances were determined 


(c) 
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by this method. The maximum cylinder pressures used to 
calculate the performance of the Universal test engine were 
determined by bleeding high-pressure gas, fed by an air bottle, 
from the indicator until a slight but consistent movement of the 
pressure-gage hand could be detected. The pressure in the 
indicator was then read as before. This method results in higher 
cylinder-pressure readings than the first method and, from the- 
oretical analysis and the comparison of many cylinder-pressure 
measurements made with several well-known engine indicators 
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power basis, Equation [3], equal to only about one-third that of 
the carburetor aircraft engine. When mechanical efficiency is 
taken into account, Equation [4], the average brake-horsepower 
performance for these engines is equal to only about one-fifth 
that of the carburetor aircraft engine. The performance of the 
N.A.C.A. single-cylinder aircraft-type oil engines, compared on 
the indicated-horsepower basis, is equal to about two-thirds 
that of the carburetor aircraft engine. When mechanical effi- 
ciency is taken into account the brake-horsepower performance 


Fig. 1 N.A.C.A. Test EQuIPMENT 


Fig. 2 N.A.C.A. EQuIPMENT 


Fie. 3. N.A.C.A. Lisperty-Type SINGLE-CYLINDER TEST ENGINE 


under the same test conditions, is believed to have high accuracy. 

Standard Liberty aircraft-engine pistons, connecting rods, 
inlet and exhaust valves, and other miscellaneous engine parts 
were used in the Committee’s test engines. Those calculations 
involving determinations of the weight-power ratios of these 
engines were therefore made by dividing the horsepower de- 
veloped in the tests by one-twelfth the weight of the Liberty 
12-cylinder aircraft engine. These weight-power ratios were 
used in calculating the performances of both test engines. 

It may be noted that although rapid advances in the develop- 
ment of the high-speed oil engine have been made in the past 
few years, its overall performance is still considerably below that 
of the carburetor aircraft engine. Some of the higher-speed com- 
mercial oil engines have performances on the indicated-horse- 


Fig. 4 N.A.C.A. UNIVERSAL SINGLE-CYLINDER TEST ENGINE 


for these two engines averages about two-fifths that of the car- 
buretor aircraft engine. 


AIRCRAFT-OIL-ENGINE RESEARCH 


The researches carried on by the National Advisory Committee 
for Aeronautics on aircraft-type oil engines are entirely funda- 
mental in character. It is the purpose of these investigations 
to determine the laws governing the hydraulics of injection 
systems, the formation and distribution of oil sprays, and their 
ignition and combustion in spray combustion chambers and in 
engines fitted with various pistons and cylinder heads. Experi- 
mental data are obtained on these and other factors controlling 
the performance of high-speed, light-weight oil engines by con- 
ducting tests on special fuel-injection-system test equipment, 
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by taking photographs of the start, development, and cut-off of 
oil sprays, and by engine tests. Each of the several more im- 
portant factors that control the major oil-engine variables under 
investigation is altered step by step, so that information for a 
wide range of operating conditions and data on maxima and 
minima may be obtained. 

Fig. 1 shows the N.A.C.A. fuel-injection-system test equip- 
ment. This apparatus consists essentially of an electric motor- 
driven shaft and flywheel mounted on a cast-iron base. Attach- 
ments for testing various fuel pumps and injection valves are 
fitted to the apparatus so as to permit a complete injection 
system to be tested at the various speeds, fuel quantities, and 
injection rates and pressures studied in engine tests. By mount- 
ing the injection valves so as to spray the fuel against a paper 
target held on the inside of the flywheel rim, spray records are 
obtained that permit the determination of the oil-spray lag 
behind the fuel-pump adjustment, and the duration and cessation 
of injection. The effects of primary fuel pressure, injection- 
valve opening pressure, injection-tube dimensions, and various 
fuel-pump adjustments on injection characteristics are readily 
determined with this equipment and the data used in connection 
with engine research. 

The N.A.C.A. spray-photography equipment is shown in Fig. 
2. This equipment is grouped into three main apparatuses: 
first, the oil-spray production and control apparatus; second, 
the oil-spray illuminating apparatus, and third, the oil-spray 
recording apparatus. Although the velocity of an oil spray at 
the start of injection may be 600 ft. per sec. or more, this equip- 
ment is capable of recording, without measurable distortion on 
photographic film, each phase in the development of an oil 
spray. A very considerable amount of information has been 
collected by varying the injection pressure on the fuel, the pres- 
sure of the air into which the spray is injected, the design of the 
injection valve, the dimensions of the injection tube, and by 
making investigations with different fuels and spray-chamber 
gases. The spray-photography equipment has been described 
and the results of several fundamental investigations have 
been given in various papers and reports. 

Fig. 3 shows the Liberty single-cylinder test engine. A 
precombustion chamber or bulb-type cylinder head with a small- 
diameter orifice between the precombustion chamber and the 
cylinder is fitted to this engine. The piston head is spherical 
and operates with mechanical clearance between it and the 
cylinder head. An injection valve arranged to produce highly 
atomized fuel sprays is used. The performance of this bulb- 
type cylinder head is under investigation for various injection 
valve nozzles and degrees of air turbulence. 

Fig. 4 shows the N.A.C.A. Universal single-cylinder test en- 
gine. This engine is now fitted with a specially designed cylinder 
head in which the air turbulence may be controlled through a 
wide range in both intensity and direction. The inlet- and 
exhaust-valve gear has been designed for speeds up to 2400 r.p.m. 
The combustion chamber is disk-shaped and has three openings 
for studying the effects of injecting the fuel from different posi- 
tions. Tests are now under way, using one injection valve, to 
determine engine performance for nozzles containing round 
orifices. Various diameters, arrangements, and numbers of ori- 
fices will be investigated and the data compared with the results 
of similar tests in which nozzles with slotted orifices will be used. 

The data obtained in the researches carried out with these 


apparatuses and test engines are analyzed, compared with the- 
oretical analyses, and published as technical reports by the 
National Advisory Committee for Aeronautics (19). Several 
papers covering the various phases of oil-engine research carried 
on by the Committee’s Laboratories at Langley Field, Virginia, 
have also been given at engineering meetings (3, 4, 9, 20). 
Though the high-speed oil engine cannot equal the overall per- 
formance of the carburetor aircraft engine at the present stage of 
its development, it is certain that continued, systematic research 
will lead to the realization of each of the important advantages 
discussed in this paper and give to the world oil-engined aircraft. 
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Cycloidal Propulsion Applied to Aircraft 


By FREDERICK KURT KIRSTEN,! SEATTLE, WASH. 


After reporting observations on the flight of gulls which indicated 
that the wing top moves with a cycloidal motion, the author proceeds 
to an analysis of this type of motion as it might be applied to the 
propulsion of aircraft. Various aspects of cycloidal propellers, 
including their efficiency, are discussed, and their application to 
heavier-than-air and lighter-than-air craft is urged. The ad- 
vantages of this method of propulsion are discussed. Tests of model 
and full-size propellers are referred to, but are not included in the 
paper. 


HE NEW propulsion system described herein suggested 
| itself while the author was engaged in an attempt at bird- 
flight analysis. A speculation relative to the character- 
istics of the actual path traced in the air by the tip of the bird’s 
wing led to the conclusion that this path might resemble a cy- 
cloid. It was observed that the motion of the wing tip relative 
to the bird’s body was not reciprocating motion transverse to 
the direction of flight, but that the tip described an ellipse or 
distorted circle. But the composite path of a body rotating 
about a center while the center itself moves along a straight 
line, both motions being uniform, is equivalent to the curve 
described by a point on the rim or spoke of a wheel rolling on a 
plane surface. 

Fig. 1 shows three cycloidal curves generated by a point on 
a radial line drawn from the center to and beyond the circumfer- 
ence of a circle. The line has uniform angular velocity about 
the center of the circle, while this center itself has uniform trans- 
lational velocity parallel to the straight line in contact with the 
periphery in its successive positions. 

Quite independent of but contemporary with the author’s 
speculation, a similar analysis was made by Dr. Robert C. Miller, 
then engaged in research at the University of California and now 
Professor of Zoology at the University of Washington. His 
findings were published in The Condor, vol. 25, pp. 5-15, Janu- 
ary, 1923, and were reprinted in the Smithsonian Report for 
1923, pp. 395-403, from which its author has permitted the 
following quotation: 

‘During the beat of the wings there is a certain forward and 
backward as well as up and down motion, so that the wing 
tip describes an ellipse with reference to the body of the bird, or, 
owing to the forward movement of the bird, a series of loops 
(Fig. 1), which become more and more nearly closed with in- 
creasing acceleration of flight.” 

Fig. 2 taken from the above report with Dr. Miller’s permission 
illustrates successive positions of the wing tip relative to the 
bird’s body during different periods of the cycle. 

As stated by Dr. Miller, the curve of the wing-tip motion 
is looped only when the bird is laboring to gain altitude or veloc- 
ity. It is apparent that as its translational velocity increases, 
the loops become smaller and tend to disappear entirely when 
the effort of the bird is a minimum, that is, when the bird is 
maintaining its translational velocity at a slight sacrifice of 
altitude. Referring to Fig. 1, the above phases of bird flight 
lie within the range of curves B and A. When, however, the 
bird begins to utilize the energy of the wind for its sustentation 
and propulsion, the amplitude of the wing motion relative to the 
bird’s body decreases as exemplified by curve C, finally becoming 
zero in soaring flight. The range of soaring flight, therefore, 


1 Professor of Aeronautical Engineering, University of Washington. 
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lies between curve A and line 0-0, curve C showing an inter- 
mediate possibility. Using propulsion terminology, the cycloids 
traced by the bird’s wing tips assume the general character of 
curve C for negative slips, change to curve A for zero slip, and 
assume the shape of curve B with its loops at the bottom of the 
stroke for positive slips. 

It is evident that the curves traced by the wing tips of birds 
are not symmetrical cycloids such as shown by Fig. 1, but must 
be somewhat distorted, because the sustentation of a constant 
mass and, likewise, the overcoming of a constant resistance for 
uniform flight, when accomplished by periodic impulses, requires 
temporary storage of energy in the bird’s body. The down- 
stroke must differ from the upstroke, one making up for the 
deficiency of the other in supplying the required average sus- 
tentation and propulsion. 

Having arrived at the conclusion that the paths traced in the 
air by bird wings might well be represented by cycloidal curves, 
it was but a small step farther to try to simulate bird-wing action 
by compounding motion of rotation with motion of translation 
and placing a plane surface, representing a bird wing, upon the 
path in such a way as to derive effects from its reaction upon 
the air, similar to the ones obtained by the bird for its sustenta- 
tion and propulsion. 


ANALYSIS 


Fig. 3 represents a diagram of composite velocities of a point 
rotating about a center with uniform velocity Vp, the center 
itself moving on a straight linear path with constant velocity 
Vr. Six positions of the point on its orbital path are shown, 
numbered consecutively from 0 to 5. In any given position 
the composite or resultant velocity Vz of the point is the vector 
sum of the peripheral velocity Vp and the translational velocity 
Vr, the former being represented by a vector tangent to the 
orbit at the position of the point, and the latter being repre- 
sented by a vector equal and parallel to Vr of the center of the 
orbit. 

The resultant velocity Vz, shown by a full line, represents a 
condition of motion for which Vp = V7, and it will be noted that 
Ve varies from a magnitude of Vp — Vr = 0 in position 0 to 
Vp + Vr = 2 Vrin position 3. The path traced in space by the 
movement of the point as specified above is shown by the full- 
line curve A of Fig. 4 and represents a cycloid of maximum am- 
plitude 2r and period 2zr. 

The resultant velocity Vz shown by a dash line is obtained by 
assuming V>p greater than V7, the difference between the magni- 
tudes of the two velocities being 25 per cent of Vp. For this 
case also Vz is equal to the difference Vp — Vr in position 0 and 
increases to Vp + Vr in position 3. The residual velocity at 
point 0 is in the direction of movement of the point along the 
orbit, and the path traced by this movement is shown by the 
dash-line curve B of Fig. 4, representing a cycloid of maximum 
amplitude 2r and period 2xr(1 — 0.25). 

The resultant velocity Vz shown by a dot-dash line is obtained 
by assuming Vp smaller than V7, the difference in magnitude of 
the two velocities being 25 per cent of Vr. The resultant veloci- 
ties vary again from the difference to the sum in positions 0 
and 3, respectively; however, Vz in position 0 is in the direction 
opposite to the motion of the point on its orbit. The path 
traced by the point moving as specified above is shown by 
the dot-dash curve C of Fig. 4, representing a cycloid of maximum 
amplitude 2r and period 2xr + (1 — 0.25). 
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Fig. 4 is similar to Fig. 1, showing three cycloids of the same 
general shape but differing inasmuch as the three curves have 
the same cyclic period and different maxima amplitudes in Fig. 1, 
whereas they have different cyclic periods and the same maxima 
amplitudes in Fig. 4. The curves of Fig. 1 were traced by 
points in three different positions on a radial line from the center 
of the orbit, the orbit maintaining a fixed contact with the 
reference plane over the surface of which it is assumed to roll, 
whereas the curves of Fig. 4 may be thought to be generated by 
one and the same point located on the orbit, the latter being in 
fixed contact with the reference plane for curve A only, and 
making a slipping contact for curves B and C. Curve B repre- 
sents slipping in the direction of movement of the point on the 
orbit (simulating the slipping of a power-driven wheel of a wagon 
on too steep an incline), and curve C represents slipping in the 
opposite direction (simulating the slipping of a wagon wheel 
under the action of a brake when the grade is excessive). Hence, 
if a difference exists between Vp and V7, this difference will here- 
after be designated as “‘slip;” as “positive slip” if Ve > Vr 


err 


A condition of symmetry of foii alignment exists with reference 
to a line joining positions 0 and 3, that is, foils symmetrically 
placed on the orbit with respect to this line, form with their 
chords an angle of which line 0-3 is the bisector. Hence, 
the line joining the two positions in which the chord of the foil 
is normal and tangent to the orbit will hereafter be called the 
“axis of symmetry.” 

The composite motion of a point in positions 0 to 3 is a move- 
ment toward position 3 on the left side of the axis of symmetry 
where Vz is increasing, but becomes a movement radiating from 
position 3 on the right side of the axis of symmetry where Vz is 
again decreasing. 

It will be noted that when Vp is greater or smaller than V7, 
the resultant velocity vector does not coincide directionally 
with the chord of the foil so that the foil strikes the medium 
with an “angle of attack,” designated as 8 on the diagram. As 
a consequence lift and drag forces react upon the foil, the former 
tending to displace it at right angles to Vz and the latter in the 
opposite direction to Vr. 

In tracing the leading edge 


~. 


of the foil while moving from 
position 3 once around the orbit 
and back again to its starting 
point, it will be noted that it 
has become the trailing edge of 
the foil. This at once estab- 
lishes the requirement that the 
foil must be symmetrical or con- 
versely symmetrical with re- 
spect to its chord if the foil re- 
action is to be the same for each 
cycle. The term “‘foil’’ seems, 
therefore, ill applied to a surface 
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and as “negative slip” if Vp < Vr. For zerosiip Vp = Vr. Posi- 
tive slip is usually expressed in percentage of Vp, and negative 
slip in percentage of Vr. 

Fig. 3 discloses the interesting fact that for zero slip the vectors 
representing Ve, if projected within the orbit, pass through a 
common point which is identical with position 3. Furthermore, 
these vectors rotate about the point whose motion they represent 
with an angular velocity equal to one-half the angular velocity 
of the point about the orbit center. Consequently, if the point 
in motion represents the axis of rotation of a thin airfoil and if 
this airfoil were made to retate about this axis with one-half 
the speed at which the axis rotates about the orbit center, the 
chord of the foil would be trained upon one fixed point on the 
orbit during its entire rotation about the orbit center. If trained 
upon position 3, the chord of the foil would coincide with Vz 
at zero slip; that is, the movement of the foil in the air would 
not create any force reactions transverse to the chord of the foil. 
Assuming a non-viscous fluid and an infinitesimal thickness of 
foil, a cycloidal movement of the foil, provided Vp = Vr, would 
create no interference with nor disturbance of the fluid medium 
in which it moves. With similar assumptions this corresponds 
to the zero slip action of a screw propeller. The translational 
velocity of the screw and its relation to the orbital velocity of a 
point on the blade are, however, a function of the screw pitch. 

The following geometric relations in the diagram of Fig. 3 
will also be readily recognized: 

Since the chord of the foil is always trained upon position 3, it 
must for all positions be normal to a line from its axis to position 0. 


specially shaped for cycloidal 
motion, since it is usually as- 
sociated with cambered aeronau- 
tical structures (airplane wings 
and screw-propeller blades), and 
the term “blade’’ will hereafter be used in its stead. 

By applying the cosine law to Fig. 3, the magnitude of Vz in 
any position is given by the equation 


Ve = (Ve? + Vr? + 2 VeVr cos 0)'/?......... {1] 
PosItTIvE 


Fig. 5 shows diagrammatically th> force reactions upon a 
blade as it passes through one cycle of motion representative of 
25 per cent positive slip. Instead of only six positions as indi- 
cated by Fig. 3, twenty-four equally spaced positions on the 
orbit are illustrated so as to show more clearly the cyclic variations 
in magnitude of Vz and of the force reactions. Position 4 of 
Fig. 3 corresponds to position 16 of Fig. 5, position 5 of Fig. 3 
to position 20 of Fig. 5, etc. The dash-line vectors Vz of Fig. 3 
are reproduced in Fig. 5, and the blade is represented as a thin 
flat plate. The force reactions upon the blade are indicated by 
heavy full-line vectors, the magnitudes of which were computed 
from aerodynamical measurements of force reactions normal to 
flat plates of aspect ratio 6. These forces are a function of V,? 
and of the angle between the plate surface and Vz. This angle, 
designated as 8 in Figs. 3 and 5, increases from zero in position 
12 to 90 deg. in position 0, and is a function of the slip for all 
positions with the exception of 12 and 0. 

It is important to note that the rate of change of 8 from position 
12 to position 0 is very small, but increases very rapidly in close 
proximity of position 0 on both sides of the axis of symmetry. 


In fact this angle does not reach magnitudes at which “burbling” 
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begins until after it passes through position 21 for slips as high 
as 50 per cent. However, for the burbling positions Vz is very 
small, so that the energy expended in the vortex ('/, MV?) is 
equally small. 

Fig. 5 shows that the force reactions upon the blades, if pro- 
jected into the orbit, pass through position 0. The forces to 
the right of the axis of symmetry act in a direction away from 
position 0 while the forces on the left all act toward position 
zero. Hence, all forces generated for positive slip conditions 
constitute, for each and every blade position on the orbit, a 
couple or a turning moment about the center of the orbit in 
opposite direction to the assumed direction of rotation indicated 
by an arrow directly above the diagram. This turning moment 


The Beginning of the Stroke 


Wings Advanced on Downstroke and Retired on Upstroke 
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directional for all positions and are plotted in Fig. 6. The area 
under the resulting curve was integrated and divided by its 
base, thus yielding the average F,, for the cycle. Hence, the 
consequence of increasing Vp over V7 is a thrust upon the blade 
which tends to accelerate the blade in the direction of Vr or 
to increase Vr. The average thrust upon the blade multiplied 
by Vr represents the energy transferred by the blade to the 
medium, air, and would be equal to the torque times Vp im- 
parted to the blade from an energy source if the efficiency were 
100 per cent and the orbit radius unity. 

Figs. 5.and 6 show that the force reactions upon the blade 
vary from a minimum to a maximum twice for each cyele. It is 
quite significant that these reactions act normally to the blade 
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The Completion of the Stroke 


Five Different Phases of the Stroke 


2 Srupies or THE FLIGHT or GULLS 


tends to retard the movement of the foil on the orbit and con- 
stitutes the torque required to operate the blade at +25 per cent 
slip. In other words, if a blade motion is to be created such that 
Vp > Vr, energy must be imparted to it, and this energy is used 
to accelerate the fluid medium in which the blade moves. 

The force vectors of Fig. 5 have also been indicated as the 
vector sum of two components, one parallel to V7 and the other 
at right angles to it. The former is identified by the symbol F, 
and the latter by F». It will be noted that all fF, components 
for positions symmetrically disposed with respect to the axis 
of symmetry are equal in magnitude but opposite in direction, 
so that the average force generated normal to Vr during a com- 
plete cycle is zero. The F, components, however, are uni- 


surface in the same direction for the complete cycle, but are re- 
versed with reference to the same blade surface for each alter- 
nate cycle. Thus the bending moments on the blade consist of 
two periodic impulses in one direction followed by two periodic 
impulses in the opposite direction, a condition which makes it 
impossible that the blade can long sustain a natural vibration, 
no matter what its speed of rotation might be. Furthermore, 
the maxima peaks of the curve of Fig. 6 are not located exactly 
on position 6 and 18 but are displaced somewhat toward positions 
5and 19; and, measuring the total force on reaction on the blades, 
it will be found that the maxima occur in the neighborhood of 
positions 7 and 17. Hence, even the two successive impulses 
per cycle are not exactly periodically rhythmic. It is evident, 
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therefore, that cycloidal motion of a blade cannot, at any speed, 
induce or sustain vibrations at the natural frequency of vibration 
of the blade. 


NEGATIVE 
The diagram of Fig. 7 shows the force reactions upon the 
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blades for 25 per cent negative slip, that is, Vp = 0.75 Vr or 
Vp < Vr. The angles @ in this diagram appear on the opposite 
side of the blade chord as compared to their location for positive 
slip. Consequently the torque upon the blade and also the 
thrust upon the medium are reversed, constituting, respectively, 
an accelerating moment upon the blade and a decelerating force 
upon the medium. This condition is descriptive of turbine or 
windmill action. 

The components of the resultant forces upon the blades 
parallel to Vr are again plotted in Fig. 8 for 24 equally spaced 
positions on the orbit, and yield a curve which has two peaks 
near positions 6 and 18. The resultant torque acts in the direc- 
tion of rotation indicated by an arrow directly above Fig. 7, and 
tends to accelerate the blade in 
the same direction along the orbit 
inall positions on the orbit with the 
exception of position 12. 

Applying the above movement 
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but Fig. 8 and a measurement of the total resultant forces 
show that the contribution of torque by the blade is approxi- 
mately the same when its horizontal displacement is opposed 
to the wind stream as when the horizontal displacement follows 
the wind. This paradox may be explained by the fact that the 
angles of attack @ lie in the range of maximum lift-drag ratio in 
the neighborhood of positions 8, 
9, 15, and 16, and thus cause 
higher efficiencies than for posi- 
tions near 0 where burbling must 
occur. 

A similar argument holds for 
positive slip. The slipstream 
created by the blade has a width 
equal to the diameter of the orbit 
and the average velocities are 
approximately equal and uni- 
directional on both sides of the 
orbit center. For both turbine 
and propeller action the retard- 
ing or accelerating forces upon 
the medium vary from minima 
in positions 0 and 12 (the bound- 
ariesof theslipstream) to maxima 
in positions 6 and 18 (the center 
of the slipstream). This dif- 
ferentiates cycloidal motion of a 
blade from screw motion of a 
blade, inasmuch as the screw 
blade may be designed for an 
arbitrary distribution of its re- 
tarding or accelerating effect 
upon the slipstream. 


EFFICIENCY 
From Fig. 5, referring to blade 


position 16, the energy trans- 
ferred to the air stream, is, 
. 6 
F.iVr = FVrsin 3 
and the torque required to move the blade on its orbit is 
Fr sin = 
r sins 
Hence, the energy required is 


r sin 6/2 
FVp = 


to a windmill, the center of the 
orbit must, of course, be stationary 
with respect to the earth, but with 
respect to the medium, air, it has 


2nrr(/-0.25) = 


the relative velocity Vr. It may 
seem strange that a blade moving 


apparently against the wind from 
positions 6 to 18 along the upper 
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1-0.25 


half of the orbit should produce 
a torque in the direction indicated, 
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V 
slip (positive)............. [4] 
Vp 
Applying the same reasoning to position 16 of Fig. 7 for negative 
slip, the efficiency is the ratio of Equation [3] to [2], or, 
V. 
«= 7 = 1 — slip (megative)............. [5] 
T 
Equations [4] and [5] demonstrate that the efficiency of a 
blade in cycloidal motion for both positive and negative slips 
is equal to unity reduced by the slip. 
In the above analysis it has been assumed that F is exactly 
normal to the chord of the blade 
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The resultant forces F are strikingly different from those 
shown in Fig. 5. The Vez vectors are the same in direction and 
magnitude for any given positions as those shown in Fig. 5 for the 
same positions. It is seen in Fig. 5 that the chord of the blade 
in position 12 coincides with its velocity vector, resulting in 
zero lift,-whereas Fig. 9 shows that an angle is now formed be- 
tween the chord of the blade in position 12 and its velocity vector, 
that is, the velocity of this blade which is greater than that of 
all the others, is now utilized to produce a very large lift. Simi- 
larly, all blades from position 6 to 18 in the upper half of the 
orbit strike the medium with an angle of attack which is a + 2 
degrees greater than 8 shown in Fig. 5. The result on the pro- 


and that the blade is a thin flat = 
plate. However, if this force is 
inclined so that the angle which ey 


it makes with the leading half of 
the blade is greater than the angle 
it makes with the trailing half, 
F,, would decrease and at the same 
time the moment arm of F about 
the orbit center would increase, 
thus considerably decreasing the 
efficiency. But the converse is 
also true, namely, if a blade could 
be developed, yielding greater 
lift-drag ratios than the flat plate 
used in this analysis, a very de- 
cided increase in blade efficiency 
would be the consequence. 

The mathematical relationships 
expressed by Equations [4] and 
[5] have been verified by many 
tests. The fact that efficiencies 
considerably higher than the 
quantity (1—slip) have been ob- 


tained is sufficient proof that much 
can be done toward still greater 
gains in efficiency by experimental 


search for blade shapes which are 
specially adapted to cycloidal 
motion. 

Instead of assuming one blade in 
rotation about an orbit center, a 
plurality of blades spaced at equal 
distances from each other, all / 
trained by a common gear system 
upon the same point on the axis of 
symmetry, can function together 
and will thus form a multi-bladed 
propeller or turbine whose total torque or thrust would be equal 
to the average torque or thrust of one blade multiplied by the 
number of blades in use. Experiments have been performed 
with propellers having 2, 4, 8, 16, and 32 blades, and the effect 
of increasing the number of the blades upon thrust, torque, and 
efficiency has been ascertained. 


SHIFTING THE AXIS OF SYMMETRY 


The analysis so far has been based on the assumption that the 
axis of symmetry of the blades is at right angles to the direction 
of the movement of the medium (direction of Vr). If this axis 
of symmetry is displaced from the position shown in Figs. 3 and 5, 
a new condition arises which is shown by the diagram of Fig. 9. 
The angle of displacement of the axis of symmetry, designated as 
a, is arbitrarily made 15 deg. The slip is assumed the same 
as for Fig. 5, namely, +25 per cent. 
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peller as a whole is not only a thrust F), in the direction of its 
movement through the medium, but also a force of great magni- 
tude at right angles to the latter, designated as Fy in Fig. 9. 
Both vectors indicated at the orbit center represent the average 
force reaction of one blade per cycle. 

Now it is apparent that if mechanically the position of the 
axis of symmetry of the blades is controllable, the forces resulting 
from the rotation of the propeller in the medium may at will 
be changed from a force acting purely in the direction of move- 
ment of the propeller in the medium to a force acting purely 
at right angles to the movement or to a force in any direction 
in the plane of the orbit. 

Changing the angle a@ results in a simultaneous turning of all 
blades about their centers since all blades are held in alignment. 
by a common gear train; but if a is changed from zero to 90 deg., 
the blades turn only (a + 2) deg. that is, 45 deg. The pro- 
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peller thrust, however, turns through 90 deg., or, the thrust 
Consequently, if the thrust of the propeller 
or turbine is to be reversed, it is necessary to turn the axis of 


symmetry through 180 deg., 
whereas all blades turn through 
only 90 deg. 

Fig. 9 also shows that the 
force vectors of all blades, if 
extended, will intersect in one 
commen point on the axis of 
symmetry and the orbit. 

The analyses based on Figs. 
3, 5, and 7 demonstrate that 
if a cycloidal propeller belocated 
in a fluid medium, the transla- 
tional velocity of which is the 
same as the rotational velocity 
of the blades, the unbalancing 
of these velocities in the di- 
rection of increasing the rota- 
tional velocity of the blades 
implies the supply of energy to 
the propeller to counteract the 
resulting turning moment of 
retardation; whereas, any at- 
tempt to reduce the speed of 
the propeller so as to decrease 
the rotational velocity of the 
blades would, of course, imply 
the withdrawal of energy 
through the propeller from the 
moving medium, and an auto- 
matie recovery of the velocity 
balance will result as soon as 
withdrawal of energy from the 
medium ceases. The tendency 
of the resulting forces to con- 
stitute turning moments in a 
direction depending upon with- 
drawal or supply of energy from 
or to the moving propeller im- 
plies an ideal adaptation of this 
device to motor or generator 
action, the former reflecting 
windmill operation and the 
latter propeller operation. The 
windmill absorbs the kinetic 
energy of the fluid medium, con- 
verting the translational mo- 
tion of the medium into motion 
of rotation, and propelleraction 
will change the motion of ro- 
tation into motion of transla- 
tion of the fluid medium. 

An essential difference in op- 
eration between a_ cycloidal 
propeller and a screw propeller 
may here be pointed out. The 
relative velocity between the 
blade and the medium for cy- 
cloidal motion is the same at 
any instant for all points along 
the whole span of the blade, 
whereas the relative velocity 
varies from V7 at the center of 
the screw to the vector sum of 


Vr and the rotational velocity of the tip of the blade at the tip. 
The latter is a function of the propeller pitch. At constant 
slip, however, the velocity of any fixed point on a screw-propeller 
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blade with respect to the medium is constant, while for cycloidal 
movement the relative velocity of all points along the span of 
the blade changes from the difference to the sum of Vr and Vp 
during every revolution. 


INFLUENCE OF BLADE DIMENSIONS AND BiapDE ProritE Upon 
PERFORMANCE 


The blade in previous vector analyses of velocities has been 


considered as a body of only one dimension; that is, the blade 
was assumed to be concentrated in its axis and the velocity vector 
represented the movement of this axis only. If the movement 
of a blade of given width is more closely analyzed, as is done in 
Fig. 10, it will be found that only one point along the chord 
of the blade will move in a circular orbit. This point consti- 
tutes the axis of rotation of the blade and will be designated Pc. 
All other points along the chord possess, in addition to the 
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peripheral velocity Vp and the translational velocity V7, the 
velocity of rotation about the blade axis Pc, herein named “‘satel- 
lite velocity” Vs. 

In the diagram of Fig. 10 the number of blades has been chosen 
as six and their width equal to the radius of the orbit. The veloc- 
ity vectorsare most clearly depicted in position 5, and for thisreason 
that particular position will be selected for the following analysis. 
The chord of the blade is represented by the heavy dash line 
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The translational velocity of all five points is equal and is 
represented by vectors Vr. These vectors are equal because 
they represent the relative velocity between the propeller and 
the medium not affected by the slipstream, or the space dis- 
placement of the propeller as a whole in unit time with respect 
to the air which is considered at rest. That is, if the orbit 
center C travels 100 m.p.h., every part of every blade is also 
displaced 100 m.p.h. 
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through Pc, which, if projected into the orbit, would pass through 
position 3. Excepting Pc, four other points are located on this 
chord: points P;’ and P,”, midway between point Pc and the 
leading and trailing edges of the blade, which are represented 
by points P2’ and P,", respectively. The slip relation chosen 
is +25 per cent, that is, Vp of the blade axis Pc is 25 per cent of 
Vp greater than Vr. The angle of attack 8 at point Pc isthe 
same as 8 shown in position 5, Fig. 3, or position 20 of Fig. 5. 
For purposes of greater clearness and more definite analysis, 
Vr will be assigned the magnitude of 100 m.p.h. The value of 
Vp for +25 per cent slip must then be 133!/; m.p.h. The width 
of blade is made arbitrarily equal to r. 


The peripheral velocities of the five points on the chord are not 
equal, but are proportional to the distance of each point from 
the orbit center C at any instant. Hence, the peripheral veloc- 
ities for the five points in question are: 


For point Pc, Ve = Vp = 1331/; m.p.h. 
CP,’ 

For point P;’, Vi’ = Ve — = 168 m.p.h. 

For point P,”, Vi" = Ve = = 106 m.p.h. 
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CP,’ 

For point P2’, V2’ = Ve <ai> = 195 m.p.h. 

For point P2”, V2" = Ve = = 84m.p.h. 


The direction of the peripheral velocity of any point is nor- 
mal to the line from the point to the orbit center C. 

But superimposed upon the velocities of all blade points about 
point C must be the rotational velocity Vs of these points about 
the blade axis. As previously stated, the angular velocity of 
the blade about its axis is one-half 
the angular velocity of the blade on 
its orbit. Hence, if the radius of the 
satellite orbit of a point on the blade 
were equal to the planetary orbit 
radius 7, the satellite velocity of the 
point would be one-half of Ve. 
Multiplying Vp/2 by the ratio of the 
actual satellite orbit radius to r yields 
Vs for any point on the blade; or, for 
the five points in question: 


For point Pc, Vs = 0. 
For points P,’ and P,”, 


V 4 
2 r 
For points P2’ and P,”, 
V 2 V. 
Vs = r/2 331/; m.p.h. 
2 r 4 


The direction of Vs is normal to 
the blade chord represented by the 
heavy dash line through Pe and 
counterclockwise with respect to the 
axis Pc. The resultant velocity vec- 
tors Vz, shown by dot-dash lines are 
the vector sums of V7, of the per- 
ipheral velocity and of Vs and have 
the following magnitudes: 


For point Pc, Ver = 120 m.p.h. 
For point P;’, Vez = 128 m.p.h. 
For point P,”, Ve 118 m.p.h. 
For point P2’, Ve = 132 m.p.h. 
For point P2”, Veg = 117 m.p.h. 


The Veg vectors are not unidi- 
rectional but form angles of various 
magnitudes with the chord P2’PcP»2”, 
changing from an angle considerably 
greater than 6 at point P,’ to an angle of almost zero degrees 
at point P,” and to a negative angle at point P.”. Hence, 
the trailing quarter of the blade contributes a force reaction which 
is negative with respect to the forces shown for this position in 
Fig. 5. A positive force on the leading half and a negative force 
on the trailing half would produce vortexes in the medium, 
involving an energy loss. Evidently, then, a blade of the 
proportions shown in Fig. 5 could not be very efficient. 

An apparent remedy which suggests itself is a change of the 
straight-line chord P,’PcP,” to a curved form such that the 
curved surface of the blade forms a constant angle 8 with the 
Ve vectors. Such curved blades are shown by the shaded areas 
of Fig. 10. The distance of the median chord of the curved 
surface (shown by dash line) near its center from the axis Pc of 
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the original straight chord will hereafter be designated as the 
eccentricity of the curved blade. 

It must be remembered that Fig. 10 is a diagrammatic repre- 
sentation of 25 per cent slip performance. For any other slip 
the required eccentricity for minimum turbulence is different, 
increasing for larger and decreasing for smaller slips. 

Although a curved surface with the proper eccentricity does 
seem to eliminate vortex formation by the blade for position 5, 
a similar analysis for position 1, on the opposite side of the axis 
of symmetry, shows at once that the curvature must be reversed 
to realize the same object. Hence, the surface would have to be 


a flexible one. Furthermore, the eccentricity changes for every 
position on the orbit, from a minimum in position 3 to a maximum 
near position 0. 

The use of a sail now appears partly to answer the above re- 
quirement, but by reference to Fig. 5 it will be noted that the 
forces on the left side of the axis of symmetry act so as to bulge 
the sail in the opposite direction, or the forces would tend to 
displace the sail into the position shown by the dash-line curve 
P,'EP," in position 1. 

Consequently, the use of a median chord curved eccentrically 
with respect to the axis of rotation of the blade will be helpful 
on one side of the axis of symmetry, but will greatly aggravate 
turbulence on the other side so that, as a result, the efficiency 
will be less than for the straight-chorded blade. Similarly, the 
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use of a flexible sail will eliminate all useful work performed 
on one side of the axis of symmetry while considerable energy 
must be expended to overcome the friction in the air of the 
flapping sails. 

The straight-line median chord as shown by the above analysis 
is therefore the only correct one to use for blades in cycloidal 
motion. The turbulence which is apparent from the diagram 
of Fig. 10 can be minimized by decreasing the blade width so 
that the velocity vectors Vz lie wholly on one side of the blade. 
In position 5 the angle between the straight chord and Vez does 
not become negative until its apex moves beyond point P,” 
toward the trailing edge P,”. Hence, if the blade width is limited 
between points P;’ and P;”, no vortexes would be formed by the 
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blade. The required eccentricity for uniform angle of attack would 
also be much smaller (approximately one-quarter of the eccen- 
tricity of blade P2’P2”)._ By providing a blade of a width which 
bears the proper relation to the diameter of the orbit of rotation 
of the blade, the eccentricity factor of the blade, arising by 
reason of the difference in the simultaneous effect of three veloc- 
ities upon different points of the blade, is negligible. This 
provides for the angle of incidence to be nearly constant in magni- 
tude and to be located wholly on one side of the blade against 
which the airstream is caused to impinge. This in turn over- 
comes the difficulty of vortex formation accompanying the 
operation of the blades, and provides for a well-defined, uniform 
stream to pass through the propeller. Hence the relation of the 
blade width to the orbit diameter is a very important one from the 
standpoint of efficiency for cycloidal propellers. 


Enercy Losses BLADE-ControL MECHANISM 


So far it has been assumed that the force reactions upon 
the blade pass through the blade axes. This would be true if the 
blade widths were infinitely small as assumed in Figs. 5 and 7. 


But it is well known that the center of the resultant force reactions 
upon an airfoil lies nearer to the leading edge than the trailing 
edge. For the blades shown in Fig. 11, the equivalent centers 
at which the distributed forces along the blade surface may be 
represented by one force vector are taken from data on flat 
plates for the given angles of attack and an aspect ratio of 6. 
The forces are of the same magnitude as shown for the same 
positions in Fig. 5, but are now acting at some distance from the 
center of rotation of the blades. Thus a turning moment would 
be produced tending to rotate the blades in the directions indi- 
cated by the arrows. 

It will be noted that the turning moments are in opposite 
direction on opposite sides of the axis of symmetry. Conse- 
quently, if the blades are tied together by a common gear train, 
the off-center torque of the blades would not impart any dy- 
namic forces upon the train, but would result only in local static 
gear-tooth pressures. The work done by the control gears is 
therefore limited to the frictional losses in the bearings of the 
blade axles, and is independent of the aerodynamic energy 
transfer from the propeller to the airstream. This will explain 
why the internal losses of a properly built cycloidal propeller 
are negligibly small. 

The argument may arise that due to the greater distance of 
the force of reaction F (see position 4) from the orbit center C, 
the torque about center C is increased while F; is the same as 
before (see position 16, Fig. 5), resulting in a decrease in efficiency. 
However, for position 2, Fig. 11, the moment arm about C is 
decreased the same amount as it was increased for position 4. 
Hence, the shift of the center of pressure will not have any appre- 
ciable effect upon the efficiency of the propeller. 


Pitrcu or CycLompaAL PROPELLERS 


For screw propellers the pitch is defined as the ratio of the 
advance of the screw per revolution to the diameter of the screw 
at zero slip operation. Thus the screw has unit pitch if its 
translational dpfacement (parallel to its axis) per revolution 
is equal to the screw diameter, that is, a unit-pitch screw of 10 ft. 
diameter must advance 10 ft. for every revolution at zero slip. 

Applying the same definition to the cycloidal propeller, its 
pitch is equal to z since its advance per revolution at zero slip is 
equal to rd, d being the orbit diameter. It has also been shown 
that at zero slip Vr = Vp. In this respect the cycloidal propeller 
differs from the screw since the peripheral velocity of a screw-blade 
element is not always equal to its translational velocity under 
zero-slip operation; and furthermore, the peripheral velocity of 
an element of the screw blade is a function of its distance from 
the screw axis. Another essential difference between the cy- 
eloidal propeller and the screw is the fact that the former has a 
fixed pitch, while the pitch of the latter may be changed over a 
wide range. Hence, the revolutions per minute of a cycloidal 
propeller of a given diameter are a function only of its trans- 
lational velocity at a given slip, whereas the revolutions per 
minute of a screw of a given diameter and a given slip are func- 
tions of both the translational velocity and its pitch. Certain 
advantages accrue to this flexibility of the screw, namely, it may 
be directly coupled to an engine of a given optimum r.p.m., and 
its pitch designed for nominal slip at any given velocity of ad- 
vance. There are certain limitations, however, for, if the pitch 
increases much above 1.0, the swirl of the slipstream entails 
too serious a loss of energy, and if the pitch decreases below 0.5, 
the frictional losses of the blade become excessive. 

The drag losses of a propeller blade of a given area are usually 
expressed in terms of an “equivalent area’ moving through 
the medium at a velocity equal to the advance velocity Vr of the 
propeller. Thus for a screw propeller of a given pitch P, the 
advance velocity in terms of its slip and r.p.m. is 
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V =2rPn 
where V = velocity in feet per minute 
r radius of propeller in feet 
n = revolutions per minute. 


The actual relative velocity of an element of the blade at a 
distance r from the screw axis is: 


Ver = + (2Pr)?]'/2 
- But since the drag losses of the blade are proportional to Vz?, 


or to the average Vz? of all the elements of the blade, 


Average Vp? = n? [(2mr)? + (2Pr)?] dr 
0 


4 

3 (x? + P2),...... [6] 

Hence, the equivalent blade area at zero slip for the same drag 
losses at velocity Vz is the ratio of average Vp? to Vr?, or, 


4n%r? 4+ P2) + P? 
3X 4rP2n? 3P2 


. [7] 


Equivalent blade area = 
For different pitch ratios within the practical range the equiva- 
lent blade areas are listed in Table 1. 


TABLE 1 

Pitch ratio of Equivalent 

screw blade plane area 
0.5 13.5 
0.6 9.5 
0.7 A! 
0.8 5.5 
0.9 4.4 
1.0 3.6 
1.1 3.1 
2.6 
1.5 2.3 
1.4 2.0 
1.5 1.8 


For cycloidal propellers the square of the average velocity 
of the blade is (see Equation [1]): 


1 
Average Vp? = (Vr? + Vr? + 2VrV>p cos 6) do 


and for zero slip 


or, the equivalent area of a blade moving at velocity V for a 
given drag is equal to twice the area of a blade in cycloidal motion 
at zero slip. The drag of a screw-propeller blade is equal to 
that of a cycloidal-propeller blade, both propellers having the 
same advance velocity and both operating at zero slip, if the 
pitch of the screw is 1.4. 

As seen from Table 1, the equivalent drag of the screw in- 
creases rapidly as the pitch decreases so that for a screw of 0.7 
pitch ratio, the drag is more than three and a half times as great 
as for the cycloidal propeller. Larger pitch ratios are seldom 
used, because the torque of the screw increases with the pitch, 
thus increasing the swirl velocity of the slipstream. But the 
energy imparted to the swirling motion of the slipstream con- 
stitutes a loss proportional to the square of the swirl velocity. 

By reference to Fig. 5 it will be noted that the transverse 
motions of the blades of the cycloidal propeller are in opposite 
directions on opposite sides of the axis of symmetry. The me- 
dium entering the propeller on the right side of the axis of sym- 
metry receives a downward thrust by the blades moving from 
position 12 to position 0. The downwardly deflected stream 
however, encounters in its transit through the propeller the 


of dirigible balloons. 
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blades moving upward from the position 0 to 12 and thus receives 
an upward thrust. Hence, the fluid stream issues from the pro- 
peller in straight linear direction, parallel to the direction of its in- 
flow into the propeller. (It is assumed here that both blade trains 
on opposite sides of the axis of symmetry contribute equally 
to the momentum imparted to the slipstream.) Consequently, 
the eycloidal propeller does not impart any swirling action to the 
slipstream and cannot be penalized by a decrease of efficiency 
for its high pitch ratio of z. ; 

A sample set of efficiency curves taken from a test report to 
the Bureau of Aeronautics is here reproduced in Fig. 12. The 
curves represent cycloidal-propeller efficiencies for two-, four-, 
and eight-blade performance and demonstrate very strikingly 
the close adherence of the efficiency to the (1 — slip) line. 


Tue ANTI-ROLLING CHARACTERISTICS OF A VESSEL EQuIPPED 
Cyc.oipaL 


By reference to Fig. 9, the effectiveness of a slight shift of 
the axis of symmetry in producing transverse reactions will 
be readily recognized. The same effect is produced when the 
direction of advance of the propeller is suddenly changed, that is, 
both conditions correspond to a change of the effective angle 
of attack of the blades. The resulting force reactions are greatest 
on the blades in the upper half of the orbit where the blade veloc- 
ity reaches a magnitude of more than twice that of the advance 
velocity of the ship. Fig. 13 shows in dotted lines the force 
reactions under normal 25 per cent positive slip operation. A 
full-line vector shown at the center of the orbit indicates the 
velocity of a transverse motion induced by a transverse air cur- 
rent. Due to a change in direction of the resultant velocity Vp, 
a different system of force reaction upon the blades is created, 
which is shown by the full-line vectors Fp, and which acts in 
opposition to the force which originated the lateral displacement. 

This phenomenon was first observed in connection with the 
performance of an experimental boat equipped with a cycloidal 
propeller. This boat was operated in rough water with wave 
amplitudes as high as six feet, and it was noted that the ship 
would remain on an even keel, no matter in which direction the 
waves were cut by the boat. In fact, when the propeller oper- 
ated under full power, the boat resisted all efforts to induce 
noticeable rolling by shifting weights from side to side. The 
pitching of the boat, however, is not affected by the propeller. 

This points toward the great usefulness of cycloidal propulsion 
In gusty air the rudder and fin surfaces 
of these ships are subjected to tremendous forces so that very 
substantial construction is required. This, however, involves 
weight and sacrifice of useful loading capacity. The cycloidal 
propellers might eliminate all these appendages and would, in 
addition, provide for a more stable and uniform locomotion of 
this type of craft. , 


Srresses THE CycLompAL-PROPELLER BLADE 


The stresses upon a screw-propeller blade, when in operation, 
are: 
(a) Centrifugal stress, acting along the axis of the blade, 
subjecting the blade material to tension 
(b) Thrust stress, acting transverse to the blade axis and 
parallel to the propeller axis, inducing bending mo- 
ments 
(c) Torque stress, acting in the plane of rotation of the pro- 
peller, and transverse to the blade axis. 
The stresses under (6) are normal to the stresses under (c) 
and consequently the total transverse load, inducing bending 
of the cantilever blade is the vectorial sum of (6) and (c), or 


Transverse load = ~/ thrust load? + torque load? 
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The stresses upon a cycloidal-propeller blade are all transverse 
stresses, and are the vectorial sum of the centrifugal load, the 
thrust load, and the torque load. The most important of these 
three is the centrifugal load, as will be shown in the following 
analysis: 

MV>?? WVP? 
gr 


Centrifugal force = 


where Vp = velocity of blade on its orbit in feet per second, and 


ile h 2 
Vp per pound of blade = 0.0667 yet sand 


[10] 
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Thus for a propeller with a blade speed of 100 m.p.h. the trans- 
verse load is 66.7 lb. per pound of blade. Since the screw pro- 
peller carries a transverse load of only twenty times its own 
weight, or less than one-third the load of the cycloidal-propeller 
blade, special design methods must be used for the latter. 
It has been shown above that the relative speed of the cycloidal- 
propeller blade in the air reaches a maximum of about 2%/, 
* times the speed of the ship. This low speed makes it possible 
to use a fabricated blade structure, covered by doped fabric, 
‘ instead of a solid blade as required for the screw, which 
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has a relative air speed of 5 or 6 times the velocity of the ship. 

By a great deal of effort during the early stages of the new 
propeller development, a blade was finally developed which could 
carry 640 times its own weight if supported at both ends. A 
set of 24 of these blades was operated at a speed of 150 r.p.m. of 
the propeller without visible deflection. The centrifugal load 
at that speed was about 58 lb. per pound of blade. The wheel 
was designed to operate at a maximum speed of 225 r.p.m. and 
the safety factor at that speed was to be a minimum of 5. 

A blade fabricated of steel was tested to destruction in the wind 
tunnel. The blade was 6 in. long and made of sheet steel soldered 
to a steel axle of I-beam section. When operated in a propeller 
of 21 in. orbit diameter, the blade 
began to fail at an orbital speed of 
105 m.p.h. The centrifugal force 
per pound of blade for this operat- 
ing condition was 842 lb. 

Another reason for the capacity of 
the cycloidal-propeller blade for 
carrying much larger loads than the 
screw blade is the more favorable 
distribution of this load over the 
blade surface. Fig. 14 shows the 
load-distribution, shear, and mo- 
ment curves for the screw blade and 
for the cycloidal-propeller blade of 
the same length. For the screw the 
transverse load only is considered 
and it is assumed that both types 
of blades carry the same total load. 
The ratio of the maximum bend- 
ing moment of the cantilever cy- 
cloidal-propeller blade to that of 
the screw blade is 0.645. Assuming 
the transverse load on the former 
four times as great as on the latter, 
this ratio becomes 2.58. Even for 
this extreme condition a blade beam 
can be designed with a factor of 
\ safety of 5. Using the expedient 
of supporting the cantilever ends 
\ by bearings tied together from tip 
\ to tip of adjacent blades by tension 

\ rods, the ratio of 2.58 reduces to 
0.72. This signifies that, although 
the load on the cycloidal-propeller 
blade is four times as great as on 
the screw blade, its maximum bend- 
ing moment is only 72 per cent of 
the maximum bending moment on 
the screw blade. 

The loading curve for the screw 
as shown in Fig. 14 indicates the 
cross load on the screw blade when 
operating in still air or an air stream 
of uniform velocity. This curve is 
quite different for a screw mounted near the hull of a vessel so that 
the blades approach and recede from the hull surface during a revo- 
lution. The relative velocity of the air with respect to the hull 
varies from zero at the hull surface to the full flight velocity at some 
distance from the hull. Consequently, the absolute slip of the 
screw blade is a maximum when it is nearest the hull, resulting 
in a distortion of the load curve so that the maximum load is 
greater than shown and located still nearer to the blade tip. 
This causes variable stresses upon the blades, or vibrations, which 
are transmitted to the hull structure. Each element of the cy- 
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cloidal-propeller blade, however, moves in a stratum of constant 
velocity. The maximum slip occurs nearest the base of the 
blade where the blade beam can most readily take care of it. 

The aerodynamic load on the cycloidal-propeller blade has 
been estimated to reach a maximum of 20 per cent of the centrif- 
ugal force upon the blade. The blade is stronger with regard 
to deflections in a plane passing through the leading and trailing 
edges of the blade than in a direction normal to this plane. 
However, the blade in its weakest attitude, with respect to the 
centrifugal force upon it, carries during normal operation the 
minimum air load, since in that position its effective angle of attack 
is zero. It is only during maneuvers that, temporarily, the air 
load may reach 20 per cent of the centrifugal load in that position. 

The general procedure in blade design is to compute the centrif- 
ugal loads and to ignore the aerodynamic and torque loads en- 
tirely. Thus, designing the blade for a factor of safety of six 
against centrifugal loads will insure a factor of safety of at least 
5 for all combined maximum stresses on the blades. 


NoIsELESS OPERATION OF CYCLOIDAL PROPELLERS 


A two-bladed screw propeller, operating at 1800 r.p.m., or 


2 Experiments with 21-in.-diameter model in the same tunnel 
with improved testing scales. 

3 Test of 30-in.-diameter, 200-hp. marine propeller in special 
speed boat on Lake Washington speed course. 

4 Test of 15-ft.-diameter, 400-hp. aerial propeller in factory of 
Boeing Airplane Company of Seattle, Wash. 

5 Test of 9.6-in.-diameter marine propeller in towing basin of 
Navy Yard, Washington, D. C., under direction of Admiral 
D. W. Taylor. 

6 Test of the same 9.6-in. propeller in the wind tunnel of the 
University of Washington for the Bureau of Aeronautics. 

7 Construction and operation of a standard towboat with 
cycloidal propulsion. The propeller in this installation is driven 
by a standard 100-hp. Fairbanks-Morse C. O. engine, and has 
an orbit diameter of 60 in. 


PROPOSED APPLICATION OF CYCLOIDAL PROPULSION TO 
LIGHTER-THAN-AIR CRAFT 


After a great deal of experience had been gained by the design 
and operation of cycloidal propellers in air and water, the author 
came to the conclusion that one of the chief advantages of this 


Fig. 15 APPLICATION OF CyYCLOIDAL PROPELLERS TO LIGHTER-THAN-AIR CRAFT 


30 r.p.s., imparts 60 rhythmic impulses per second upon the air- 
stream passing through it, thus producing a musical note. Each 
particle of air in a given streamline is impelled only once, which 
allows it to vibrate in unison with all other particles in the 
same streamline. However, when the air passes through a 
cycloidal propeller, each particle of air in a given streamline 
receives an impulse when it enters the blade orbit and a second 
one when it leaves the orbit. These impulses do not follow each 
other in rhythmic sequence since the path of the particle of air 
through the propeller is not commensurate in a simple ratio 
with the path of the blade on its orbit. Furthermore, no two 
adjoining streamlines in planes parallel to the disk of the rotor 
have paths of the same length through the propeller; hence, 
if the impulses of one streamline happen to be rhythmic, those 
of the neighboring ones would produce interference so as to 
render the operation of the propeller inaudible. This has been 
proved by many experiments. 


EXPERIMENTS WITH CYCLOIDAL PROPELLERS 


A series of experiments relative to cycloidal-propeller per- 
formance have been conducted by the author since the year 
1921. These experiments will be but briefly enumerated here: 

1 Preliminary experiment with propeller of 10'/;-in. orbit 
diameter in University of Washington wind tunnel. 


type of propulsion was the controllability of the thrust direction. 
Without altering the direction of rotation of the main element, 
the rotor of the propeller, thus eliminating engine reverse gears, 
the thrust could be directed forward, astern, to port or to starboard 
by shifting the axis of symmetry of the blades. Since the control 
train is practically independent of the energy transmitted to the 
propeller by the engine, the thrust shift could be effected very 
rapidly and with little effort. By placing two propellers in a 
vessel so that the axis of one is normal to that of the other, 
three-dimensional control is at once realized, suggesting the 
use of cycloidal propulsion in submarines and dirigible bal- 
loons. 

The U. S. Navy had become interested in cycloidal propulsion 
by the results of a cycloidal-propeller test in the towing basin 
at the Navy Yards in Washington, D. C. The test had been 
conducted by Admiral D, W. Taylor, retired. By request of 
the Bureau of Aeronautics plans were prepared by the author 
for the installation of a cycloidal propeller unit in the Navy 
dirigible Shenandoah. 

The propeller was to replace the stern screw propeller so that 
its capacity for steering the ship as well as its propulsive effi- 
ciency might be ascertained. A slight modification of the hull 
contours in the proximity of the propeller would have to be made 
by the attachment of some falsework as streamline filler, and 
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thus the alterations in the hull structure would not have been 
very extensive or costly. 

Naturally, plans had also been made for the ultimate replace- 
ment of all screw propellers by cycloidal ones if the test would 
indicate its advisability. The first one of these plans was sub- 
mitted to the Bureau of Aeronautics in the latter part of the year 
1923, and is reproduced herein by Figs. 15 and 16. 

The installation of cycloidal propellers in a dirigible of the 
same principal dimensions as the Shenandoah consists of three 
pairs of propellers located along the body of the ship, whose only 
function is that of propulsion, and one pair of wheels located 
at the stern which are used for both propulsion and directional 
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sharp edge at the stern, the length of which is about equal to 
the diameter of the steering wheel. 

Each pair of propellers is driven by two motors, located in 
line on opposite sides of a gear box from which extend the shafts 
to each propeller wheel. The center lines of the engines are 
parallel to the longitudinal center line of the ship and so located 
that they pass through the intersection of the center lines of the 
two drive shafts to the propellers, the latter forming an angle of 
sixty degrees with each other. With this arrangement-the weight 
of the motor and gear box can be brought down to the lowest 
possible point, thereby increasing the stability of the ship. 

Each motor is equipped with a disconnecting clutch so that it 
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control. The wheels used for propelling the ship are located so 
that the thrusts of the propellers can be utilized to the best 
advantage in any direction in a plane at right angles to their axes. 
Since the blades of the propellers project from a flat circular 
disk, the lines of the balloon must be laid out so as to form an 
unbroken surface with the disks. The cross-section of Fig. 16 
‘indicates how this is accomplished, namely, by drawing two 
tangents at an angle of sixty degrees to the horizontal center 
line of the main part of the balloon, one on each side, and ex- 
tending these tangents down until they become tangent to a 
circular arc whose radius is half the radius of the circle of the 
main balloon and whose center is located on the extended vertical 
axis of the main balloon. By laying out the lines in this manner 
a flat surface is obtained which is sufficiently wide to allow a 
wheel of the diameter required to be installed in it. The steering 
wheels are also located in a flat surface at the stern, which is 
obtained by a gradual widening of the top and bottom surfaces 
of the ship, starting about two-thirds of the length of the ship 
and continuing to the stern. Thus, instead of the body of the 
ship ending in a point this method of construction produces a 


may be disengaged for repairs while the other motor drives the 
propellers. 

As indicated in Fig. 16, the rotors of these propellers are sup- 
ported by two ball or roller bearings each, one of these being 
placed as close to the outer disk as possible, the other at the inner 
end of the spindle. These two bearings resist the entire thrust 
and sustain the weight of the propellers, hence the framing neces- 
sary to carry the forces to the framework of the airship itself 
must be amply strong and at the same time of minimum weight. 
This condition is met by a frame consisting of two cones. The 
inner cone carries the outer bearing and transmits the forces 
from this bearing to the outer cone. The outer cone carries 
the inner bearing directly and transmits the forces from both 
bearings to the frame of the ship. The outer end of this cone is 
framed directly to the outside surface of the ship, while the inner 
end is attached to different points along the ship frame, at the 
particular station at which the propeller is located, by means of 
struts and wires. To carry the reactions from the inner end of 
the cone which are parallel to the longitudinal axis of the ship, 
structural members will be provided to distribute the stresses 
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to several frames ahead and astern of each propeller. The 
general scheme of framing at the stations where the propellers 
are located is clearly indicated on the cross-section of Fig. 16. 
Both wheels of each pair of propelling units rotate in the same 
direction. 

The steering propellers at the stern of the ship are driven by 
one engine through one gear box as indicated by the longitudinal 
section of Fig. 16. The mounting of the propellers and the 
engine is substantially the same as the installation just described 
for the propelling wheels as regards bearings, flexible couplings, 
clutches, etc. For supporting the wheels the same cone con- 
struction is used as for the propelling wheels and the apex of 
the cones of each of these wheels terminates at the gear box be- 
tween the two wheels. These propellers rotate in opposite 
directions. 

The control shafts of each wheel of a pair are locked together 
so that they can be made to act asaunit. The control wheel con- 
trolling one pair of propellers can be mechanically operated from 
the pilot compartment of the ship by means of sprocket chains 
running over sprocket wheels or by electrical motors controlled 
from the pilot compartment. 

Mechanisms are provided in the pilot compartment for the 
control of all propellers together (except the propellers used for 
steering) with one control wheel so as to enable the pilot to 
change the direction of thrust of all the propellers the same 
amount at the same instant. This mechanism will also be de- 
signed to allow each pair of wheels to be controlled separately, 
which will make it possible for the pilot to change the trim of 
the ship by directing the thrust of any one of the propeller units 
either up or down or in any intermediate direction. 

The propellers at the stern of the ship, which will be used 
for propulsion and for steering, are provided with a separate 
control wheel in the pilot compartment and will not be arranged 
to be interlocked with the others since the thrusts are in a differ- 
ent direction from that of the thrusts of the other three pairs of 
wheels. The steering propellers will have no action tending to 
force the ship up or down, but may be used for directional 
control when desired. 

Comparing the design of Figs. 15 and 16 with that of the 
Shenandoah, the volumetric increase due to the change of section 
is 14.9 per cent and the increase in balloon surface is 10.8 per cent. 
A balloon of the same volumetric content but of circular section 
would have a surface increase of 6.9 per cent over that of the 
Shenandoah, hence the surface increase of a balloon of Fig. 16 
section over the surface of a balloon of circular section but of the 
same volume is 10.8 — 6.9 = 3.9 per cent. But the fin and 
rudder surfaces of the Shenandoah constitute approximately 
7.3 per cent of the total balloon surface, hence, by the elimination 
of these surfaces in accordance with the design of Figs. 15 and 
16, a surface saving of 7.3 — 3.9 = 3.4 per cent is effected. 
Furthermore, the parasitic resistance of the outboard cars, their 
supporting struts and wires, as well as that of the many fin braces 
and rudder controls is entirely eliminated. 

The outboard cars of a dirigible of present conventional design 
are undoubtedly a source of danger to the ship. The failure 
of the front-car suspension members of the Shenandoah proves 
the above contention. This car, when suddenly cut away from 
the balloon imposed upon the structure of the vessel an impact 
from below equivalent to the weight of the car and of its content; 
and as a consequence the front part of the ship was sheared from 
the remaining section which still carried its normal load. 

The outboard cars also form a menace in landing or in housing 
the ship since these cars form the lowermost and extreme side 
projections of the hull. The propellers of the lower cars must be 
clamped in a horizontal position so that. the blades will not 
be broken when the ship is brought down by a landing crew and 
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maneuvered into its hangar! The new design for cycloidal 
propulsion eliminates all these projections below the keel line 
of the ship and beyond vertical planes tangent to the hull surface. 

It is estimated that the weight of the cycloidal propulsion 
system is about equal to that of the screw propellers with their 
separate nacelles and suspension struts and wires. But whatever 
saving in weight is made by the elimination of fins and rudders is 
a net gain for useful loading which must be credited to cycloidal 
propulsion. 

Considering the forces acting on a dirigible, they are, first, 
the force of gravitation acting downward along a vertical line. 
This force is balanced by an equal and opposite force, namely, 
buoyancy. A third force, which creates locomotion of the vessel, 
is furnished by the screw-type propellers in a fixed direction at 
right angles to the first two forces. Hence, neither buoyancy nor 
gravitation can be augmented directly by this propulsion system, 
but are affected only indirectly by the locomotion of the vessel 
through rudders and elevators. 

Rudder surfaces are effective in proportion to the square of the 
speed of a vessel, and lose their effect when the ship has to slow 
down for landing, just at a time when control is needed most 
urgently. There is no “give and take’’ between the propulsion 
and control systems of screw-propelled vessels, whereas the 
energy of the propulsion machinery of a vessel equipped with 
cycloidal propellers is wholly or in part available for either pro- 
pulsion or control, or for both. This is very important, especially 
when a landing is to be made. 

When the Shenandoah attempted a landing on its trip to the 
Pacific Coast, eleven hours elapsed between her first attempt and 
the final anchoring to the mooring mast of Camp Lewis. How 
much of the costly helium gas had to be valved, or whether the 
landing was delayed in order to save this gas, is unknown to the 
author; but the fact remains that the landing of a screw-pro- 
pelled dirigible is its most difficult and costly maneuver. 

Here the cycloidal propeller will show its most striking ad- 
vantages. With the controllability of its thrust direction, large 
vertical (up or down) thrust components are at all times available 
either to bring a light ship down or to help sustain a heavily 
loaded one. The latter capacity will considerably increase the 
cruising radius of the dirigible since the propellers can help sus- 
tain a greater fuel load at the start of a journey than nor- 
mally carried by the gas alone. 

The ballasting of the vessel can thus be eliminated, and further- 
more the trim of the vessel may be automatically controlled 
by differentially controlling the front and rear pair of the pro- 
pulsion wheels through electrical contacts and a pendulum in 
the control car. 

The noiseless operation of the propellers should add greatly 
to the comfort of crew and passengers. 

The argument may arise that due to the boundary layer of air 
which adheres to the balloon surface, the cycloidal-propeller 
blades might, in part, be ineffective; but the fact is that the 
eycloidal propeller sets this boundary layer in motion and its 
efficiency seems in no wise impaired as disclosed by many tests 
which will be published in a subsequent bulletin. The effect 
of the slope of the velocity gradient near the hull surface is the 
variation of effective slip along the blade, being a maximum 
near the base and a minimum near the tip. But it is important 
to note that a given point on a cycloidal propeller blade always 
moves in the same velocity stratum. The screw-propeller blade, 
however, in its rotation about an axis parallel to the axis of the 
ship, must during every revolution, approach to and recede from 
the boundary layer, so that a given element of its blade moves 
through different velocity strata. The effective slip, especially 
near the tip of the blade, varies from a maximum when the tip 
is nearest to the hull, to a minimum when it is in the opposite 
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position. Consequently, vibrations are created which do not 
only affect the screw and its nacelle but also the surface covering 
of the hull nearest to the propeller sweep. 

It often happens that the dirigible encounters climatic con- 
ditions which expose it to severe sleet loading. The particles 
forming on the screw blades are thrown off in the plane of the pro- 
peller sweep, thus subjecting the balloon to severe bombard- 
ment. The cycloidal propeller throws these particles away from 
the hull. 

Summarizing cycloidal propulsion for lighter-than-air craft, it 
appears that its advantages over screw propulsion are: 


1 Decreased drag of the ship 

2 Increased useful loading 

3 No outboard cars, eliminating the danger of sweeping off 
propeller blades or heavy nacelles when accidentally 
striking the ground 

é Direct power control, saving of landing personnel and of 
helium gas 

5 Noiseless operation 

6 Automatic longitudinal stabilization 

7 Freedom from vibration 

8 No hull bombardment by sleet formed on propeller blades 

9 Increase of cruising radius 

10 Increased propulsive efficiency. 


PROPOSED APPLICATION OF CYCLOIDAL PROPULSION TO 
HeAVIER-THAN-AIR CRAFT 


The screw-propelled airplane derives its locomotion from an 
airstream projected by the screw propeller along the path of 
flight, in a direction opposite to the direction of motion of the 
plane. The thrust of the screw is equal to the momentum 
of the stream, and the useful work done in level flight by the 
screw is its thrust multiplied by the distance traversed by the 
plane. The sustentation of the plane is supplied by wings, rigidly 
fixed to the body of the plane and inclined with respect to the 
flight path so as to cause a downward acceleration of the air. 
In level flight this downward acceleration, multiplied by the 
mass of air accelerated, is equal to the lift reaction upon the 
wings, or equal to the weight of the plane. 

The energy delivered by the engine to the propeller is con- 
verted: 


(a) Into heat created by the friction in the air of the pro- 
peller blades and of all parts of the plane in relative 
motion with the air 

(b) Into kinetic energy of the air accelerated by the pro- 
peller 

(c) Into kinetic energy of the air accelerated by the wings. 


Ultimately the kinetic energy of (b) and (c) is converted into 
heat. Thus the airplane leaves in its wake two streams of air, 
the slipstream, moving in a direction parallel to the path of 
flight, and a down-wash, moving in a direction practically normal 
to the path of flight. The slipstream has also a rotating motion 
about its axis, or a “swirl’’ induced by the torque of the pro- 
peller, and the down-wash has a small forward component due to 
the drag of the wings, the magnitude of which depends upon the 
lift-drag ratio of the wings. The operation of the screw-pro- 
pelled airplane, therefore, is such as to create a downward motion 
of a prism of air, of a width equal to the wing span. This prism 
is at the same time traversed by a cylindrical body of air, the 
slipstream, so that the relative rate of motion between the two 
streams is equal to the vectorial sum of the two. 

Propulsion and sustentation of a vehicle in air could also be 
produced by one and the same airstream projected rearward 
and downward at such an angle that the velocity component 
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parallel to the path of flight, if multiplied by the mass of the 
stream, furnishes the required propulsion; and that the vertical 
component of the momentum of this stream furnishes the required 
sustentation. The wake thus created would be less turbulent 
and conflicting, which would argue for increased efficiency. 

The above objective may be achieved by the use of cycloidal 
propulsion. Two cycloidal propellers, one placed on each side 
of the vessel on a horizontal axis, would have to take the place 
of both the screw and the wings of the present-type -airp!ane. 
The tentative design of Figs. 17 and 18 shows a front elevation 
and longitudinal section, respectively, of a ship equipped with 
cycloidal propellers. 

The axes of the propellers are slightly inclined with respect to a 
horizontal plane, giving a dihedral effect desired for lateral sta- 
bility. The axles of the propellers are steel tubes rigidly fixed 
into the gear housing in the fuselage and carry upon two ball 
bearings the rotor element of the propeller. This element con- 
sists of two 8-armed spiders connected by a tubular hub member. 
The arms, which are made of pressed steel, carry within their 
free ends the ball bearings for the support of the blades. The 
engine torque is transmitted to the propeller through a shaft 
fixed to the outer hub and splined at the other end into the 
main drive gear. An individual radial control shaft is provided 
for each blade, and a bevel gear engaging all control shafts is 
mounted on the stationary propeller axle tube. A worm drive 
leading to the pilot’s control wheel is used to shift the setting 
of the control gear for the directional control of the propeller 
thrust. 

Referring to Fig. 18, the engine is mounted directly forward but 
slightly below the propeller axle tubes. Its torque is trans- 
mitted through a shock absorber into a gear box from which two 
lateral shafts transfer the energy to the main gear wheels of the 
propellers. The main gear wheel engages with the propeller 
shaft through a ratchet disk which allows the propeller to idle 
freely in one direction when the engine speed is less than that of 
the propellers, or when the engine stops. Both propellers rotate 
in the same direction. The radiator for the water-cooled engine 
forms the nose of the fuselage, and air circulation is provided by a 
small propeller fan attached or geared to the engine shaft. An 
air-cooled motor could also be used. 

The control of the propeller thrust is accomplished as follows: 
The worm which engages the central control gear (shown 
dotted) is actuated by a gear train at the extremities of a tubular 
shaft, mounted transverse to the fuselage parallel to, but below, 
the front edge of the pilot’s seat. A tubular member, carrying 
at one end the pilot’s control wheel, is attached to this shaft. 
When the pilot moves this wheel backward or forward, the axes 
of symmetry of both propellers shift in the same direction, giving 
the ship a stalling or diving moment, respectively; that is, by 
moving the wheel backward the thrust direction becomes more 
nearly vertical, whereas the forward movement of the wheel 
produces a more nearly horizontal thrust. When, however, 
the pilot’s control wheel is turned, the axes of symmetry of both 
propellers move in opposite directions so that the vertical and 
horizontal thrust components become unbalanced, producing 
both rolling and yawing moments. 

No tests have been performed up to the present time of the 
effects produced by differential control. It appears that if the 
axes of symmetry of both propellers are shifted in opposite 
directions, the effect will be a decrease of the vertical thrust 
component of one and the increase of the vertical component 
of the other, accompanied by an increase and decrease, respec- 
tively, of the two horizontal thrust components. This would 
allow the ship to roll toward the side of greater horizontal thrust, 
or the ship would bank in the wrong direction. However, an 
increased horizontal thrust increases the velocity of the pro- 
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peller, which might compensate for loss in vertical sustenation. 
A possible remedy might be the operation of the two propellers 
by a differential power drive, which would allow the propeller 
on the outside of the curve of the flight path to rotate at a higher 
speed, thus producing the proper banking effect. A wind-tunnel 
test will readily point the way toward the solution of this problem. 

A rudder with its foot control is also shown in Fig. 18, but its 
function of directional control may not be required. The func- 
tion of the stabilizer is to counteract the engine torque under 
positive slips and the propeller friction under negative slip. 

Since the propeller thrust may be reversed without reversing 
the direction of rotation of the propeller, a mechanism has been 
provided in a small gear box directly below the pilot’s control 
wheel, which serves to step up the worm speed for a turn of the 
axis of symmetry through 180 deg., instead of through the maxi- 
mum normal control range of about 10 deg. The pilot, upon 


The average resultant velocity Vr of a blade relative to the air 
during a complete cycle, that is, over a range of @ of from zero to 
27 is (sce Equation [1], and Fig. 3)— 


1 r 
(average) Vp =— Vr do 


1 
= (Vr? + Ve? +2Vr 
0 

Assuming zero slip operation, or when Vr = Ve, Eyuation 
[11] becomes: 


2 r 
(average) Ve = Vv (1 + cos 0)'/2 d9 
0 
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(1 +cos0)'/? = cos 5 
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the first landing contact, releases a latch on the control wheel 
and pulls the wheel backward. Thus the propeller thrust is 
immediately reversed, and is used to absorb the kinetic energy 
of the machine. This eliminates the use of a tail skid which 
performs the above function for airplanes, and a small wheel 
is provided in its stead. 

In case of engine trouble during flight, the lift required for the 
sustenation of the plane is provided by the idling propellers. 
The energy required to maintain the rotation of the propellers 
is supplied by the loss in potential energy of the vessel. Several 
tests of a free rotating cycloidal propeller in the wind stream 
of the testing tunnel have demonstrated that the propeller has a 
very high lift-drag ratio. In fact, it has been found that the 
blade speed on the orbit is greater than the air speed in the tunnel 
when the axis of symmetry is normal to the stream. This char- 
acteristic of the propeller may best be understood from the 
following analysis: . 


hence 


(average) Ve 


Assuming Vp>Vvr (for 25 per cent positive slip Vp = 11/; V7), 
Equation [11] may be written 


[13] 
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Expanding Equation [13] by Maclaurin’s Theorem and assum- 
ing that the sum of the first three terms of the series expresses 
the value of the whole series with sufficient accuracy, it changes 
to the form: 


T 0 4 


(a+b)~/” fab B 
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The equivalent average horizontal velocity of a blade during a 
complete cycle, or the horizontal component of the average Vz 
is (see Fig. 3) 


(average) Vi = (Vpcosé + Vr) dé...... [20] 


1 
=- | Ve sind + = Vr..... [21] 
7T LO 


Equation [21] shows that the average horizontal velocity of 
the blades during a cycle is independent of the slip and is always 
equal to the flight velocity of the vessel. 

Again, from Fig. 3, the equivalent average vertical velocity 
of a blade during a complete cycle, or the vertical component of 
Vris 


(average) Vy = f [22] 
Jo 


=< 
\ \ 


Fie. 18 APPLICATION OF CYCLOIDAL PROPELLERS TO HEAvVIER-THAN-AIR CRAFT 


+ 0.4035 (a + b)-*2 — ... [17] 


Checking Equation [17] with Equation [12], for which a and b 
of Equations [14] and [15] each have the value 2, 


(average) Ve = Vr (2 — 0.822 + 0.101) = 1.279 Vez 


The error involved in the use of Equation [17] is therefore 
approximately 0.6 per cent. 

For 25 per cent positive slip, 
25 24 


d 
= 9 


hence 


7 8 253 
Vr X 7 + 0.4035 


(average) Vp 
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Assuming Vp>Vr (for 25 per cent negative slip Vp = ri Vr), 


25 3 
a= i6 and b= 5 
7 6 78 
(average) Ve = Vr — 0.822 7 + 0.4035 


1 
al Vp cos 0 
Lo 


2 
0.686 Vie 23] 


Equation [23] shows that the average blade velocity trans- 
verse to the direction of flight is a function only of the rotative 
speed of the blades. 

But since the force reaction upon the blade is proportional to 
the square of the relative velocity between the ‘blade and the 
air, it is a function of the average square of the vertical and 
horizontal velocity components, thus from Equation [20] 


(Vp? cos? 06 + 2VeVr cos 0 + Vr?) dd... [24] 
0 


(av.) Vi? 


1} Ve? . 
= (6 + sin 6 cos 0) + 2VpVr sin @ + Vr?0 
™Lo 


(av.) = 1.5 Vr? 
for 25 per cent positive slip (av.) Va? = 1.889 Vr? 
for 25 per cent negative slip (av.) Va? = 1.281 Vr? 


Equations [26] show that the lift reactions upon a blade in 
cycloidal motion is approximately 1.5 times the lift reaction 


and for zero slip 
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upon a fixed wing of the same area when in gliding flight. In 
fact, the lift reactions upon the cycloidal blade are always greater, 
no matter what the slip, than the equivalent fixed wing area. 

From the above analysis, it is evident that for the sustentation 
of a given weight, a flying machine equipped with cycloidal 
propellers and having a total blade area equal to the wing area 
of the airplane, will have a smaller gliding angle, or greater 
gliding radius than the airplane of the same given weight. The 
maximum relative velocity between blade and air is twice the 
flight velocity of the ship for zero slip. For a positive slip of 
25 per cent it is two and one-third times as great, hence the 
blade must be constructed so that it can sustain more than four 
times the wing loading per unit area allowed for airplane wings. 
See section under heading, “Stresses upon Cycloidal Propeller 
Blades.” 


4 The pilot may start his ship alone without the wedge blocks 
under the landing gear, by simply setting the axis of symmetry 
upon zero horizontal thrust while warming up the engine pre- 
liminary to flight. The plane is set in motion by the pilot in 
the cockpit. 

5 The cycloidal propeller is noiseless and flight may be made 
considerably more comfortable, especially if the engine exhaust 
is muffled. 

6 The cycloidal-propeller blades rotate at comparatively low 
speeds and are of such light construction that accidental contact 
of a person with these blades in rotation will very probably not 
have mortal consequences. Furthermore, the action of the blades 
is such as to throw an interfering body out of the blade circuit. 

7 All blades are of like construction so that replacements may 
be effected cheaply and quickly. 
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Figs. 17 and 18 show the propellers turning in the wrong direc- 
tion as was disclosed by recent tests. However, there is only a 
slight difference in the performance, no matter in which direction 
the propellers are rotated. Comprehensive tests will decide 
this matter more definitely. The design of the propellers as 
shown in Figs. 17 and 18 may also be improved considerably 
by making the blades of the cantilever form, eliminating the 
spider arms and the projecting propeller-hub tube. 

In summarizing the advantages gained by a cycloidal flying 
machine over the screw-propelled airplane, the following facts 
are apparent: 

1 Production of a smooth, unidirectional wake with no swirling 
eddies as produced by the screw, thus making it possible to 
increase the flight efficiency. 

2 The controllability of both propulsion and sustentation. 
In landing the engine energy may be wholly utilized to increase 
the sustentation, thus decreasing materially the landing speed. 

3 After ground contact is established the propeller may be 
quickly reversed and the ground run shortened. 


8 By removal of the propeller blades, especially if the pure 
cantilever type is used, the housing space required is that of the 
fuselage alone. The blades may be stacked on top or below the 
fuselage for housing or shipping. 

9 The total span of the flying machine is decreased con- 
siderably. 

10 The visibility is 100 per cent since the pilot can see through 
the propeller sweep when the blades are in motion. 

11 For military purposes it will be of advantage to have a 
clear gun range in front of the pilot and a possibility of turning 
the gun through a limited angle. No synchronizing of the 
gun with the propeller is required. 

12 The pilot is not exposed to the slipstream of the propeller. 

13 The slipstream is not in contact with the fuselage, hence 
the drag losses of the ship are less than for the airplane. 

14 There will be no struts and wires, which are a source of 
drag loss, of vibrations, and of maintenance expense. 

15 The gliding radius in case of engine trouble is probably 
considerably greater than for the airplane of the same weight 
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and having a wing area equal to the total blade area of the cy- 
cloidal propellers. 


Winb-TUNNEL Tests oF Fiyinac Macuines Equiprpep WITH 
CyYcLoIpAL PROPELLERS 


The drawings of Figs. 19 and 20 show the construction of a 
model flying machine built to one-twentieth the scale of the 
machine shown in Figs. 17 and 18. The mechanisms are almost 
the same as for the full-size machine, with the exception that the 
propellers are driven by a '/:-hp. electric motor fitted into the 
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been conducted with cycloidai propeliers and their thrust, torque, 
and efficiency characteristics evaluated for a wide range of appli- 
cation to propulsion in air and water, relatively little is known 
with respect to the physical characteristics of the airstream in the 
proximity of the propeller and within its orbit. The vectorial 
analyses given by Figs. 5, 7, and 9 rest upon the assumption that 
the streamlines of the medium remain straight as they pass 
through the orbit. This is correct only for zero-slip operation. 
Just what happens to the direction of flow at any other slip 
will be the object of future investigations. The exploration of the 


Fig. 20 Moper Heavier-THan-Atn Crart PROPELLER 


fuselage; and that an electric-speedometer generator is attached 
to a projection of the motor shaft. The model is suspended in 
the tunnel by a wire from the lift balance to a link placed at the 
point where the two propeller axes meet above the center line 
of the model body. A drag wire is also brought from this point 
and taken to drag scale by the usual method. The model is 
ballasted so that the axis of the body is horizontal. The electrical 
controls as well as the blade controls are brought to the outside of 
the tunnel through a streamlined tube reaching into the cockpit 
of the model. 

Since all the lift and thrust reactions in flight pass through the 
axis of the propellers, and since the model is suspended at that 
point, actual flight can be simulated in the wind tunnel. 

The airplane does not lend itself to such tests since the lift 
reactions shift along the cord of the wing at different angles of 
attack. For this reason the airplane model tests are limited to 
the measurement of moments or performance tendencies only. 

It appears, therefore, that the model equipped with cycloidal 
propellers may be operated over a wide range of applied power and 
of propeller-thrust shifts, while the behavior of the machine 
under these conditions may be observed. The effectiveness of 
the rudder or elevators may be measured and corrected, 
and stability characteristics studied of the machine in actual 
flight. 


Future RESEARCH IN CYCLOIDAL PROPULSION 
Notwithstanding the fact that a great many experiments have 


slip stream with pitot tubes and rapid motion pictures will cast 
further light upon this phenomenon. 

Systematic experiments with blades of different contours, 
length-diameter ratios, width-diameter ratios, and fineness ratios 
should be conducted in order that maxima efficiencies may be 
obtained. 

A comprehensive test of cycloidal propulsion was conducted 
for the Bureau of Aeronautics of the U.S. Navy. It is hoped 
that the test report to the Bureau will be published in the near 
future by the Engineering Experiment Station of the Uni- 
versity of Washington. 


Discussion 


Watter S. Drexu.? One cannot help but admire the author’s 
clear and thorough presentation of a comparatively new subject. 
It would appear from the analysis, which is based on unquestioned 
test data, that a practical application of the new method of pro- 
pulsion would not be difficult. The questions involved are 
largely those of structure and expediency. The structural prob- 
lems are not difficult, but it should be understood that any gains 
to be expected from cycloidal propulsion are not so much a matter 
of maximum efficiency as of control. For airships, the matter 
of control is of great importance, and the Kirsten propeller 
shows some promise. The application to an airplane is interest- 


2 Lieutenant, C.C., U.S.N., Bureau of Aeronautics, Navy Depart- 
ment, Washington, D. C. 
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ing, but it remains to be seen how well the requirements of sta- 
bility and control can be met while giving reasonable perform- 
ance. 


Curnton H. Havitu.? From tests previously made on model 
propellers of the Kirsten type and calculations subsequently 
made for a propeller to give 1650 lb. of thrust at 70 knots air 
speed, it appears that the best efficiency will be obtained by the 
use of a two-bladed propeller absorbing 418 hp. acting at 10 per 
cent slip with an efficiency of 84.9 per cent, while a twelve-bladed 
propeller would absorb 587 hp. at 20 per cent slip and with an 
efficiency of 60.4 per cent. The diameter of the two-bladed pro- 
peller will be 38.6 ft., while the diameter of the twelve-bladed 
propeller will be 16.8 ft. Compared to propellers of the ordinary 
conventional design, these same conditions can be met by a 
simple two-bladed propeller approximately 10 ft. 6 in. in diameter 
with a great saving of weight and mechanical simplicity, together 
with less space required for its use. Unless the Kirsten propeller 
can show a marked superiority over the conventional type 
in efficiency it is doubtful if the advantage of a control of the 
direction of the thrust will be considered a sufficient advan- 
tage to produce a market for this principle. 

As regards the replacement of fins and rudders on airships by 
this type of propeller, an analysis shows that a 400-hp. steering 
propeller has a maximum thrust up of 8330 lb. or down of 6470 
lb. at 70 knots air speed. The maximum transverse forces to be 
expected on either the vertical or horizontal tail surfaces of a 
7,000,000 cu. ft. airship flying at 70 knots in rough air is about 
25,000 Ib. of this total force, 15,000 lb. might be on the fins and 
10,000 Ib. on the movable surface. Two 400-hp. Kirsten pro- 
pellers would therefore be required to replace the rudders alone, 
but not the fins. Further because of the danger of loss of control 
owing to engine failure, it would be hazardous to dispense with 
the conventional rudders and elevators, and hence after all the 
purpose of the two 400-hp. steering engines would work out to be 
superfluous. It is doubtful if it would pay to carry both steering 
engines and surfaces, as either one or the other would greatly de- 
crease the useful load of the airship, and hence it would not be ex- 
pected that any market could be developed for the use of the 
steering engines as against the reliable simple type of surfaces 
now used. 

For airship use, to develop thrust either up or down, it is prob- 
able that the present conventional propeller, mounted on a swivel 
so that its line of thrust can be changed to take care of the few 
times that an extremely light ship is landed or a heavy ship 
is put into the air, would suffice. 

It appears that the greater weight, greater space required, and 
mechanical difficulties involved as compared to the present con- 
ventional type of propeller will be such a handicap to its use that 
the Kirsten propeller will seldom be seen in actual practice. 


AuvTHOR’s CLOSURE 


Mr. Caminez asked about the relative speeds of this type of 
propeller in water and in air. We have so far designed and oper- 
ated two water propellers, one having a normal speed of 340 
r.p.m. and the other 90 r.p.m. The speed of rotation is always 
proportional to the speed of the ship for a given diameter, re- 
membering that the velocity of the blade on the orbit is equal to 
the speed of the ship plus the propeller slip. Thus, if the 340- 
r.p.m. machine had a diameter of 3 ft. and was designed to oper- 
ate at a slip of 20 per cent, the speed of the vessel would have to 
be 


x X 3 X 340 X 60 
6080 X (1 + 0.2) 


3 Lieutenant Commander, U.S.N. 


= 26.5 knots. 


The cycloidal propeller is essentially a slow-speed machine be- 
cause of its high pitch of z, which is about three times as great as 
the normal pitch for screw propellers. 

For aerial propellers this high pitch requirement accentuates 
this speed difference still more and it is doubtful that for lighter- 
than-air craft the rotational speed of the cycloidal propeller 
would exceed 180 r.p.m. for best designs. Of course, this low 
rotational speed has the advantage of decreasing vibrations and 
bearing losses, whereas it also entails the requirement of reduc- 
tion gearing. 

Mr. Sampter wished to know how long the blades of the cy- 
cloidal propeller would have to be for best performance. The 
best proportions would naturally be a blade length equal to the 
orbit diameter, thus providing for maximum slip-steam area with 
minimum dead-air envelope. However, the over-hanging can- 
tilever blade offers strength limitations and it has been found 
that blades cannot well be made of the above dimensions for or- 
dinary operating conditions. A dirigible propeller of 18 ft. orbit 
diameter would have blades not exceeding 12 ft. in length. 

Dr. Gerhardt spoke of the air-foil characteristics of the pro- 
peller as a whole. It was found by experiment that the lift is 
almost directly proportional to the angle of attack a of the pro- 
peller for a wide range of slips and a range of a of from 40 deg. 
positive to 40 deg. negative, whereas the air-foil lift curve remains 
proportional to the angle of attack over not more than a total 
range of 16 deg. positive to 16 deg. negative. 

Mr. Heinz spoke of the advantages which might be gained by 
the use of cycloidal propellers in the elimination of reversing 
mechanism in ship installations. He has pointed out a very im- 
portant factor. But it must be remembered also that the rudder 
mechanism is eliminated, at the same time giving the vessel posi- 
tive dynamic control under all speed conditions. There are 
some shallow draught installations where the screw cannot be 
used. Asan example; a 100-hp. tow boat would require a screw 
of about 5 ft. diameter, and consequently a draught of not less 
than seven feet. In such a boat, two 5-ft. cycloidal propellers 
could be used with blades of 2 ft. length and a draught just suf- 
ficient to keep the blades under water, or a draught of about 3'/, 
ft. Theslip-stream area of these two propellers would be greater 
than that of a screw 5 ft. in diameter, and in spite of the shallow 
draught, the tractive effort would exceed that of the screw. 

Mr. Trainer asked about the weight of cycloidal propellers. 
The weight and comparatively complicated mechanisms of the 
cycloidal propeller are features which will greatly hinder its in- 
troduction into the practical propulsion field. But when one 
considers that greater efficiencies are involved in its use, far 
greater maneuverability, greater reliability, ready repair without 
dry-dock, elimination of reversing mechanisms of the engine, 
elimination of rudder, simplifications of hull and, furthermore, 
a decided increase of hull efficiency, some slight sacrifice in weight 
and a complicated mechanism will ultimately be cheerfully faced, 
if that mechanism is built so that it gives long and reliable service. 

Commander Havill’s discussion quotes efficiencies of cycloidal 
propellers from a test report to the Bureau of Aeronautics. The- 
propeller tested was a marine propeller designed six years ago. 
No test data whatever were available at that time and all pro- 
portions of blades and of blade shapes were fixed ad libitum. 
The elimination of end losses at the blade base in the more recent 
designs would alone increase the effective aspect ratio of the 
blades to twice the value of the propeller tested. It would be 
difficult, indeed, to foresee the possibilities of a screw propeller 
from the first screw ever designed and tested. 

In his discussion of the forces which the fixed fin and rudder 
of a dirigible to sustain in rough air, it appears that if these sur- 
faces were not ‘there, the actual forces upon the ship would 
also be greatly diminished. Furthermore, the two stern pro-- 
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pellers shown in Fig. 15 of the paper furnish only a part of the 
actual control in gusty air, whereas all propellers on the ship 
would be effective in stabilizing the ship’s motion as per Fig. 13 
and its accompanying discussion. It must also be remembered 
that with the engines shut off on the steering propellers, these 
propellers, when idling can give appreciable control In view of 
a possible engine failure, it may be necessary to supply the ver- 
tical fins and rudders, although somewhat smaller in size, but the 
horizontal surfaces should not be necessary with six 600-hp. pro- 
pellers distributed along the hull ready to furnish by differential 
control large vertical turning moments. 

Commander Havill mentions the use of swivelling screw pro- 
pellers. The control of these propellers must be accomplished 


against the dynamic torque of the propeller shaft. For a 600-hp. 
1500-r.p.m. screw, the torque is 2100 lb-ft. Ifthe reversal of such 
a screw is to be accomplished under full power, 6600 ft-lb. of 
work must be done by the controls, or twelve horsepower-seconds. 
That is, if this reversal be made in twelve seconds, it would re- 
quire one horsepower, neglecting the losses in the control gear- 
ing. Consequently, such a propeller must be first unloaded by 
throttling the engine before a change in thrust can be undertaken. 
Contrasting this encumbrance with the ready manipulation of 
the full-power thrust manipulation accomplished in seconds by a 
cycloidal propeller, I feel that the factor of maneuverability, 
more so than the efficiency, may usher cycloidal propulsion into 
its place upon the propeller market. 
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Meteorological Service for Commercial 
Airways 


By C. G. ROSSBY,' WASHINGTON, D. C. 


ways is to provide two things: safety and efficiency in 

operations. Up to the present date the necessity for 
weather information for safe air transportation has been stressed 
over and over again, but small attention has been paid to the 
increase in efficiency possible through the proper organization 
of a weather information service for commercial airways. An 
attempt will here be made to discuss both factors impartially. 

A pilot ready to start on a flight from Cleveland to Pittsburgh 
and finding no meteorological organization able to tell him what 
conditions he will meet on the way is immediately struck by the 
impulse to call up some telephone stations or other places on the 
route and inquire of the personnel there about the weather. 
That is just what the Post Office Department of the Federal 
Government did when the Transcontinental Air-Mail Line was 
put into operation. 

The regular stations of the U. S. Weather Bureau, having 
been established long before the invention of the airplane, 
were too few in number and too far apart to satisfy the pilot’s 
demand for data concerning the weather conditions on the airway. 
Furthermore, observations were taken but twice daily and did 
not include the elements most vital to flying; ceiling and visi- 
bility. 

The Post Office Department therefore organized a special net- 
work of weather observation stations along the airways, the obser- 
vations being made by caretakers at intermediate landing fields, 
radio operators, and post-office employees. This organization 
necessarily was a crude one and the observations were not 
very accurate, but in the main they served the purpose of giv- 
ing the pilot a picture of weather conditions along the line, 
thus eliminating flights under impossible conditions and making 
flying safe. In addition, the various district forecast centers 
of the U. S. Weather Bureau issued “flying-weather forecasts,” 
in which special emphasis was laid upon upper winds. 

When recently the operations of the air-mail lines were taken 
over by private companies, the Airways Division of the Depart- 
ment of Commerce, in cooperation with the U.S. Weather Bureau, 
was charged with the duty of supplying adequate weather 
information for the airways. Under the régime of the Depart- 
ment of Commerce the number of weather-reporting stations 
on the airways has increased rapidly and special Weather Bureau 
representatives to interpret the observations have been stationed 
at a number of airports. 

However, these strings of weather-observing stations on the 
airways do not offer adequate protection against unexpected 
bad flying weather. Especially in summertime, local disturb- 
ances such as thunderstorms may drift with the wind across the 
course and come as a complete surprise to the aviator if he is 
relying solely upon reports from a single string of stations on 
the line itself. This suggests the need of strings of stations off 
the airway, at least one string on each side. 

Consider for a moment the case of local thunderstorms in the 
summertime. These storms, generally due to the strong heating 
of the ground during the day, will reach their maximum develop- 


"os purpose of a meteorological service for commercial air- 


1 Chairman, The Daniel Guggenheim Commission on Aeronautical 
Meteorology, Department of Commerce, Washington, D. C. 

Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28-29, 1928. Slightly abridged. 


ment during the afternoon but they often continue their activity 
late into the night. During daylight hours it may be possible 
to fly around them or at least to avoid passing through their 
central part, but this can hardly be done at night. 

On the other hand, if efficiency has to be maintained, it is 
impossible to cancel a flight every time the weather map indicates 


that the general atmospheric conditions favor the formation of 


thunderstorms. The only way to provide safety as well as 
efficiency is to try to keep track of the individual storms and 
their movements. This can be done only through the organiza- 
tion of dense strings of stations on and surrounding the airway. 
Thus already a consideration of safety leads us to the conclusion 
that the airway meteorological organization should consist of 
a dense net, not a single string of stations. If we now turn 
our attention to the other purpose of the airway weather service, 
which is to provide increased efficiency, this conclusion becomes 
still more obvious. It is best illustrated by a concrete example; 
for instance, air transportation between San Francisco and Los 
Angeles, Calif. 

The main obstacles to flying in central and southern California 
are fog, low clouds in the mountains, and poor visibility. The 
California fogs are of at least two different types: One is the ocean 
fog, formed over the ocean, especially in summertime, and mov- 
ing shoreward during the afternoon; the other type is a radiation 
fog, formed during the night in the valleys and in the San Fran- 
cisco Bay district, most frequently during the winter season. 

It may happen that the San Joaquin Valley is covered for days 
with radiation fog while conditions are flyable in the Santa Clara 
Valley. More frequently, the Bay region and the lower Santa 
Clara Valley are covered with fog while the San Joaquin Valley 
is clear. Thus it is evident that an air line between the two 
cities, in order to attain maximum efficiency, should take advan- 
tage of the local character of these fog belts through the use of 
alternative courses. The air-navigation map of this area gives 
not less than four different courses between Los Angeles and San 
Francisco. 

It is of course not here advocated that an aviator in possession 
of information from only one line should play hide and seek with 
the weather and without valid reasons depart from the estab- 
lished airway, where auxiliary landing fields and other facilities 
are located. It is the author’s belief, however, that the weather- 
information system should be so organized that at the beginning 
of each flight and upon the basis of the weather reports from the 
various lines in each individual case the most advantageous 
course to be flown may be determined. Thus, the use of alterna- 
tive courses presupposes the existence of a network, not a single 
string, of weather-reporting stations. 

If we restrict all flying facilities, weather-reporting stations 
included, to a narrow line and introduce a rigid block-system of 
the type used by the railroads, we restrict in advance the max- 
imum efficiency obtainable on our operations. We also give 
up one great advantage of air transportation as compared with 
transportation by rail—its flexibility. 

Let us assume that the use of alternative courses between 
Los Angeles and San Francisco would increase the annual number 
of flying days by 30. Suppose we operate a passenger line,with 
only one trip daily in each direction, each plane carrying eight 
passengers, the fare being $50. The gross revenue saved is 
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$24,000, which would more than cover the expense of addi- 
tional stations needed in establishing alternative courses. As the 
traffic increases this saving will become more and more important. 

The foregoing calculation is very crude but it serves the purpose 
of once more emphasizing the fact that a maximum efficiency in 
air transportation can be achieved only by proper utilization of 
its inherent flexibility, which, next to the speed, is its greatest 
advantage over transportation by rail. 

Returning to the present organization of the airway meteor- 


REGULAR SEQUENCE TELEPHONE CALLS| 
seeeee SPECIAL MOUNTAIN REPORTS (TELEPHONE 
TELEGRAPH PRINTER LINES 


SACRAMENTO 


GILROY ae 


\, MENDOTA 


COALINGA 


LOST HILLSo 


SAN LUIS OBISPQ a_ TAFTO 


LEBEC 


IEWHALL 
WILSON ? 


IFFITH PARK 4 
VAIL FIELD | 
/ 


1 Frnat ARRANGEMENT OF COMMUNICATION SYSTEM FOR 
METEOROLOGICAL NETWORK 


Fia. 


ological service, we find that the observations are as yet made 
and collected according to the principle followed by the Post 
Office Department, namely, just before the start of each flight. 
This principle doubtless was the right one in the early days when 
only a few flights were made daily over each airway. The rapid 
increase of scheduled as well as irregular flying has, however, 
made this system more and more impracticable, and it would 
seem that the time for a radical change has come. 

Let us consider some of the disadvantages of the present system. 
In the first place, the advantage of having a meteorologist at the 
airport for interpretation of the observations is largely nullified 
by the fact that the reports from different airway stations arrive at 
the airport at different hours, are unequally spaced in time, and 
thus only with difficulty can be compared. Meteorologically, 
the observations lose 75 per cent of their value. 

Frequent regular reports at fixed equally spaced hours from 
all stations along the airways radiating from an airport, would 
make possible the preparation of frequent local-weather maps 
on which the movements and changes of various disturbing 
factors, rain belts, squall lines, thunderstorms, and fog belts 
could be measured and studied. 

It is not an exaggeration to say that such frequent local- 
weather maps would enable a trained meteorologist to forecast, 
in most cases, six to twelve hours in advance, and with an accu- 
racy of less than one hour, the time for the passage of, say, a 
squall line over a given point. By decreasing the forecast in- 
terval, still greater accuracy can be obtained. 

It is obvious that short-range forecasts of this type would 
greatly increase the efficiency of the various air-mail lines. On 
the London to Paris Airway, ships are often sent off while the 
port of destination is covered with fog, since reports every 
thirty minutes from a great number of stations make it possible 
to follow closely the movements of the fog belt and to predict 
accurately the time for its disappearance at the point of destina- 
ation. 
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It is true that chances of this kind are more readily taken on 
European airways, where planes and airports are in constant 
communication by radio, than in our country. It should, how- 
ever, be remembered that the European Airway Meteorological 
Service was organized before radio communication between the 
planes and the ground was in common use. In the United States 
we certainly ought to build up a satisfactory weather-observing 
organization before we engage too deeply in attempts to com- 
municate the present scanty weather data to planes in the 
air. 

Whenever a flight is delayed on account of weather conditions, 
special observations now have to be made for the determination of 
the earliest time possible for the start. Such observations can 
be made by the observers either when the atmospheric conditions 
in their own judgment so require, or upon request by the terminal 
meteorologist. It is obvious that the observers along the airways 
should not be trusted with the responsibility of judging the signifi- 
cance of their local weather from the meteorological or from the 
flying point of view. Likewise, the meteorologist at the airport 
should not have to call for special reports every time his services 
really become important. With the increasing number of airways 
and weather-observing stations this latter arrangement becomes 
more and more burdensome. 

It should be kept in mind that non-scheduled flying by army, 
navy, and private aviators is rapidly increasing in volume. 
These pilots are entitled to just as reliable service as the com- 
mercial fliers. The present system is very unsatisfactory from 
their point of view. 

It was pointed out in the foregoing that for adequate meteoro- 
logical protection, strings of weather-observing stations are 
needed not only on, but also off, the airways. This means an 
increase in the number of stations by between 100 per cent and 
200 per cent, and the collection of these observations becomes a 
communication problem of no small difficulty. This problem 
can, however, be attacked and an efficient solution worked out, 
if the observations are made simultaneously and with equal 
intervals in time. Unequally spaced observation hours and 
frequent special reports at any odd moment will make the com- 
munication problem exceedingly difficult to handle. 

An extension of the present meteorological service for commer- 
cial airways, along the lines already indicated, is necessarily an 
expensive affair. It should, however, be remembered that the 
great airports from which numerous airways radiate usually coin- 
cide with the great industrial and commercial centers. Bi- 
hourly reports from the stations of the local net could, at small 
expense, be transmitted to the downtown Weather Bureau 
office and there be used for accurate short-range forecasts. 
It takes little imagination to understand the immense value 
to, say, power plants, street-car companies, and street-cleaning 
departments, if the local weather man is able to tell, eight hours 
in advance, the exact time for the beginning of, for instance, a 
heavy snowstorm. The author believes that it is simply lack of 
knowledge as to what can be done in this respect that has kept 
industrial and commercial enterprises from making vigorous de- 
mands for meteorological service of this type. Even without 
airways, frequently reporting local nets around the great com- 
mercial and industrial centers would thus prove highly profitable 
and would become indispensable. 

The cost of an adequate airway meteorological organization 
should be compared not with the cost of the present system but 
with resulting savings in the form of lives, planes, and time, 
and with the increase in efficiency, confidence, and business. 
Money spent for the protection of the strategically weak points 
of the airway net will benefit the airway structure as a whole and 
will help to build up the prosperous commercial aviation for which 
we are all working. 
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In order to give a practical demonstration of such a weather- 
reporting service, based upon the principles here outlined, the 
Daniel Guggenheim Fund for the Promotion of Aeronautics, in 
cooperation with the various interested Government departments 
and the Pacific Telephone & Telegraph Company, recently or- 
ganized an Experimental Meteorological Service for the airways 
in central and southern California, primarily the airways be- 
tween Los Angeles and the San Francisco Bay district. The 
operation of this service started in the latter part of May and 
has already proved to be of distinct value to flying activities 
in the territory covered. A short description of this organiza- 
tion follows. 

Weather observations are made at 33 points distributed 
over central and southern California, and at regular intervals 
are collected at the two terminal stations, Oakland Municipal 
Airport and Vail Field (Los Angeles). The stations are so dis- 
tributed as to give information of weather conditions along a 
number of alternative courses between the two terminals. 

The location of the stations can be seen from the following 
list and also from the map shown in Fig. 1: 


1 In the Bay District—Crissy Field, Mills Field (San 
Francisco Municipal Airport), Palo Alto, Oakland, 
San Pablo, Concord, and Livermore 

2 In the Santa Clara Valley—San Jose, Mt. Hamilton, and 
Gilroy 

3 In the Salinas Valley—King City 

4 Along the Coast—San Luis Obispo and Santa Barbara 

5 In the San Joaquin Valley—on the west side, Tracy 
Los Banos, Mendota, Coalinga, McKittrick; on the 
east side, Sacramento, Modesto, Merced, Fresno, 
Visalia, Bakersfield 

6 Along the ridge route from San Joaquin Valley to southern 
California—Tehachapi, Grapevine, Lebec, Sandberg, 
Newhall, San Fernando, Griffith Park, Vail Field, and 
Mt. Wilson. 


Additional information and forecasts are received from the 
United States Weather Bureau offices in San Francisco and Los 
Angeles. 

The original plan provided for six observations daily in order 
to take care of all daylight flying in this part of California. How- 
ever, for the time being, only four daily observations are made, 
at 8 a.m., 9:30 a.m., 11:00 a.m., 12:30 p.m., covering the part of 
the day during which most flying is done. From the first of 
August, another observation period at 3:30 p.m. will be in oper- 
ation. 

The collection and exchange of these weather reports are 
handled exclusively by telephone. At each terminal, Oakland 
and Los Angeles, a sequence call containing the telephone num- 
bers of the various field stations is filed with the local long dis- 
tance exchange. At each report hour the Oakland station calls 
the long distance office, asks for its sequence code, which has a 
certain identification number, and will then be connected with the 
various stations in succession. All the observers have been 
instructed to wait at their telephones at the report hours and give 
their reports in standardized terms as soon as the line is clear. 
While Oakland talks with, for instance, Modesto, the long dis- 
tance operator in Oakland is busy building up a line to Fresno, 
thus reducing to a minimum the time between calls. This tele- 
phone service has already proved to be highly efficient and on 
several occasions the Oakland office has been able to collect re- 
ports from eleven field stations in less than seven minutes. 

Of the stations mentioned, about two-thirds of them report 
through sequence calls to Oakland and the rest through another 
sequence call to Los Angeles. When Oakland is through with the 
collection of its field reports, it is immediately connected with 
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Los Angeles and the two groups of reports are exchanged between 
the terminals. The total time for collection and exchange of re- 
ports is usually less than twenty minutes, and there is little 
doubt that some practice will help both observers and telephone 
operators to reduce this time materially. 

Since the foregoing was written a telegraph printer line has 
been installed between the offices in Oakland and Los Angeles, 
with a drop at Fresno. Within a few weeks another drop will 
be made at Bakersfield. The exchange of data between ter- 
minals is now made over this printer line. In order to save time 
the Los Angeles operator sends the reports from the southern 
stations over the printer at the same time that he is talking with 
the individual observers on the telephone. The time advantage 
of this arrangement is best seen from the fact that while the Los 
Angeles operator is talking to the observer at, say, San Luis 
Obispo he writes the report from the latter station on the printer. 
Thus the report is immediately available at Fresno and Oakland. 
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Fie. 2) Typicat Summer ConpitTions In CENTRAL AND SOUTH- 
ERN CALIFORNIA 

(Fog along the coast, over Bay district, Santa Clara and Salinas Valleys. 
Fog breaking over upper Santa Clara Valley. These observations show con- 
ditions at 8 a.m., August 7, 1928. On the map as made up from the re- 
ports the ground fog belts are in green shading; low cloud belts including 
belts of high fog are shaded in blue; high cloud belts are in red; shading 
in solid lines represents completely overcast; shading in broken lines repre- 
sents broken overcast or partly cloudy or scattered clouds; height of ceiling 
is given in feet at each station; cloud forms are indicated by abbreviations; 
temperatures are given in red figures.) 

The Department of Commerce has recently installed another 
printer line between San Francisco Municipal Airport (Mill’s 
Field), Oakland, and the Government landing field at Concord. 
The two printer lines can be connected through a switch in the 
Oakland office. Through this arrangement it ‘is possible for 
Los Angeles to send the reports from the southern stations di- 
rectly to Mill’s Field without relaying any loss of time at Oakland. 

These complete reports are given to the pilots of the now 
existing passenger lines between Los Angeles and San Francisco 
before they start, and within the near future they will also be 
communicated to planes in the air by means of radio telegraph 
or radio telephone. For the benefit of planes not equipped with 
radio, ground signals will be displayed at certain points in order 
to give the pilots some idea of the weather ahead of them. 

A special base map of California showing the topography of 
the country and the location of the various observation points 
has been prepared, and all regular reports are plotted on such 
base maps. Thus we are able to show the pilots, before each 
individual flight, the location and movement of various disturbing 
phenomena and help them select the best route for their flight 
or to wait until conditions are more favorable. A map of this 
type is shown in Fig. 2. 
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It is seen from the foregoing description that the service as 
it is now organized far from fulfils all the requirements outlined 
in the first section of this paper. However, it should be kept in 
mind that the present service is but the first approach to the 
ideal organization. It is easily possible to add new observation 
hours by utilizing the machinery already set up, and at the same 
rate as flying activities in this territory increase such additional 
observation hours should be added. 

The feasibility of the collection of a great number of simulta- 
neous reports by means of telephone hasalready been demonstrated. 
The report hours are equally spaced in time and their number 
will be increased as the occasion demands. 

The station at Lebec is located at the critical point of the ridge 
separating San Joaquin Valley and southern California. This 
station is managed by a well-trained meteorological observer 
equipped with a complete set of standard meteorological instru- 
ments, and also all the implements necessary for pilot-balloon 
observations; that is, observations of wind velocity and direction 
in different strata above the ground. The purpose of this pilot- 
balloon station is twofold. In the first place, it seems that the 
pilots frequently meet exceptionally strong winds above the ridge; 
the Lebec observations are valuable in determining the best alti- 
tude at which to cross. Furthermore, pilot-balloon observations 
will make possible an accurate determination of the ceiling; i.e., 
the base of the lowest cloud layer, which is of great importance 
when it is necessary to decide if the ridge can be crossed or not. 
Finally a trained observer at this point is of material aid in 
indicating in his reports any tendencies for the weather to improve 
or get worse. 

Two additional pilot-balloon stations will be established 
shortly, at Fresno on the Department of Commerce airway and 
at Hollister on the Army airway. 

It is very difficult at present to give a definite figure for the 
cost of communications in this service. The compensations re- 
ceived by the observers are relatively small and, if the profes- 
sional personnel at the terminals and at Lebec are excepted, 
do not amount to more than approximately $350 a month. 

In selecting observers for this work it has been found thai 
caretakers of landing fields, watchmen in fire departments, and 
men of similiar occupations usually are greatly interested, have 
plenty of spare time, and make very good observers. Some of 
them make their observations voluntarily, but in most cases a 
small compensation has been found desirable in order to estab- 
lish some authority over them. 

Most of the regular meteorological services in Europe are 
based upon a number of observation stations with part-time 
observers of the type used in the organization just described. 
These European observers not only give simple estimates of wind 
direction, wind velocity, and weather conditions, but they are 
able to read a mercury barometer, correct and reduce the reading 
to sea level and to the freezing point; they are also able to read 
dry- and wet-bulb thermometers and to compute the relative 
humidity therefrom, to give accurate cloud determinations, and 
in most cases to describe the weather conditions in as accurate 
terms as any professional meteorologist. 

The next few years will doubtless see a tremendous growth of 
commercial aviation in this country. With this growth there 
will be a demand for a many times multiplied network of weather- 
reporting stations under the direction of the U. 8. Weather Bur- 
eau. For economical reasons, it is obviously impossible for 
the Weather Bureau to put a full-time observer in charge of 
every one of these new stations. One of the things that it is 
hoped to demonstrate through this experimental meteorological 
service is that a corps of volunteer or part-time observers can be 
trained to complete reliability, promptness. and accuracy in their 
work, 


Discussion 


C. A. ANnprus.? The experiment conducted by the Guggen- 
heim Fund under the immediate direction of Dr. Rossby is the 
practical application of a theoretical organization, the main pur- 
pose of which is to provide for the weather needs of aerial trans- 
port companies. It has long been apparent that such a structure 
would be worth its cost; nevertheless the Federal Government 
has been only recently in a position to expand the old system 
into a more effective one based upon the genuine demands of 
flying. The pressure applied by the great transport companies 
and the flights of Lindbergh and others have awakened a sense 
of responsibility to airmen in the minds of the general public and 
the Government officials which is now taking form. 

Restricted by lack of adequate personnel and equipment, the 
Federal Weather Bureau has been forced to adopt a somewhat 
less ambitious program, but on the Hadley Airport airways center 
there has been inaugurated a system in some respects similar to 
the one outlined by Dr. Rossby. A few weeks ago, the first 
24-hour service in the country was begun there, and this should 
bear evidence that any real and sufficient service to aviators 
concerned with transportation must never close its eyes. There 
is to be a great overnight air traffic in the future. 

Hearty approval of the idea of frequent reports, quick trans- 
mission, adequate interpretation, and wide distribution, as indi- 
cated by Dr. Rossby, comes from any one like ourselves who has 
to serve the needs of aviation weather. While we do not have 
to contend so much with passenger carrying as with impossible 
weather conditions, we watch with interest the experiment now 
in progress in California. 

Early in April at Hadley Airport, the use of sequence calls 
to airways weather-reporting stations was put into effect and has 
been a material aid in expediting transmission. In June the ex- 
change of reports every three hours along the transcontinental 
airway began, and now there has been added to that program the 
exchange of the temperature of the dew-point to permit closer 
calculation of the prospects for fog and the breeding of squalls 
and thunderstorms. 

The great problem of ice formation has little significance along 
the California coast; it is our greatest real danger meteorologi- 
cally. To investigate the causes, explode some fantastic beliefs 
as to the temperatures at which these ice conditions are dan- 
gerous, and to help point the way to a cure, a program of the 
collection of temperature, humidity, and altitude data by mete- 
orographs installed in transport planes is now under way in 
readiness for the coming winter. 

Upper-air wind-movement data are now secured by observa- 
tions every six hours at Chicago, Cleveland, and Hadley Airport. 
As engineering practice develops planes the efficiencies of which 
will be higher than at present when taken to moderate altitudes, 
the winds of the upper air will have a greater bearing on efficient 
air-highway selection than at present, and the utilization of 
tail winds and avoidance of headwinds will be a larger factor 
in securing increased efficiency. 

The area projection of weather reporting facilities proposed 
in the present Guggenheim experiment as preferable to string 
projection is approved; it is expected that at New York the 
fact that there will be multiple air-way lines centering in that 
vicinity will allow the several string projections to form in them- 
selves a rather dense network of observations. Another prac- 
tice soon to be established will be that of intereommunication by 
radiophone between plane and ground; data from the plane and 
advice from the ground stations will be mutually of great ad- 
vantage to both the pilot and the meteorologist. 


2 Meteorologist in charge, Hadley Airport, New Brunswick, N. J. 


> 
; 


AER-50-14 


Air-Transport Engineering 


By L. D. SEYMOUR,! NEW YORK, N. Y. 


The author takes up and discusses briefly some of the more im- 
portant subjects which come to the air-transport engineer for con- 
sideration. These are: the selection of routes; selection of aircraft; 
preparation of terminal field equipment; development of airways; 
provision of aids to aerial navigation; determination of flying 
schedules; establishment of sources of material supply; keeping of 
performance records; and the preparation of cost estimates and 
analyses. 


IR-TRANSPORT ENGINEERING is a coordination of 
A many separate branches of engineering research, some of 
which have been the object of study and investigation by 
the most brilliant engineers of several countries for many years. 
In truth an air-transport engineer is one whose duty it is in the 
solution of practical air-transport problems to apply to them 
the lessons 
learned in all 
of the fields of 
engineering 
and _ transpor- 
tation experi- 
ence that may 
appear to be 
helpful. 

Perhaps the 
most fascinat- 
ing thing about 
air-transport 
engineering is 
that it is so 
new as to af- 
ford few prece- 
dents. While 
this automati- 
cally adds to 
the responsi- 
bility, it gives 
one a freer 
hand to work 
out his own ideas, which is always pleasant. 

Before going directly into the subject, it may be interesting 
and profitable to glance for a moment over the progress that has 
been made in tke establishment of commercial air lines in the 
United States. 

Already the Post Office Department has contracted for the 
carriage of air mail over twenty-five separate routes. Of these, 
eighteen are already in operation. In November, 1927, there 
was carried over these routes 171,794 lb. of mail, bringing a rev- 
enue of $316,996.68 to the operating companies. 

These air routes are more than imaginary lines on a map con- 
necting several cities. Each consists of a series of fully equipped 
airports and intermediate fields, and many are lighted for night 
flying. For each a systematized communication system is in 
operation, either radio or land wire. The routes extend from 
coast to coast, from the Lakes to the Gulf, and along both eastern 
and western coast lines. When one stops to consider that 
the first contract air-mail line of any length began operation 
less than two years ago, the growth is really quite impressive. 


1 Chief Engineer, National Air Transport, Inc. 
Presented at a meeting of the Aeronautic Division of the A.S.M.E., 
New York, February 10, 1928. 
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Fie. 1 ArRIAL View CuicaGgo’s MunIicipaAL AIRPORT 
(Note that runways are outlined with light-colored, finely crushed rock.) 


Some of the subjects which come to the air-transport engineer 
for consideration are: 


The selection of routes 

The selection of aircraft 

The preparation of terminal field equipment 
The development of airways 

The provision of airways aids to navigation 

The determination of flying schedules 

The establishment of sources of material supply 
The keeping of performance records 

The preparation of cost estimates and analyses. 


WW 


In addition, miscellaneous other things present themselves from 
day to day whose nature is too varied to permit of tabulation. 

Any one of the divisicns mentioned might be taken as the sub- 
ject for an en- 
tire paper, but 
space limits 
will not permit 
more than a 
brief consider- 
ation of these 
various topics. 


SELECTION OF 
Arr Routes 


In the selec- 
tion of an air 
route, which 
at first would 
seem to consist 
only of draw- 
ing a straight 
Jine between 
the two termi- 
nal landing 
fields, we actu- 
ally find that 
there are many 


- factors to be considered. In the first place, a consideration of the 


potential business between the points in question must be carefully 
analyzed before one may decide upon the necessity of even laying 
out the route. After the value of air transport between the points 
in mind has been determined, then a study must be made of the 
country separating them—its contour and elevation must be 
known. The location of highways, railroads, trolleys, electric 
power, and telegray h and telephone systems must be determined. 
A careful survey must be made of the weather and aerological 
conditions, including prevailing winds likely to be encountered in 
the area traversed. Each of these things has an important part 
to play in the maintenance of regular service, and should be con- 
sidered in relation to the proposed route to be flown. It must be 
remembered, however, that air transport’s usefulness is based 
on the premise of time saving, and that, other things being equal, 
the route flown should be as direct and straight as possible. 
Unfortunately, due to the usual situation when pioneering 
work begins, not all of these things were taken into consideration 
when some of the air routes in this country were laid out. Per- 
haps the most important fact that we have discovered relating 
to routes is that the traffic over it depends for the most part on 
the advantage that the use of it will afford. This indeed seems 
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simple. Actually it isnot. We have not yet learned how to over- 
come some weather conditions that interrupt schedules. Be- 
cause of this, service is not always 100 per cent on time. What is 
more important, it may under certain circumstances fail to give 
the advantage over other means of transportation that was 
intended. The length of the route has much to do with this, 
as well as the quality of available train service. No matter 
how large two cities may be, if they are separated by a distance 
no greater than that easily traversed by an overnight train, then 
scant reason exists for an air route between them. Business 
time or days saved is what counts. 

By the same token, if routes are sufficiently long to permit 
of an appreciable saving in this respect, traffic in the air over them 
is assured. As the distance increases, assuming sufficient normal 
business flow along a line, not only does the advantage increase 
but the possibility of failure decreases. An air cargo leaving 
Los Angeles or San Francisco for New York can be delayed a day 
or more and still arrive in New York before a train that has 
experienced no delay at all over the route. 


SELECTION OF AIRCRAFT 


To select the proper flying equipment requires not only a care- 
ful survey of the market of available aircraft, but the exercise 
of keen judgment so that the most economical compromise be- 
tween first cost, maintenance, and performance may be secured. 
At the moment, perhaps more than in any other line, the obso- 
lescence factor, which determines salvage values as well as having 
gieat influence on depreciation, must not be overlooked. Equip- 
ment must be carefully chosen in order that it may fit its job as 
nearly as is physically possible. As in no other transportation 
system, the cost of operating excessively large units is entirely 
out of proportion. On the other hand, the choice of machines 
with too small a capacity for the peak load is a greater error. 
In most cases the two most important characteristics, as indicated 
by our experience, assuming satisfactory flying qualities and 
safety characteristics, are speed and maximum-cubic-ccntent 
cargo capacity. An airplane may be able to carry an immense 
weight, but be useless to an air-transport company because of 
poor arrangement or an insufficient space for storing the cargo. 
As the length of line increases, so does the importance of speed 
in the planes that are to fly it. 

Under this heading will of course come the subject of multi- 
engined versus single-engined airplanes, monoplanes and _ bi- 
planes. The route to be flown over, as well as the cargo to be 
carried, will have much to do with the choice. In considering 
multi-engined airplanes it is well to keep uppermost in mind 
the fact that perhaps their only real advantage over single- 
engined planes is in the matter of less frequent forced landings. 
Unfortunately, many designers of airplanes equipped with more 
than one engine have lost sight of this fact, with the result that 
their efforts have resulted in greater rather than less probability 
of forced landings due to mechanical failure. To this class 
belongs any plane of such a type that is unable to fly with full 
rated load until its fuel is exhausted with one of its engines dead. 
If passengers are to be carried over bad flying country, the need 
to exercise every effort to prevent failure is apparent. If over 
country where a safe landing is possible almost anywhere, as in 
some of the central and western states, then more than a single 
engine may not be warranted economically. If inanimate cargo 
only is carried, multi-engined airplanes even over rough and 
rugged country may be neither warranted nor preferable. It 
should be pointed out, however, in the interests of education 
to air-mindedness, that the multi-engined airplane has a great 
psychological attraction for potential passengers. It looks 
safer. 

Design and materials selection form too detailed a subject 


for consideration here, but it seems safe to say that everything 
points to the ultimate use of all-metal craft. 

It has been timely said that “there’s more to aviation than 
flying.’”’ Certainly the study of ground equipment and organi- 
zation required indicates this truth. No matter how expert and 
efficient pilots may be, they cannot accomplish more than the 
limit of their equipment. That limit is placed on it in its design 
and maintenance on the ground. 


PREPARATION OF TERMINAL FIELD EQUIPMENT 


Terminal field equipment consists of everything required to 
keep the planes in the air. It must be provided so as to accom- 
plish its task with the greatest efficiency and yet as economically 
as is practical. Shelter and hangars must be provided, fueling 
facilities installed to handle large quantities of fuel at great speed, 
overhaul shops must be established, and machine and hand tools 
must be chosen. Public utilities must be at hand, sometimes 
requiring unique extensions so as not to be a hazard to flying. 
Fire-fighting apparatus and heating plants must be installed. 
The field itself must be prepared so that it will insure usability 
under all conditions of weather. If night flying is to be carried 
on, special lighting systems must be installed. This will consist 
in the main of providing a large beacon to guide aircraft to the 
field, floodlighting buildings and field, marking the safe landing 
area, and placing obstruction lights on chimneys, tall buildings, 
and other hazards. 

Radio for communication service from point to point on the 
ground already forms an important adjunct to flying, and indi- 
cations are that its application in the radio beacon or direction 
finder will be of even greater importance in the near future. Dur- 
ing the last few months experimental radio beacons established 
by the Government at Bellefonte, Pa., and New Brunswick, N. J., 
have been flown with more or less regularity by both govern- 
ment and commercial aircraft. A study of this one subject 
alone would furnish interesting material for an entire paper. 

One of the most important ground services connected with the 
operation of aircraft on schedule over long distances is the weather 
and meteorological service. It is necessary that operators of 
planes be advised constantly as they progress along an air line 
what they may expect of the weather ahead of them. To have 
such information means that they must be advised upon depar- 
ture what the weather is at the point to which they are going as 
well as what the general situation is at points along the route, 
which may be used in estimating changes. 


PROVISION OF Alps TO AIR NAVIGATION 


If we compare the necessity for the establishment of aids to air 
navigation with the requirements of marine transportation plus 
railroad transportation, we have a fair idea of the how and why 
of our needs. For an idea of the relative importance, we have 
only to remember the relative speeds of these transportation sys- 
tems and the fact that with aircraft we are dealing with motion 
in two planes instead of one. Just as speed is the product of air 
navigation, so does it require a faster operation of whatever signal 
systems may be used. 


DEVELOPMENT OF AIRWAYS 


In developing the airways, intermediate or emergency fields 
must be established and a communication system, radio or land 
telegraph and telephone, must be organized. Stations where 
refueling is possible must be provided. Spare planes and parts 
for emergency repairs must be located at certain intervals along 
the line. If night flying is to be carried on, the revolving beacons 
must be erected at regular intervals. In our present system 
these are for the most part 24in. revolving searchlights set at 
10-mile intervals; they revolve at about 6 r.p.m. The inter- 
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mediate fields which are located at, say, every third beacon or 
30 apart, must be marked with boundary, obstruction, and 
flood lights. These are fed by high-line extension or 2-kw. farm- 
lighting plants. All field wiring is through underground armored 
cable. 


DETERMINATION OF FLYING SCHEDULES 


The determination of flying schedules is based on the length 
of the line, the speed of the available planes, the rail and air 
connections necessary, and the convenience of shippers, travelers, 
and mailers, as well as the direction and force of prevailing winds. 
The number of stops required between terminals must also be 
considered, as well as the number of airplane and pilot changes 
which are required. If fueling en route is necessary, that too 
must be made a part of the study. While a minute analysis of 
this question is outside the province of the present discussion, 
it may be said that the scheduled speed of an airplane should 
never equal its top speed nor, if at all possible, its cruising speed. 
To do so greatly reduces the life of the engine and makes it im- 
possible to compensate for adverse winds or delays due to me- 
chanical or other causes en route. 


EsTABLISHMENT OF SOURCES OF MATERIAL SUPPLY 


Airplane use is still so new that great care must be exercised 
in discovering and keeping in touch with sources of supply for 
such materials as are needed for maintenance, operation, and 
repair. To do otherwise results in high prices, interrupted ser- 
vice, and use of equipment which is not uniform. To have a 
well-organized and known source of supply for material and 
parts not only avoids these things, but prevents the necessity of a 
large investment in inactive material on hand. 


KEEPING OF PERFORMANCE RECORDS 


Carefully kept performance records and statistics should pre- 
vent the repetition of errors and serve as an invaluable guide to 
future operations. Their lessons extend and relate to every item 
that affects operations. These include personnel and material 
studies, weather conditions, communication systems, costs, 
methods of operation, and anticipated emergencies. 

Although records of weather are kept by Government offices, 
it is at present, at least, useful to keep records of weather and 
meteorological conditions encountered through the year along 
the route and at the various stations on it. This is because in 


many instances official weather records kept in the past have not _ 


contained enough of the detail which is required for flying infor- 
mation. Records of forced landings, including when and where 
they occur, the cause, the home station of the plane, the extent 
of damage caused by the landing, length of delay, etc. must be 
systematically made a part of operation records. From them much 
can be learned of value regarding both equipment and personnel. 

Logs presenting the history of equipment, including every- 
thing pertaining to cost of maintenance, performance, and 
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length of life, are imperative. Such records should not only be 
kept for aircraft and aircraft engines, but for all the major items 
of equipment and accessories, including automotive equipment. 


PREPARATION OF Cost ESTIMATES AND ANALYSES 


One of the most interesting studies that an engineer may make, 
as well as one of the most valuable, is that connected with costs, 
investment, revenues, etc. To date, experience and knowledge 
of the art are about the only guides available. Some good books 
have been written on the subject, but too few persons have ac- 
tually had experience in the business to permit of accurate rules 
being established. On the accuracy of these estimates and 
analyses, however, may to a great extent depend the successful 
financial operation of the company. If a sum so much greater 
than anticipated is necessary to equip and operate a line, its 
relation to revenues may be such that, no matter how hard 
the operators try, the venture is a losing one. On the other 
hand, an erroneous analysis of operating costs may indicate a 
profit when there really is a loss, which is thus not discovered un- 
til too late. 

In the past few months several firms have been organized 
to conduct a consulting business, looking for clients who will 
include those interested in organizing air-transport. companies, 
constructing or operating airports, etc. They will concern 
themselves with many of the things mentioned having to do with 
costs, etc., and from present indications will no doubt find enough 
in this one field to occupy their time. 

To all these things may be added the usual problems relating 
to insurance, personnel, organization, contracts, public relations, 
etc. that the engineer knows so well, but in the case of air trans- 
port not so clearly defined and not so easy to solve by the appli- 
cation of known formulas. 

Insurance in its application to an air-transport company’s 
operation presents a problem which has only recently been 
properly appreciated by either the operators or insurance com- 
panies themselves. 

Because of the highly technical nature of the work, the choice 
of personnel, their organization and management requires es- 
pecial care. Because of the newness of commercial aviation on a 
large scale, and the fact that in the past the military services 
have supplied the training schools, most of the present. personnel 
comes from such sources. In the future this may change as 
demand grows. This in itself will form a new field of endeavor 
justifying the most careful attention. 

Although much of the glamor of war regarding aircraft has 
faded into the past, there remains for those who are active in 
this work the pleasure of participating in the development of the 
world’s transportation and communication systems. In this a 
romance and fascination endure, closely woven into that ever- 
changing, always-expanding medium by and through which the 
peoples of the world improve their interests socially and eco- 
nomically. 
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The Design of Commercial Airplanes 


By MAC SHORT,! WICHITA, KAN. 


Commercial airplane design, according to the author, had its 
inception in the three-place OX-engined plane. From a crude 
beginning in 1919 and with but little encouragement it has developed 
to a point where large production is demanded as well as many 
refinements, and along with this has come a universal awakening to 
the importance of commercial aviation in the nation’s business. 
Intensive production methods are not as yet entirely applicable to 
the machines at present manufactured in quantity, but nevertheless 
have possibilities. Permissible expenditures to save a pound in 
weight amount to from one to two dollars. There is a constantly 
increasing demand for better performance, greater useful load, 
artistry of appointment, and comfort in the evolution from the open- 
cockpit to the enclosed airplane. 


of the Stout Metal Airplane Division of the Ford Motor 

Company, is ‘“‘one that can support itself financially in 
the air;’”’ and the requirements which this pithy definition im- 
plies must be met in the design of such aircraft if their operators 
are to continue long in their aerial activities. 


A COMMERCIAL airplane, according to Mr. Wm. B. Stout, 


CoMMERCIAL DESIGNS 


It will be impossible to discuss here the many phases of com- 
mercial-airplane design, but the particulars of development thus 
far, as given in Table 1, may serve as an index of thetrend. The 
TABLE 1 CLASSIFICATION OF AIRCRAFT BASED ON NUMBER 

AND POWER OF ENGINES 


(A.C. indicates air-cooled engines, W.C. indicates water cooled. Numbers 
under ‘‘Passenger Arrangement”’ indicate average passenger capacity.) 


Passenger Wing 
Division Horsepower Gross 
arrange- arrange- 
power rating weight, Ib. pe ment 
on 1-3, open Monoplane 
Low 90 B25 AS 700-2000 and and 
—5, open onoplane 
Single { Medium 200 A.C. 2500-3200 ~ and and 
Engine 150, 180 W.C. biplane 
onoplane 
| High 3600-5500 2-6, closed and 
= biplane 
Experimental (not in production) 
Low 90, 125 A.C. 3000-3500 4-7, closed 
onoplane 
| Medium 200 A.C. 9000-11000 and 
biplane 
Engine Monoplane 
High 420-550 A.C. 14000 12, closed and 
biplane 


division indicated is by necessity very general and based on the 
power and number of engines. Further, it has a marked sig- 
nificance, as at present the manufacturers of aircraft, with a few 
exceptions, produce only the craft and look to other concerns 
for the power plant. This arrangement requires the designer to 
first select the existing engine which most nearly suits his re- 
quirements and then build an airplane around it. Oftentimes, 
however, the reverse occurs, and the invariable result is an under- 
powered machine. 

As for the types, two distinct ones exist—the monoplane and 
the biplane. Rarely is it the case that a designer produces com- 
parable planes of the two types which are in direct competition in 
the field of performance and purpose. This condition makes 
the long-mooted question as to whether in commercial aviation a 
monoplane is superior to a biplane increasingly more difficult to 


1 Vice President and Chief Engineer, Stearman Aircraft Company. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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answer. It would be very interesting to witness the full per- 
formance of equally powered crafts of each type, designed for 
the same purpose, and having comparable landing speeds. A 
careful analysis of the problem of the monoplane versus the 
biplane has been presented by C. H. Chatfield,? omitting, how- 
ever, consideration of the strutted monoplane. Suffice it to 
say that there has been a somewhat spontaneous trend toward 
monoplane design in the single-engined cabin machines, for 
which there are many sound reasons. 

One fact is certain, and that is that commercial designs are 
rapidly swinging to the cabin arrangement, at least to the extent 
of having the passenger compartment enclosed. This condition 
is a natural one, as no longer does the purchaser of a rather ex- 
pensive machine care to journey for four or five hours in an open 
cockpit. The same attitude regarding protection is being taken 
by the pleasure-riding public. Where formerly passenger ‘“‘hops”’ 
were made in open-cockpit machines, the more popular style 
today is the enclosed construction. With the cabin machine 
the cruising radius can be extended, and there is a constantly 
increasing demand for more fuel and oil so that the present 
radius of five to six hours may be extended to eight or ten. 


ADVANCES OF THE SMALL MACHINE 


The era of commercial aeronautics began at the close of the 
World War, and it was quite natural that the early designers 
should select. a low-power engine for the power plant. There 
was a more fundamental reason for this, however, the economics 
of which is debatable. The Army and Navy at the origin of 
their intensive training program selected the Curtiss models OX-5 
and OXX-6 engines of 90 and 110 hp., respectively, as the power 
plants for primary-training airplanes. At the close of the war this 
equipment was classified as obsolete and for sale. The exact 
number of these planes and engines is not definitely known, but 
doubtless there were in excess of 5000 engines and half that 
number of Curtiss and Standard training airplanes. The exis- 
tence of these engines provided the designer with a definite 
power plant upon which to build. It was not until 1920, how- 
ever, that the design of truly commercial aircraft made its appear- 
ance, as the surplus training machines being sold at roughly 


one-fourth their production cost, offered little encouragement 


to the production of new equipment. It is of interest to know 
that the stock of war-surplus engines has practically been ex- 
hausted, and that manufacturers of commercial aircraft are 
awaiting with some anxiety the development of new production 
engines that are to replace the OX. 

The military training airplane in which these 90-hp. engines 
were installed cannot be used as a criterion for the correct de- 
sign of light commercial or sport-type airplanes as it was de- 
veloped for an entirely different purpose. Nevertheless it 
serves as an initial type with which one may compare the later 
designs that utilize the same power plant. 

Maintenance and operation difficulties that were encountered 
by the early commercial or barnstorming pilots using surplus 
training airplanes were brought to the attention of the designers. 
The numerous wires that infested the two-bay wing truss, the wear- 
ing of control cables as they passed over many pulleys, the untold 
landing-gear and tail-skid troubles and other more or less im- 
portant maintenance problems, demanded a solution. The low 
fuel supply and inadaquate passenger accommodations were 


2C. H. Chatfield, ‘‘Monoplane or Biplane,” S.A.E. Journal, 
vol. 22, no. 1, Jan., 1928. 
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equally as manifest and deserving of attention as the mainte- 
nance troubles, and further, the aerodynamic characteristics of 
the airplane and propeller required improvement. It was not 
until 1920-1921 that a vigorous attack was made on these difficul- 
ties, which were remedied in relation to their economic importance. 
A higher useful load was necessary, therefore the passenger 
capacity was increased to two in addition to the pilot, and a 
slightly greater fuel supply was provided. In order that this 
additional load might be carried by the same engine, a none too 
judicious reduction in the structure was made in some instances. 
It will be recalled that during the development period, designing 
in the strict sense of the word received vastly more attention 
than did structures. Wing, fuselage, and landing-gear failures 


Fie. 1 Tue Ryan BrouGHAM—SISTER-SHIP TO THE “SPIRIT OF 
Sr. Louis,” tHe Most WipELY KNowN AIRPLANE OF THE Day 


occurred, and as a result there was a period when the maintenance 
was no better than it had been with the surplus equipment. How- 
ever, with the development of the single-bay wing truss the para- 
site resistance was eliminated from that part of the craft and more 
attention given to structural considerations. Formerly the 
engine was only partly cowled in and the radiator mounted at the 
front of the fuselage, but in 1922 there appeared a light com- 
mercial plane with the engine completely cowled and the nose 
radiator replaced by a free-air radiator mounted under the fusel- 
age near the rear of the engine section. This arrangement not 
only protected the engine from dust and sand when tuned up on 
the ground, but from a design standpoint it materially decreased 
the frontal resistance of the fuselage. By removing the radiator 
from the nose to a free-air position it was possible to increase the 
core depth 50 per cent, thereby reducing the frontal area sub- 
stantially an equal amount and likewise improve the cooling. 
The split-axle landing gear was eagerly adopted by the more 
progressive engineers, and one design in particular has been used 
with modifications on at least eight different airplanes. This 
axle arrangement provided a wider tread, hence removing more 
of the undercarriage from the slipstream and reducing the drag 
of that unit. It also afforded better landing and taxi-ing proper- 
ties, and eliminated wing skids. Of some twenty-odd? light com- 
mercial designs being manufactured today, only a few continue 
to employ the straight axle. 

To best illustrate the advance in the design of commercial 
airplanes using the OX-5 engine, of which there are approximately 
twenty-five, curves are submitted that bear out noteworthy 
facts. 

Fig. 3 illustrates the increase in maximum speed of these air- 
planes for the past ten years. As it is difficult to obtain authentic 
figures on the remaining performance characteristics, the com- 
ments and curves will be restricted to the one factor—maximum 
speed with full load. Superimposed on this curve is one of 
useful load plotted against maximum speed. The first curve 
plainly exemplifies the advance in design of light commercial air- 
craft. Of considerable interest is the fact that both curves appear 


3 Aviation, Jan. 2, 1928. 


to become a symptotic to the 100-m.p.h. line. The landing speeds 
of the various machines that have contributed these data fall in 
a remarkably narrow band of from 35 to 45 m.p.h., the average 
being close to 40 m.p.h. The gross weight has remained sub- 
stantially the same for the JN-4D training machine. This 
means that the wing loading has been kept practically constant 
through these years, and that the high speed cannot be attributed 
to a reduction of wing area but to a constant improvement in 
general design and efficiency of the airplane and propeller. 

It is apparent that a decided accomplishment has been effected 
by those engineers who have devoted their efforts to designs 
powered with the OX-5 engine. But it would be unwise to say 
that the maximum speed and maximum useful load have been 
reached, provided the customary landing speed and equivalent 
useful load are adhered too. To obtain speeds in excess of those 
shown by the latter part of the curve, it is imperative that the 
efficiency of the propeller be materially improved as the engines 
are already operating at the peak of the power curve at maximum 
speed. It is true that with an increase in the lift-drag ratio of 
the craft there has been a like advance in the propeller efficiency, 
but a rough check of the relation of maximum speed to r.p.m. 
shows that we have about reached the highest value of V/ND 
for the propeller. The diameter has and will continue to remain 
about eight feet, and-as the fraction V/ND is a function of the 
efficiency, any marked increase in performance from a speed 
standpoint is improbable. 

Today one may see on established flying fields as many as 20 
small commercial airplanes doing every manner of flying, from 
strictly pleasure flying to instruction, to paid passenger carrying, 
sight-seeing, photography, cross-country, and even to the carry- 
ing of air mail. The figures on the production of these open- 
cockpit machines are interesting as they represent the rate at 
which the public is buying and flying the low-priced airplane. 
During 1927 there were approximately 1100 three-place OX-5 
airplanes manufactured,* of which doubtless nine-tenths are 


Fic. 2 Curtiss JN-4D Trarnina AIRPLANE. A.DESIGN oF 1916 
Wits a Maximum SPEED oF 73 M.P.H., CARRYING 470 Ls. USEFUL 
Loap 


operating today as the casualty percentage is not as high as 
generally believed. To aid in further realizing the magnitude 
of the demand for these machines, it may be said that one of the 
leading manufacturers is producing four planes a day, another 
will soon appreach that figure, and that still another is finishing 
two each day. There are more of these light-weight machines 
being produced in the United States than in any other country, 
and for this reason there is more pleasure and private flying here 
than elsewhere. 


PRODUCTION PROBLEMS AND EXPENDITURES 


The light commercial or privately owned airplane has been 
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dealt with at length since it is with machines of this type that the 
popularity among the masses in the matter of commercial flying 
rests. It therefore becomes the task of commercial designers to 
create a machine that can be readily produced without excessive 
tooling-up costs, that will be adaptable to current engines, and in 
addition will offer a craft that is easily flown and has low main- 
tenance and high performance. To these ends a great deal of 
thought has been expended. The manufacture of small ma- 
chines involves interesting production problems, for the demand 
for this type is such that the engineer can seriously consider enter- 
ing into production on the scale it is carried on in other lines of 
manufacture. Producing parts by stamping is the first conclu- 
sion of the designer schooled in production. However, in this 
industry there are at present limitations which are peculiarly 
aeronautic. It would seem quite natural that the wing ribs 
on a conventional light-weight machine of equal and constant 
chord, some sixty-odd in number, would be stamped-duralumin 
members. But the fact is that few if any of the so-called pro- 
duction plants are using stamped-metal ribs. One reason offered 
is that the popularity of a wing section changes either from aero- 
dynamic characteristics or span-loading requirements, and the 
cost of the dies and additional equipment must be absorbed 
before a change can be effected. Another item which bears on 
this fact is that without exception the light-weight machines 
at present in production use spruce wing beams, and in the pro- 
duction of these a rejection as high as 50 per cent occurs. If this 
spruce is not used in other parts of the craft it is considered as 
a total loss. This then offers an excellent supply of wood that 
can be resawed into rib stock. Considering that the rejected 
spruce would be a loss if not utilized for this purpose, the greatest 
cost is in the hand labor required to dimension and fabricate the 
material. One typical 60-in. rib is being manufactured for a 
labor cost of 25 cents with a gross material cost of not to exceed 
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Fie. 3 INcREASE In MaximuM SPEED AND USEFUL LoAD oF THREE- 
Piace OX-5-POWERED AIRPLANES 


completed for 55 cents. Sheet duralumin may be placed in the 
stock room for about 80 cents a pound. Assuming that the rib 
can be built out of 9 ounces of metal, including the scrap, the 
material cost alone would be 80 per cent of the total cost of a 
similar wood rib. There are, nevertheless, other opportunities 
for the designer to display his ability at planning production and 
bringing about substantial reductions in costs. By thoughtful 
designing, interchangeability and universal application of fittings 
and clamps can be effected. In one machine three wing fittings 
and wire lugs are adapted to 12 separate assemblies on the wings, 
all parts of which were produced on a punch press. The problem 
of designing in order to reduce hand labor, which at this stage of 
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the manufacture of light commercial machines represents approxi- 
mately 50 per cent of the total cost, is an interesting one and 
deserving of further comment, but probably better suited to a 
symposium on aircraft production problems. 

Not to lose sight of the rather unique definition of a commer- 
cial airplane given at the beginning of the paper, the designer 
must keep in the foreground the attainment of a high pay load 
at a high speed. To this end he must often determine the ex- 
tent of the expenditures that can be made to exact the perform- 
ance required by the commercial flying public. It is evident 
that there exists a ratio between the amount that may be ex- 
pended and the weight saved. It has been stated by an author- 
ity on aeronautics that aircraft contractors to the British Govern- 


Fieg.4 THe “TRAVEL Air’’ PLANE POWERED WITH AN OX-5 ENGINE, 
AN EXAMPLE OF MopEeRN LIGHT COMMERCIAL AIRCRAFT, CARRYING 
750 Ls. Userut Loap at 100 M.p.xH. 


ment expend as much as $10 to save a pound in the weight of an 
airplane. The parallel in commercial design in this country is 
not clearly known, however, but a value that has been set by one 
manufacturer is from $1 to $2 per pound. 


PROGRESS IN DESIGN 


The demands of the flying public require that the designer 
incorporate attractive lines and comfort into the modern com- 
mercial aircraft in addition to better performance. The appli- 
cation of the two-tone body colors and “cheat lines” not only 
improves the appearance from the color standpoint, but also 
tends to give the craft a more graceful and streamline appear- 
ance. These items are by no means secondary as we are rapidly 
witnessing the passing of the absolute essentials that go to pro- 
duce something that will fly. The flying suit and open cockpit 
are giving way to everyday attire and Pullman comfort. Tufted- 


-mohair wicker seats, heaters, smoking equipment, lavatory, 


electric grill, radio, cabin boys, etc., are standard equipment on 
large machines, and many of these are included in the coach type. 
The problem of reducing noise is troubling the designer. If a 
sound and heat insulator such as balsa wood be used effectively 
the roar of the engine is reduced, but the high-pitched tune of the 
propellers is still annoying. 

Wheel brakes are becoming essential even with the lighter 
machines. The method of applying them gives some concern 
as well as the rate of braking, as landing with the brakes locked 
has developed new design problems. To permit the rapid appli- 
cation of brakes the center of gravity must be well back on the 
ground line, resulting in heavier loads on the tail skid. The 
increase in tail load complicates the ground-handling problem, 
and so it is natural that we should return to the wheel at the tail 
post. 

The demand for higher speed or rather greater cruising speed 
is difficult to cope with. A few years ago cruising speeds of 
100 m.p.h. were thought satisfactory, but now the operator of 
either a private machine or a transport is not content even with 
125-130 m.p.h. for this factor of performance. 
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Gluing Wood in Aircraft Work 


By T. R. TRUAX,! MADISON, WIS. 


The author discusses the glues used in aircraft, and describes the 
gluing operation and its application to different species of wood. 
He also makes recommendations for the gluing of different woods 
with both animal and casein glues, giving data on glue-water pro- 
portions, glue spread, temperature of wood, pressure to be applied 
to joint, and time the joint should remain under pressure. 


LUE has long been recognized as one of the most effective 
G means of fastening wooden members together. Perhaps 
in no other construction is it so important that glue joints 
be made strong and dependable as in aircraft. The extraordinary 
requirements of the aircraft industry have been largely respon- 
sible for the development of the water-resistant glues which are 
now in general use in this country. Our knowledge of the tech- 
nique of gluing has also been substantially increased as a direct 
result of the high standards set for glued wood members in air- 
craft. Much research and experimental work has been done 
in an effort to develop glues which are more durable under 
severe moisture conditions, and to ascertain the fundamental 
principles underlying the gluing operation. 

Wood and glue were used extensively in the early types of 
airplanes. Plywood, made by gluing sheets of veneer together, 
was used in the wings, fuselage, and pontoons. Built-up wood 
members were used for the spars, ribs, struts, longerons, and pro- 
pellers. Glued wood members still have a permanent place in 
many types of aircraft, in spite of the remarkable developments 
in the construction of aircraft from metals and other materials. 


Guves UsEp IN AIRCRAFT 


Previous to the World War the glues used in this country for 
making wood joints were mainly of the animal, vegetable, and 
fish classes, all of which are low in moisture resistance and there- 
fore lose strength under continued dampness. Although not 
water-resistant, high-grade animal glues are still used in the 
manufacture of aircraft propellers, since an increase in moisture 
large enough to weaken the animal glue seriously would also 
make the propeller unserviceable on account of change in shape. 
Blood-albumin and casein glues are the water-resistant glues 
which have been used most in aircraft construction. Blood- 
albumin glues require heat to set them properly, and their use is 
therefore confined to plywood which can be made in hot-plate 
presses. Casein glues are used in the construction of spars, 
wing ribs, struts, curved wood members, and general assembly 
work, Casein glues have high water resistance and durability. 
They require no heat to set them, although hot-pressing im- 
proves their water resistance. 


THE GLUING OPERATION 


Equipment which spreads the glue evenly and applies pressure 
uniformly over a joint, and properly dried and machined stock, 
are necessary prerequisites in all gluing operations. If these 
requirements are met, the making of strong joints then depends 
upon having proper correlation between the amount of pressure 
and the consistency of the glue at the moment of applying pres- 
sure. In short, if the glue is thin at the time of pressing, a light 
pressure should be used, and if it is thick a heavy pressure should 
be used. Many other factors influence the strength of the glued 
joint, but do so chiefly through their effect upon the consistency 

1 Wood Technologist, Forest Products Laboratory. 


Presented at the National Meeting of the A.S.M.E. Aeronautic 
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of the glue. Among the more important of these factors are the 
kind and the grade of glue, the water content of the glue, the 
amount of glue spread, the manner and time of assembling the 
glue-coated pieces, the moisture content of the wood, and the 
temperature of the wood, glue, and room. Where such a large 


Fie. 1 Four Types or Broken GLUED Joints WHICH WERE MApDE 

Wita AnimMAL GLUE ON THE SAME KIND or Woop. THe TEN 

TestTep SpEcIMENS OF Joint WERE ARRANGED IN THEIR 
ORIGINAL PosITION AND PHOTOGRAPHED 


1 Well-glued joint—made with a proper relation between pressure and 
consistency of glue. 

2 Starved joint—resulted from the application of pressure while the glue 
was too thin. 

3 Chilled joint—glue formed into a firm jelly and the pressure applied 
was insufficient to bring complete contact. 3 

4 Dried joint—glue dried on the wood before pressure was applied. 


number of contributing factors exist many combinations are 
possible, some of which give good results while others give poor 
results. 

A strong joint is characterized by complete contact of glue 
and wood surfaces over the joint area, a continuous film of good 
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glue between the wood layers which is unbroken by air bubbles 
and foreign particles, and sufficient penetration of glue into the 
cell cavities of the wood to give adequate adhesion. The thick- 
ness of the continuous glue film may vary considerably without 
affecting the strength of the glued wood joints. Microscopic 
studies of glue joints show that the glue penetrates the cell 
cavities and other openings in wood, and that the additional 
area thus provided for adhesion has a bearing upon the strength 
of the joints made in strong woods. Numerous shallow anchor- 
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Fie. 2 Rewation Between Speciric GRAVITY OF Woop AND 
SHEAR STRENGTH OF JOINTS OF VARIOUS SpECctES GLUED WITH 
CasEIN GLUE 


ages such as are made by the penetration-into the smaller cell 
cavities immediately adjacent to the glue line are better than 
penetration into a few deep but isolated large cells. Deep pene- 
tration, which results in long tendrils of glue in the cell cavities, 
is not only unnecessary but may even be harmful. Unless the 
pressure applied is adjusted to suit the consistency of the glue, 
thick glues may give incomplete contact and inadequate pene- 
tration, and thin glues may press out between the wood plies 
or may penetrate excessively into the open cells and give what is 
commonly termed a “starved joint.” (See Fig. 1.) 

It is very difficult to measure the consistency of a glue mixture 
after it is spread on wood surfaces, but it is possible to judge the 
condition of the glue in an empirical way by touching the glue 
layer with the finger. An animal glue, for example, should be 
thick enough to form short, thick strings, but not too thick to 
take an imprint or a depression readily. Between the two con- 
ditions thus defined good results are produced with a moderate 
pressure. A glue of the proper consistency will flow sufficiently 
to show a distinct line of glue at the joint edge. The absence 
of this line indicates that the glue was too thick for the amount of 
pressure applied. If, on the other hand, the glue flows exces- 
sively out and down over the edges of the wood, a starved-joint 
condition is indicated. A lack of glue “‘squeeze-out” is usually 
associated with incomplete contact in the joint, and an excessive 
“‘squeeze-out”’ is associated with the absence of a continuous glue 
film. In either case the full strength of the joint is not obtained 
in strong woods, for example, in ash, birch, and hickory. 

In most commercial gluing operations the glue is spread on 
but one of the two contact faces of the pieces being glued (single 
spreading). At times, however, both contact faces are coated if 
the greatest precautions are being taken to insure good joints 


(double spreading). The results of tests, which are given below, 
indicate that the increase in strength by double spreading is slight. 


No. of 
specimens Method Average joint strength 
tested and of Tested dry Tested wet 
averaged spreading (lb. persq.in.) (lb. persq. in.) 
75 Single 369 225 
150 Double 377 235 


A spread of about 12 sq. ft. of glue line per pound of mixed glue 
on one of the two contact faces gives satisfactory joints with 
most glues and kinds of gluing. Under adverse conditions of 
gluing, as where the glue becomes very thick before pressing, 
double spreading is more reliable than single spreading. Under 
adverse conditions, however, a somewhat thicker spread of glue 
is necessary. 

As soon as wet glue is spread on pieces of dry wood it begins 
to thicken. If the pieces are placed together immediately after 
spreading the glue, which is the general custom, the change is 
slower than where the glue-coated surfaces are left exposed freely 
to the air. This lapse of time between spreading and pressing is 
referred to as the “assembly time.’”’ The average casein glues 
and the thicker blood-albumin glues are thick enough to press 
immediately after spreading. Animal glue and the thinner 
mixtures of the other two types are too thin to press immediately 
after spreading, if strong hardwoods are being glued, and better 
results are therefore obtained by waiting for the glue to thicken 
somewhat before pressing. The effect of assembly time upon 
glued joints is closely related to the temperature of the wood and 
room. In gluing small articles with casein and animal glues at 
room temperatures it is ordinarily not difficult to apply a moder- 
ate pressure just at the time the glue has a proper consistency. 
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Fig. 3 BETWEEN Speciric GRAVITY OF Woop AND 
SHEAR STRENGTH OF JoINTS OF Various Species GLUED WITH 
ANIMAL GLUE 


In gluing larger articles, for example, propellers, the operating 
requirements are such that the assembly time varies considerably 
and therefore the temperature and other gluing factors must be 
carefully controlled in order to give the right glue consistency 
at the time pressure is applied. 

Gluing investigations have shown that the most reliable glue 
joints are made under pressures ranging from 100 to 200 lb. per 
sq. in. of joint area. High pressures are especially important 
with casein and other thick glues. It is possible to make strong 
joints with pressures of less than 50 lb. per sq. in.; however, 
such pressures are generally not feasible under commercial con- 
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ditions. The successful use of light pressures presupposes that 
the wood surfaces are free from warping and other irregularities, 
a condition that is seldom obtained. Pressures in excess of 200 
Ib. per sq. in. may crush certain woods, and they are therefore 
applicable only to strong woods where maximum strength of 
joint is required. Experimental and practical work have justi- 
fied the use of a medium to high consistency of glue for use with 
pressures of 100 to 200 lb. per sq. in. 

Joints should be retained under pressure until they have suffi- 
cient strength to withstand the internal stresses which tend 
to separate the wood pieces. Under favorable gluing this con- 
dition will be reached in 2 to 7 hours, according to the thickness 
and absorptive power of the wood. Asa precautionary measure, 
however, a pressing period beyond the minimum time is advis- 
able. 

DirFERENT Woops 


Practically all woods used in aircraft can be well glued, how- 
ever some require more care in gluing than others in order to in- 
sure joints of the highest strength. Extensive gluing tests have 
been made on different woods with animal and casein glues, 
using a wide range of pressure, assembly time, temperature, 
and other gluing factors. The results of these tests show that the 
strong species require greater care in gluing than the weaker 
species; that the hardwoods (porous woods) require more care 
than the softwoods (non-porous woods); and that the heartwood 
is often more difficult to glue than the sapwood of the same 
species. These tests also show that the density of wood has a 
rather definite relation to the strength of glue joints. This 
is illustrated in Figs. 2 and 3, where test data obtained with 
different glues are averaged for each species of wood. The 
strength of solid wood varies in a general way with its density, 
and from Figs. 2 and 3 it may be seen that a similar relationship 
exists for the glued joints tested, even though complete wood 
failure did not occur in testing. 

The occurrence of an occasional weak joint or part of a joint, 
which may cause failure in service, is of great significance to the 
designer of aircraft. The selection and control of gluing condi- 
tions so as to avoid weak spots in the joints is of even greater 
importance, therefore, than the average strength of the joints. 
An analysis of the test results of joints made with casein glue 
shows that the largest number of weak spots occur with long 
assemblies and low pressures, and that the smallest number of 
weak spots occur with the short assemblies and high pressures. 


RECOMMENDATIONS FOR GLUING DIFFERENT Woops 
Casein Glue 


Sitka Spruce. The following conditions are recommended 
for the use of casein glue on Sitka spruce: A glue mixture of 
medium consistency, spread 1 lb. of mixed glue to 12 or 13 sq. ft. 
of glue line, pressed with 100 to 150 lb. pressure per sq. in. of 
joint area, and assembled closed in 1 to 20 minutes (glue-coated 
pieces laid together as soon as spread). 

Other softwood species, including white pine, western red 
cedar, redwood, and Douglas fir glue satisfactorily under the 
conditions recommended for Sitka spruce. 

Ash. The following conditions are recommended for the use 
of casein glue on ash: A glue mixture of thick consistency, spread 
1 lb. of mixed glue to 11 to 12 sq. ft. of glue line, pressed with 
150 to 200 lb. pressure per sq. in. of joint area, and assembled 
closed in 1 to 12 minutes. 

Other species, which should be glued under the same con- 
ditions as recommended for ash are: basswood, birch, black 
cherry, elms, gums, hickory, mahogany, maples, oaks, yellow 
poplar, and black walnut. 
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Animal Glue 


Birch, White Oak, and Black Walnut. Either of the following 
two sets of gluing conditions is recommended for animal glue: 


Approximate Pres- 
Glue-water glue spread, Temperature sure, Closed 
proportions sq. ft. of the wood, lb. per assembly 
by weight (a) per Ib.(b) deg. fahr. sq. in. time, min. 
1:21/4 11 to 12 80 200 3 to 5 
1:21/, 11 to 12 90 200 12 to 18 


(a) A glue which meets the requirements of U. S. Navy specifica- 
tion No. 52G4 or Army specification No. 3-140. 
(b) Square feet of glue line per pound of wet glue mixture applied. 


The lighter-weight species can generally be glued satisfactorily 
with animal glue under less exacting gluing conditions. How- 
ever, few of them are glued with animal glue for use in aircraft 
work. 

In the case of a few woods, for example, hickory, black cherry, 
or red gum, the strength of the joints may be improved by 
treating the wood before gluing. A solution of hydrated lime 
(10 grams added to 90 grams of water) brushed over the surfaces 
which are subsequently glued with casein glue improves the 
strength of the joints. Likewise, a 10 per cent solution of caustic 
soda impreves the strength of animal glue joints. The wood 
surfaces to be joined are brushed with the solution, then after 
about 10 minutes they are wiped with a cloth to remove any excess 
solution or dissolved material, after which they are allowed to dry 
before gluing. 

Gluing practice in aircraft work has not yet reached the same 
degree of perfection that obtains in some of the older industries. 
This is due in part to the continuous change and development in 
aircraft design, to the lack of volume production, and to the 
large amount of unusual and special forms of material glued. 
Modern machine spreaders and power presses, which are used 
extensively in other industries, cannot generally be used to 
advantage in aircraft gluing where glue is still spread by hand. 
On many aircraft joints the only pressure applied is through the 
insertion of brads and screws, which is usually both inadequate 
and uneven. While the essential principles of control in the 
gluing operation are known, much progress can still be made in 
applying them in aircraft work. The development of special 
mechanical equipment for spreading the glue and for applying 
pressure to the many small and irregular pieces of wood would be 
a substantial help in applying more extensively the essential 
principles of gluing, and would thereby make glued joints stronger 
and more dependable. 


Discussion 


Morean B. Sitru.? It would be interesting to know if this 
breaking down of the glue film takes place between layers of the 
wood or where joints are exposed to the atmosphere. My under- 
standing is that as a rule the edges of plywood must be pretty 
thoroughly sealed in order to get anything like long life in a 
built-up board. 

It might be of interest to refer to the application of plywood to 
vehicles in general and particularly to the automobile. It is my 
understanding that plywood is being experimented with and that 
it bids fair to be a very great success in automobile body con- 
struction. 


AvTHOR’s CLOSURE 


In reply to the question as to what the tests and experiments 
have proved with regard to the relative adhesive properties in 
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gluing spruce and mahogany our tests indicate that both spruce 
and mahogany can be glued to obtain practically 100 per cent 
wood failure. The percentage of wood failure for spruce is 
slightly higher than for mahogany, but there is no large difference. 
Practically 100 per cent wood failure was obtained on both woods. 

With reference to the question as to the amount of pressure to 
apply, mahogany will take a little more pressure than spruce; 
that is, 100 to 150 Ib. pressure is satisfactory on spruce, but 150 to 
200 lb. pressure would be nearer right on mahogany. We usually 
plan, in gluing two woods of different qualities, to control our 
gluing conditions for the more difficult wood. That would be in 
this case substantially 150 lb., if a relatively thick glue mixture is 
used, 

About a year ago I had an opportunity to visit a number of 
factories and aircraft repair stations for the Navy. In many 
cases I examined glued joints in which the pressure had been ap- 
plied only with screws, nails, or brads. Many of the joints 
showed only 50 to 75 per cent adhesion over the contact area. 

There is not enough pressure applied by means of the nails or 
brads. A pressure of 150 lb. per sq. in. is a lot of pressure, and 
you do not get it with an ordinary brad or screw in the form in 
which they are usually used. I am satisfied that the joints I saw 
could have been made very much stronger and more reliable if 
enough pressure had been applied. If clamp pressure could be 
applied immediately following the insertion of the brads, I am 
sure it would improve the joint. 

We have not arrived at any very definite conclusion with re- 
spect to the relative life of casein and blood-albumin glued ply- 
wood. Blood-albumin glue under our tests, exposed to damp 
conditions such as high humidity, has always shown a better test 
and longer durability than a water-resistant casein glue. We 
have, however, for the past two years given a rather intensive 
study to the permanence of joints under damp conditions, and we 
are now learning that there are certain types of casein glues which 


are considerably more permanent than others. Our chemists are 
finding that casein glues which are strongly alkaline hydrolyze and 
break down after a period of tine, while both casein and blood- 
albumin glues are attacked by fungi and mold and are destroyed 
eventually by them. 

We have had some contact with the automobile people in con- 


nection with the use of glue and the use of plywood in automobile 
construction. Plywood has been used for some years in certain 
parts of automobiles, particularly in running boards and in some 
makes in parts of the body. Glue is used a great deal in the 
automobile industry in addition to its use in what we call ply- 
wood. The term “plywood” is generally used to describe ma- 
terial where the grain of the plies are at right-angles to each other, 
which gives such a construction unusual mechanical properties. 
There is a good deal of glue used in automobile bodies now, and 
its use is decidedly on the increase. Thick members, such as °/, 
in. and 8/, in. for use in the bodies, are being made up of thinner 
material. The Forest Products Laboratory is very much inter- 
ested in such practices because it means better wood utilization. 
The surprising thing about it is that it can be done at a profit, de- 
spite the operations of cutting the thin material and gluing it to 
make up the thick members. There are some automobile body 
manufacturers who produce curved laminated members similar 
to those in aircraft for use in the region of the wheel housing and 
in the rear curved part of the body. Such parts are made by 
gluing thin pieces. A thick member can be built out of thin 
pieces to obtain almost any curvature desired. It is also not so 
highly stressed as a member made by bending solid wood. 

The relative merits of all wood joints compared with joints be- 
tween wood and sheet metal or sheet steel are beyond our scope of 
investigation. We have confined our work chiefly to the gluing of 
wood and have never undertaken the gluing of metals. I do 
know that there are manufacturers who are gluing wood to metal, 
combining sheets of metal and sheets of wood, and are doing it 
apparently satisfactorily for a number of uses. Wood-metal 
panels go into truck bodies to some extent where a hard surface is 
desired that does not dent and is still a light construction. Just 
what percentage of adhesion is obtained between the two mate- 
rials, Icannotsay. Norcan I say how strong the joint is as com- 
pared with a wood-to-wood joint. Of course if the glue adheres to 
the metal as well as it does to the wood, the joint should be as 
strong as a wood-to-wood joint under shear. I suspect that an 
adhesion to some metals is obtained which is equal to the strength 
of some of the lighter woods, such as spruce or poplar, because 
these woods do not test high in shearing strength. The casein 
glues are being used for this type of gluing. 
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The Oil Engine and Aeronautics 


By COMMANDER E. E. WILSON, U.S.N. 


HE development of oil engines for aeronautic uses involves, 

as its first step, an analysis of the problem. Aircraft are 

of two widely different types, airships and airplanes: that 
is, lighter-than-air craft and heavier-than-air craft. Each has 
its own specific requirements. These have been met to a cer- 
tain degree by gasoline engines. The oil-engine development 
should profit by the work already done on gasoline engines, 
and take as its point of departure the highest state of that art 
to date. 


FUNDAMENTAL REQUIREMENTS FOR AIRCRAFT ENGINES 


We may list six fundamental requirements for aircraft engines. 
An engine which replaces the present types must meet these 
requirements more successfully than do the present engines. 
Our first step, then, is an analysis of these requirements and an 
estimate of the degree to which they are now met. 

Aircraft engines must have (1) minimum weight per horse- 
power, (2) minimum fuel consumption, (3) minimum cost, (4) 
maximum dependability, (5) maximum durability, and (6) maxi- 
mum ease of maintenance in the field. 


WEIGHT PER HORSEPOWER 


Minimum weight per horsepower is a fundamental require- 
ment in aeronautics where gravity exerts such a tremendous 
influence. The heaviest power loading with which we are 
familiar—and by power loading we mean the ratio of the gross 
weight of the airplane to the maximum power of its engines—is 
in the neighborhood of 25 lb. per hp. We may say, then, that 
an airplane with a power plant weighing 25 lb. per hp. can 
just fly without useful load. Reduction in the power-plant 
weight is manifestly reflected in the pay load. Low weight per 
horsepower is not only of importance per se but also because 
the weight of the power plant is reflected back into the weight 
of the structure. It has been said, ‘It takes a pound to carry 
a pound.” Every pound taken off the power-plant weight 
results in the elimination of approximately one pound in the 
structure. Weight per horsepower is of paramount importance. 

We have numerous aircraft engines which weigh 1'/2 lb. per 
hp. as bare engines. We have a number of complete power- 
plant installations which weigh 2 lb. per hp. in running order. 
We may say, then, that any new power plant must not exceed 
2 lb. per hp. installed ready to run. 


Fur. Economy 


In the matter of fuel economy modern aircraft engines easily 
attain a combined fuel and oil consumption under cruising 
conditions of 0.5 lb. per hp., using normal compression ratios 
around 5.3 to 1, and ordinary fuels. An improvement of about 
10 per cent can be had in special cases using higher compression 
ratios and other special arrangements. For general purposes, 
however, we may say that the engine which replaces the modern 
aircraft engine must at least equal a combined fuel and oil 
consumption of 0.50 lb. per hp-hr. 

Manifestly fuel economy is of double importance in aircraft. 
The less fuel required for a given purpose the greater the pay 
load which can be carried. In considering weight per horse- 
power, then, we must combine the power-plant weight with the 
weight of the fuel necessary to perform the airplane’s functions. 
This combination immediately introduces the factor of time, 
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and this in turn causes us to look at the problem from at least 
two angles: the one, heavier-than-air craft; the other, lighter- 
than-air craft. 

Manifestly in an airship whose duration of flight may be of 
the order of several days the deadweight of the power plant 
may be small in comparison with the total weight of the fuel 
burned. In an airplane whose duration of flight may be measured 
in hours, the deadweight of the power plant becomes larger in 
proportion to the fuel burned. The shorter the flight the less 
important is the fuel economy viewed from the standpoint of 
weight. In a modern airplane the engine will burn fuel equal 
in weight to that of the total power plant in a period of about 
four hours at full power. 

Now the airplane, viewed on general grounds, appears to be 
essentially a short-range vehicle if it is to be employed economi- 
cally. The aircraft which have recently crossed the oceans 
have been landplanes stripped down to the minimum weight, 
carrying little or no useful load, and utilizing all their carrying 
capacity for fuel. We can conceive a motor bus making a 
non-stop run from New York to San Francisco carrying its 
own fuel, which in this case would amount to about a ton. But 
it is much more economical for the bus to stop at convenient 
filling stations to refuel, and utilize its load in carrying passengers. 

The relegation of the heavier-than-air craft to comparatively 
short flights results from the fact that the airplane, unlike all 
other vehicles of transportation, must use its power to sustain 
itself. The lighter-than-air craft, on the other hand, is sustained 
by its buoyancy in the medium in which it operates. The air- 
ship, therefore, is the long-range aircraft, and it is in this type 
that fuel economy becomes the more important. This is an 
important point, because in the present state of the aircraft-oil- 
engine art we must depend upon fuel economy to overcome the 
present greater weight of the oil engine. 

At this point it is well to take cognizance of the rapid and 
far-reaching developments in aircraft engines in the past year. 
The year 1927 particularly stands out in aeronautical history as 
a year in which air-cooled aircraft engines demonstrated their 
superiority from every standpoint. The spectacular flights of 
1927 are the result of years of patient effort looking toward the 
development of the air-cooled aircraft engine. The overseas 
flights demonstrated conclusively the soundness of the analysis 
which resulted in the development of the air-cooled power plant. 


Atr-CooLeD vs. WaTER-CooLED ENGINES 


There are two important aspects of the air-cooled-engine 
development, the one the elimination of the water-cooling 
system and the other the rearrangement of the cylinders on the 
engines. Our modern air-cooled engines are single-row fixed 
radials, the cylinders being disposed radially about a single 
crank. All of the American and most of the foreign water- 
cooled engines are in-line or V-in-line engines. Our recent 
advances, then, are the result of two things: first, air cooling, 
and, second, better mechanical form. 

From the standpoint of weight per horsepower, it is obvious 
that the air-cooled engine is lighter than the water-cooled engine, 
largely because of the elimination of an intermediate cooling 
system between the engine and the air. This amounts to, 
roughly, 0.6 lb. per hp. Again, the single-row radial is in- 
herently lighter than an in-line engine of equal cylinder displace- 
ment. This is apparent when we remember that we have 
substituted a single-throw crankshaft for a multi-throw crank- 
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shaft and a short crankcase for a long crankcase. This differ- 
ence in weight per horsepower can be visualized by comparing 
the Liberty water-cooled engine of 1650 cu. in. displacement, 
weighing about 900 lb. without water, with the Pratt & Whitney 
air-cooled radial ‘‘Hornet’”’ engine having a slightly greater 
displacement and weighing 750 lb. complete. Air cooling and 
the single-row radial design have resulted in important power- 
plant weight reductions which we must remember are reflected 
back into the weight of the structure and thus affect economy 
and all other factors of operation. 

In the matter of fuel economy, air-cooled engines suffered for 
a time by comparison. Inferior cylinder cooling brought about 
the necessity for rich mixtures with correspondingly poor econ- 
omy. This fault was not inherent in the principle, but was a 
matter of detailed design. Careful research by the U. S. Army 
Air Corps Engineering Division produced the present cylinder 
for the Wright engines, which was so well designed that the 
modern air-cooled engines are now generally superior to the 
water-cooled engines in the matter of fuel economy. Working 
independently, the Pratt & Whitney Company accomplished the 
same results in their engines for the Navy. The single-row 
radial engine lends itself better to air cooling than do other 
cylinder arrangements, and thus the single-row radial air-cooled 
engine may be said to be responsible for the recent improvements 
in fuel economy. The reduction in power-plant weight plus 
the improved economy made it possible for our transoceanic 
fliers to get off with more fuel and use it to better advantage. 
These factors are the fundamental reasons for the spectacular 
achievements of this year. 


DEPENDABILITY 


In the matter of dependability, the elimination of the water- 
cooling system results in the elimination of at least one-third 
of the common causes of power-plant failures. The surprising 
dependability exhibited by the ‘‘Whirlwind” engines in a long 
series of flights, commencing with Byrd’s North Pole expedition 
and going on through several transoceanic flights, involved 
fifteen different ‘‘Whirlwind” engines. These were stock en- 
gines and they all functioned perfectly until the fuel ran out, 
or the flight was over. No better proof of improved dependa- 
bility could be had, and this improvement is largely due to the 
elimination of the cooling system and the inherently dependable 
form of the single-row radial. 


DvuRABILITY OR OPERATING LIFE 


In the matter of durability or operating life, the new engines 
are greatly exceeding the performance of their predecessors. 
Improved durability can be ascribed to the elimination of the 
cooling system, the single-row radial form, and improved 
design. 

Cost 


In the matter of cost it is manifest that the air-cooled engine 
is cheaper through the elimination of the somewhat expensive 
water-cooling system, and that the single-row radial is inherently 
cheaper in production. From the standpoint of ease of mainte- 
nance the same thing is true, the single-row radial permitting 
easy accessibility and ready maintenance in the field. 

From the foregoing it is apparent that the oil engine will 
have to compete with an aircraft engine which meets our six 
requirements to a marked degree. Manifestly, from the very 
beginning of the design of the oil engine, we should endeavor to 
apply the same principles which have made the new air-cooled 
radial engines so successful. I am convinced that if the oil 
engine starts out as a conventional water-cooled engine, its 
application in aeronautics will be greatly retarded. On the 
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other hand, if the aircraft oil engine starts out as a radial air- 
cooled job, it will be that much farther advanced toward success. 


ADVANTAGES OF THE OIL ENGINE FOR AERONAUTICAL WORK 


So far we have not mentioned the advantages of the oil engine 
which should help overcome any inferiority from the standpoint 
of the six requirements laid down above. If these six require- 
ments are met by the oil engine as well as they have been met 
by the radial air-cooled engine, the advantages of the oil engine 
should constitute strong motives for its general employment in 
aircraft. Manifestly, one of the tremendous advantages in- 
herent in the oil engine is improved economy. Another advan- 
tage is the comparative freedom from fire hazard. 

Fuel economy will be of interest for the reasons previously 
outlined, and also from the standpoint of cost of operation. 
Widespread use of heavy oils in place of gasoline may reduce 
the price differential. It is possible that there would still remain 
the differential in cost of production, which should always favor 
the oil. Fuel costs are a comparatively small proportion of 
operating costs, but they may prove of importance in com- 
mercial operations. The introduction of cracking processes 
influences this problem, and the results of fuel research will 
continue to do so. 

The weight per horsepower of modern aircraft engines has been 
reduced to a certain extent by increasing the crankshaft speeds. 
We have steadily advanced to as high as 2200 r.p.m. as a rated 
speed. Now the efficiency of the propeller is a function of the 
speed of advance of the aircraft, so that high crankshaft speeds 
can be utilized only in high-speed aircraft. One alternative is 
to use reduction gears in slow-speed airplanes. This has resulted 
in improved thrust on take-off, thus enabling the airplane to 
get off with greater loads, and the improved propeller efficiency 
has correspondingly improved the fuel consumption at cruising 
speed. In the direct-drive engines of today, I believe we have 
gone too far with high crank speeds. It is conceivable that by 
utilizing more cylinder displacement and lower crank speeds for 
the same power we may get sufficiently better performance to 
compensate for the increased engine weight. In choosing be- 
tween the high-speed, geared engine and the direct-drive over- 
size engine with a lower crankshaft speed, I believe the direct- 
drive engine has the advantage and should be given far more 
consideration than it has had in the past. At any rate, in our 
oil engines we need not worry in the beginning over higher 
crank speeds than, say, 1400 to 1600 r.p.m. 

This matter of crank speed is the controlling factor because, 
while the compression-ignition engine has superior economy 
inherent in the cycle, the mechanism is unable to utilize this 
superiority when the speeds get too high. In a recent problem 
we have endeavored to arrive at a compromise between the 
dry weight of the engine and fuel economy which will give us 
the least weight for a given time of flight. This was an airship 
problem which took into consideration the influence of speed 
on fuel economy. This points out the necessity for designing 
our engine for a specific purpose, and it is manifest that the com- 
pression-ignition heavy-oil engine should find its first aero- 
nautical application in the airship class. At this very moment 
one of the most pressing problems in connection with the Navy’s 
airship program is the choice of an engine. 


Fire Hazarp 


Aside from the economic aspects in this problem, there is the 
matter of fire hazard. It is a well-known fact that one of the 
chief sources of danger in an airship, with present-type engines, 
is the volatile fuel they use. I believe that the hazards involved 
in utilizing gasoline are far greater than those involved in the 
use of hydrogen. It may be possible that, with a safe fuel, we 
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can revert to hydrogen as a lifting gas and eliminate the helium- 
supply problem. 

The fire hazard involves two aspects: (a) the danger from the 
presence of explosive or combustible mixtures, and (b) the 
danger from the combustion of the fuel itself. Of these the 
volatile combustibles are perhaps the most to be feared. The 
danger from this source may decrease in proportion to the 
volatility of the fuel, but it must be remembered that even 
the heaviest oils are not entirely free from this danger. Bunker 
fuel, heavy enough to be difficult to handle, must be carefully 
watched from the standpoint of explosive mixtures of vapors. 
From this point of view the oil engine will have a definite 
superiority over the gasoline engine, a superiority about in pro- 
portion to the volatility, but it will still involve some hazard. 
Our oil engines cannot therefore stop with the employment of 
oil only slightly heavier than the present gasoline.. From the 
standpoint of fire hazard we must use the least hazardous oils. 

From the standpoint of the combustion of the liquid, the 
heavy oil is not so attractive as would appear at first glance. 
If we pour gasoline on a hot plate we find that the fuel is fre- 
quently vaporized without being ignited. On the other hand, 
if we pour lubricating oil or Diesel oil on the same plate, it will 
almost invariably ignite. Fires in aircraft have been initiated 
in the lubricating oil, and it is frequently the lubricating oil 
which burns most violently. In a crash it would be difficult to 
choose between oil and gasoline. 

We may say, then, that there is some doubt as to whether a 
light or heavy oil is more hazardous in a crash, but that from all 
other viewpoints the heavy oil has decided advantages. The 
superiority of the heavy oil bears some relation to its viscosity, 
and is greater the heavier the oil. Aircraft-oil-engine design 
should give due weight to this factor in order that the inherent 
advantages of the type may be realized in service. 


SUMMARY 


To summarize, I believe that the two important advantages 
of the heavy-oil engine for aircraft service, viz., inherently 
superior fuel economy and inherent reduction in fire risk, are 
of sufficient importance to warrant prosecuting the project 
vigorously. I believe that the first application of the oil engine 
in aeronautics should be in the airship, because it is here the 
advantages are realized to the fullest extent. Oil-engine develop- 
ment should start with the highest development of the gasoline 
aircraft engine and not with an initial handicap of incorrect 
cooling and incorrect mechanical form. The Navy’s rigid- 
airship program needs a development of this sort now. 


Discussion 


O. D. Treiser.! Commander Wilson’s paper contains a 
great deal of valuable information. The Diesel motor offers 
little possibility of reducing the weight of present aeronautical 
gasoline motors. The weight will necessarily be slightly higher 
on account of the increased maximum gas pressures necessary 
to obtain the height of economy. The present economy of the 
gas motor as stated by author, 0.5 lb. per b.hp-hr. for fuel and 
oil, is remarkable, and is comparable with that of many oil 
engines of today. However, a consumption of 0.4 lb. of fuel 
oil can be obtained in Diesel motors with perhaps an improve- 
ment of 10 per cent under favorable conditions. This would be 
an improved weight economy as regards fuel of 20 to 25 per 
cent. The additional weight of the Diesel motor, however, 
will offset some of this saving. 

Since the gasoline motor at 1'/2 lb. per hp. consumes its weight 
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in fuel each three hours and the Diesel motor can effect a saving 
of fuel of 20 per cent, the Diesel motor would save 0.3 Ib. per hp. 
every three hours and could weigh 1.8 lb. per hp. and be equiva- 
lent to a gasoline motor on a weight over three-hour time 
basis. Beyond three hours time the saving would be favorable 
to the Diesel motor to the amount of 0.1 lb. per hp. per hour. 
These figures might be improved in favor of the Diesel motor, 
but the above is considered conservative. 

Now a Diesel motor of 1.8 lb. per hp. is the problem. How- 
ever, after reaching down to about 8 lb. per hp. for railroad 
service, the writer is optimistic enough to believe it can be 
appioached very closely, perhaps improved. 

As to the reduced fire hazard: This is the greatest asset we 
can contribute to aeronautics by developing the Diesel motor, 
as the fuel is less volatile, or in other words has higher flash 
and fire points. At the present time Diesel fuel oil is apt to 
be anything—light ends as well as heavy ends. The light 
ends must not be permitted in Diesel oil for aeronautics, and 
the heaviest ends are not easily consumed at high speeds. The 
matter is entirely one of selecting the fuel and requiring a Diesel 
motor that will use the high-flash oils. 

We have had no fires in our Diesel ships, but our gasoline 
boats have had many bad fires due to free gasoline. Perhaps 
the fires the author mentions as coming from lubricating oil 
were due largely to this oil’s being contaminated with gasoline 
condensation working past the piston rings. However, the 
writer has had a number of experiences with lubricating oil 
cracking from contact with hot surfaces in the crankcase, par- 
ticularly the piston crown, and forming a gas which is not no- 
ticed and never ignites so long as the motor is running. But, 
when the motor is stopped, particularly when quickly stopped 
after full throttle, this gas collected in the crankcase explodes 
violently, sometimes rupturing it and often burning long enough 
to completely envelop the engine in a flame several times the 
size of the engine and starting serious fires. The crankcase 
fires the author mentions may be due to this cause. This danger 
can be minimized by correct piston design and tight piston 


rings. 


Rospertson Martruews.? In view of the fact that there are 
at least three heat cycles on which this type of engine may be 
operated, specification of which may in future give us more 
concern than at present, the use of the term ‘compression 


_ ignition” in these papers is commendable. However, it is a 


long term both for writing and pronunciation and the writer 
uses and suggests “comp-ig”’ in its place. 

A noteworthy statement by Commander Wilson is that the 
high-speed compression-ignition engine must excel the car- 
buretor engine in all of the six major requirements which he 
specifies for aircraft engines. He further suggests that for 
aeronautical service it should be air cooled. Some of us would 
not have had the audacity to ask, for a while yet, for air cooling. 
The well-digested character of his paper and the knowledge 
that it was the organization which he represents which more 
than inspired the development of the engine of which we have 
heard so much in connection with recent successful long-distance 
flights, bids us accept his suggestion as a wise instruction. 

The application of air cooling to the high-speed compression- 
ignition engine would scem to call for still greater emphasis on 
the attainment of dual combustion, or operation on the Sabathe 
cycle. What in stationary-engine practice are called high- 
speed oil engines run up maximum pressures of 800 lb. per sq. in. 
and above when giving fuel economies consistent with the theo- 
retical efficiency of the Sabathe cycle. Such pressures mean 
high temperatures. More control of the constant-pressure as 
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well as the constant-volume portion of combustion should be 
favorable to the attainment of successful air cooling at 1400 to 
1600 r.p.m., the crank speed set as a temporary limit by the 
author. 

All of the major requirements specified together with that of 
air cooling, call for a dual-combustion compression-ignition en- 
gine and not for the Otto one usually obtained at high r.p.m. 
But how can we get it? As yet we understand little of the 
processes of combustion. The job needs a Faraday, and the 
sooner the better. 


Etmer E. Sperry.* Commenting orally on the paper, 
took exception to the author’s statement regarding the relative 
hazards of lubricating oil, Diesel fuel oil, and gasoline on air- 
planes, and regretted that any such statement as this had been 
made by one holding so important a position in the Navy De- 
partment. He said that when the Standard Oil Company’s 
tankers are loaded with gasoline no one is allowed to approach 
nearer the ship than 300 ft. Every fire is out and the ship is 
grounded by huge copper cables, and every possible precaution 
taken in loading. The same is practically true in the loading 
of some of the crudes which have naphthas in them. But when 
loading fuel oil or Diesel oil in bulk all the fires are going in the 
engine room and every one smokes who cares to, no attention 
being paid to it whatever. A good many experiments had been 
made at his works, Mr. Sperry said, and while Diesel oil can be 
set afire, it is necessary to use a torch, and put waste on the oil 
and get everything hot before it can be made to burn. 

The objection to our air-cooled engines is that they expose a 
very much larger area to the head resistance than do a water- 
cooled engine and its radiator. 


Tue AurHor. We may look at the fire hazard in aircraft 
from three points of view: on the ground, in the air, and in a 
crash. The protection of aircraft and property where the 
present high-volatile fuels are used is one of very great difficulty. 
This is particularly true on board the vessels of the Fleet, where 
the introduction of aviation gasoline has necessitated taking 
elaborate precautions and installing special apparatus for han- 
dling the fuel. The problem of handling a hundred thousand 
gallons of gasoline on a carrier is a difficult one. The replace- 
ment of gasoline by heavy oil would almost completely eliminate 
this difficulty. If, however, as Mr. Treiber says in his dis- 
cussion, “Diesel fuel is apt to be anything—light ends as well 
as heavy ends,” then the difficulty has not been eliminated. 
In developing a compression-ignition engine for aircraft this 
fact must be taken into consideration. I should like to em- 
phasize Mr. Treiber’s statement that the light ends must not 
be permitted in Diesel oil for aeronautics. 


3 Chairman, Board of Directors, Sperry Gyroscope Co., Brooklyn, 
N. Y. Life Member A.S.M.E. 


Fire in the air may result from gasoline leaks permitting the 
fuel or its vapors to come in contact with a source of ignition 
such as the electric-ignition apparatus or hot parts of the engine. 
The American in-line V-type water-cooled engines carry the 
carburetors inside the V for compactness’ sake. This necessi- 
tates leading the fuel lines over the ignition apparatus. A 
broken fuel line results in spraying the gasoline over the dis- 
tributers, and may result in fire. With the engine cowled in, 
explosive vapors may accumulate in the V through small leaks 
and be ignited by a backfire from the carburetor, or, as has 
occurred, by a spark jumping across from the spark-plug ter- 
minal to the nearby metal cowling. The location of the car- 
buretors in the V produces a serious fire hazard with volatile fuels. 

The modern air-cooled engines were designed to eliminate 
this hazard through the location of the carburetors well below 
and behind the engine, so that the fuel leads go well clear of 
ignition apparatus and hot parts of the engine. Furthermore, 
in the interests of cooling the air-cooled engine, the cowling is 
invariably well ventilated, preventing the accumulation of ex- 
plosive vapors in a dangerous place. These steps have tended 
to reduce the hazard from fires in the air, and these are com- 
paratively few with modern air-cooled engines. Nevertheless, 
our present volatile fuels are a source of great danger in the air. 
A heavy-oil engine designed largely to eliminate fire hazard in 
aircraft must use a fuel free of light ends. 

The problem is somewhat different in the case of a serious 
crash. The Engineering Division of the Air Corps has con- 
ducted a series of experiments in which an airplane has been 
deliberately crashed against a concrete wall and slow-motion 
photographs taken of the result. In many cases no fires oc- 
curred. In many in which fires did occur it was not pos- 
sible to arrive at very definite conclusions because the number 
of crashes were necessarily limited. A very careful study of 
some of the fires indicated the possibility that the first step 
was the ignition of the lubricating oil. This belief is borne out 
by certain experiments which indicated that if gasoline alone 
were thrown on hot metal parts such as exhaust stacks or cylin- 
ders the rate of evaporation of the volatile fuel was such as to 
cool the metal parts so quickly as to reduce the temperature 
below the ignition point. On the other hand, certain oils sold 
as “Diesel oils’”’ when thrown on hot plates ignited readily and 
burned vigorously. No doubt the prompt burning of this oil 
was due to the presence of light ends. Again the conclusion 
must be drawn that “light ends must not be permitted in Diesel 
oil for aeronautics.’’ 

The chief advantage to be gained by the substitution of the 
compression-ignition engine for the present carburetor engine 
is the reduction of fire hazard. To realize this reduction it is 
necessary to use oils free of light ends. This makes the problem 
more difficult, but the author is confident that its solution is 
well within the realm of possibility. 
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The Problem of Solid Fuel Injection in High- 
Speed Flexible Oil Engines 


By A. C. ATTENDU,! WASHINGTON, D. C. 


The “‘flexible’’ oil engine, the author states, is one which must be 
capable of starting from cold on its own fuel without preheating of 
that fuel or the aid of a combustion chamber or electric appliances, 
or by the preliminary use of a lighter oil for warming-up purposes. 
It must be able to start cold at 70 to 100 r.p.m., idle to 125 r.p.m. or 
about, and run from that speed up to a maximum which varies from 
1000 r.p.m. for trucks, light marine engines, and the like, to 1800 to 
2000 r.p.m. as required for aviation. The author describes his re- 
cent work in the development of a system of solid fuel injection that 
will meet the demands of the flexible engine, and gives particulars of 
a new type of fuel pump and an injector provided with a mixing 
chamber in the cylinder head which he believes will lead to the desired 


result. 


cold on its own fuel without preheating of that fuel or the 

aid of a combustion chamber or electric appliances, or by 
the use of a lighter fuel for warming up the engine, which once 
started is switched over to the heavier fuel. The fuel used in 
all the author’s experiments is 18-20 deg. B. fuel oil. 

The flexible engine must be able to start cold at 70 to 100 r.p.m. 
idle to 125 r.p.m. or about, and run under load from its idling 
speed up to a maximum speed which varies according to require- 
ments from 1000 r.p.m. for trucks or light marine engines and the 
like, to 1800 and even 2000 r.p.m. as required for aviation. 

It can readily be seen that in such an engine conditions vary 
with the speed and load. The amount of oil injected must vary 
with speed, but more in direct relation with the load. The time 
at which the fuel is injected in the cylinder must be varied: 
slightly as the amount of fuel injected increases, and very widely 
as the speed of the engine increases up to its maximum. 

A pressure of from 400 to 500 lb. per sq. in. is necessary for 
starting as well to keep the engine firing steadily as its idling 
speed. If no means are provided to control this pressure, at top 
speed it will become so high that the bearings will not stand up 
under it unless the construction is so heavy that the weight of 
the engine will be prohibitive in many cases. 
of maintaining the pressure for combustion practically constant 
throughout the range should be resorted to. This control of 
pressure is, the author believes, quite satisfactorily accomplished 
by the Attendu principle, in which the compression necessary 
for self-ignition and combustion varies from 500 lb. per sq. in. 
at starting speed to 520 lb. at maximum speed, or a variation of 
4 per cent for the full range. 

The problems to be dealt with in this paper are those of fuel 
measurement, injection, and proper timing. The system for 
solid fuel injection which will be described comprises a fuel pump, 
injector pipes, and an injector. 


Pump 


The fuel pump, shown in Fig. 1, is of the two-stage type. 
During the first stage the oil from the tank is fed by gravity or by 
any other suitable means, and is compressed in an auxiliary 
reservoir which fills the entire circuit comprising the metering 
pumps, injector pipes, and injectors. The oil is kept under con- 


Tice “flexible’’ oil engine must be capable of starting from 


1 Consulting Engineer, Attendu Engines, Ltd. Mem. A.S.M.E. 
Presented at a meeting of the Metropolitan Section of the A.S.M.E., 
New York, November 22, 1927. 


Thus some means 


stant pressure, which in the case of the experimental aviation 
engine built for the Navy Department was 800 lb. per sq. in. 
The object of such a high primary pressure is to insure a complete 
filling of the whole circuit and to prevent to a large extent the 
fluctuations of oil in the injector lines, thus making certain a 
more rapid and accurate delivery of the fuel to the injector. 

Between the reservoir receiving the oil under pressure from the 
first. stage and the injector line is the metering pump. This is 
of the variable type, cam-actuated. The variation of the stroke 
is accomplished by a very simple mechanism. The injection 
always starts at the point at which the amount of fuel delivered 
is at its minimum or its maximum. The variation of time of 
injection is controlled independently. The last two conditions 
are necessary for variable speed as well as variable load. 

The bore and stroke of the metering pump in the experimental 
aviation engine have a ratio of 1 to 2 approximately. In the 
new design the bore is larger than the stroke, allowing a smoother 
lift for the same angular length of injection. Also the cams, 
which previously were designed on a constant-velocity curve, 
have now a straight-cut face which gives a faster acceleration as 
the pump plunger is nearing the top of its stroke. This insures 
sharper cut-off of the fuel and also permits of a more positive 
and accurate delivery of very small charges of fuel. (See Fig. 2.) 
The total injection angle is 30 deg., and the maximum advance of 
injection is 35 deg. 

The fuel pipes are made of Shelby tubing flared out with copper 
gaskets, as used in the aviation engine, but the inside diameter is 
larger. 


Fue. INJECTORS 


In every account of tests of high-speed oil engines built today 
we see that the fuel economy is very good and that the exhaust is 
comparatively clear up to half-load, but at full load the fuel con- 
sumption is high and the exhaust very smoky. This coincides 
with the author’s experience. In all injectors the author uses 
today the opening is of a fixed diameter, calculated with regard 
to the maximum amount of fuel to be passed through it, the veloc- 
ity, and the pressure required to vaporize the fuel at full load 
of the engine. This is quite as it should be for constant-speed 
engines. 

With solid fuel injection, small amounts of fuel (as required 
for idling or light load) are passed through the opening which 
gives the best results for full load, the pressure (which is not only 
governed by the spring tension in the injector but also by the 
amount of fuel passed through the nozzle) drops, the vapori- 
zation is not good, and the engine misfires or stops; thus in order 
to get any degree of efficiency at part load the opening in the 
injector nozzle must be reduced in order to accommodate small 
charges, and in the author’s opinion this is responsible for the 
poor combustion and high fuel consumption at maximum load 
and maximum speed. As an example, the experimental aviation 
engine, which has a cylinder bore of 5'/, in. and a stroke of 6'/2 in., 
actually developed 45 b.hp. per cylinder at 1500 r.p.m. Figuring 
on a fuel consumption of 0.5 lb. per b.hp-hr. and a nozzle opening 
of 0.020 sq. in., the column of oil to be passed through that 
opening at full load is (23.746) 23°/, in. at 1500 r.p.m.; this is 
at the rate of 600 ft. per sec., 36,000 ft. per min., or 409 miles per 
hour! The injection lasts through a crank angle of 30 deg. 
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Fig. 2 Cam Contours 


At idling’ speed and at speeds up to 1000 r.p.m. with com- 
paratively light loads the engine runs very satisfactorily, the 
oil being well vaporized, the combustion quite good and the 
injection pressure varying from 6000 to 8000 lb.; but as soon as 
full load is applied and the engine run at higher speeds the oil 
pressure goes up to 16,000 and even 18,000 lb. per sq. in. In the 
author’s opinion, with such pressures and velocity only the 
outer part of the jet of oil going into the cylinder is vaporized; 
and the central part strikes the piston in liquid form, carbonizes, 
and causes a smoky exhaust. 

Experiments were made with double spring adjustments on 
the injector valve (Fig. 3), by means of which the area of the 
passage permitting the oil to reach the injector nozzle could be 
varied. The result was the same, and was believed to be due 
to the fact that opening had a fixed diameter. This led to the 
design of an injector which is now being tested. 

This new injector (Fig. 4) has two concentric needle valves; 
the inner one, or the slow-speed adjustment, has an opening large 
enough to vaporize very small amounts of fuel, and is set at a 
predetermined opening pressure; the outer one or the auxiliary 
needle has an opening which combined with that of the slow- 
speed needle will permit the maximum amount of fuel necessary 
at full load and speed to be injected at a pressure very slightly 
above that of the slow-speed adjustment alone. The tension 
of the springs on both adjustments is so calculated that the slow- 
speed needle always opens before and closes after the high- 
speed adjustment; this has the following effect: 

The slow-speed adjustment, when working in connection with 
the high-speed adjustment, acts first as a pilot jet and starts 
combustion. As soon as the high-speed needle comes into 
operation, the jet from the inner needle, which remains opened, 
breaks and vaporizes the fuel coming from the high-speed needle. 
When the injection is cut off, the high-speed needle closing first, 
the slow-speed needle, being still open, acts as an ejector and will 
break up the particles of oil which would have a tendency to 
form at the tip of the larger needle. 

Tests have been carried out with the new injector which show 
that the pressure varies only from 6000 to 8000 lb. for minimum 
to maximum charges of fuel injected, and that the central por- 
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Fic. 3 EXPERIMENTAL SPRING-ADJUSTED INJECTOR VALVES 


tion of the fuel spray which was in a liquid form in the type of 
injector used previously now also comes into intimate contact 
with the combustion air. 

Two years ago in order to assist the air in reaching the oil, 
the author constructed an injector nozzle in the shape of a blow 
torch, Fig. 5, in which the oil spray leaving the injector exerted 
a suction on the surrounding air through openings in the injector 
nozzle. This air mixed with the fuel spray and combustion was 
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Fig. 4 New Insectror Two Concentric NEEDLE VALVES 


improved, but the nozzle, not being cooled, burnt out completely 
inside half an hour, and the idea was rejected for the time being. 

Taking up the matter again, instead of having a projection 
on the nozzle itself the author built a small chamber inside 
the cylinder head, Fig. 6, which he calls the mixing chamber. 
The effect is exactly the same as that of the projection on the 
nozzle. No combustion takes place in this mixing chamber. 
The author has noted from experience that combustion in solid 
fuel injection is obtained at about 1'/, in. from the nozzle or very 
slightly less, so the length of the mixing chamber is designed 
accordingly. 

The operation is as follows: On the compression stroke the 
air enters the mixing chamber. Due to the restriction at the 
mouth of the chamber it enters with a high velocity, thus be- 
coming highly heated, and quite a turbulence is set up. When 
the piston reaches or approaches the top dead center the in- 
jector opens and fuel enters the cylinder. The shape of the 
spray is so calculated that it does not touch the annular passage 
but just brushes it, and thus no carbon can be deposited. As 
the spray passes the annular space, a very great turbulence is 
created in the mixing chamber as well as a suction, so the air 
drawn in by the spray mixes readily with the oil and gives better 
combustion. 

This new type of head is being experimented with now in 
connection with the new injectors. While no data are avail- 
able as yet, the author is confident that this arrangement will 
form one more step in the direction of perfect combustion for all 
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ranges of speeds and loads in the flexible oil engine, which sooner 
or later should replace the gasoline engine. 


Discussion 


N THE oral discussion which followed the presentation of the 
paper, R. W. A. Brewer? stated that he had seen the author’s 


engine on several occasions 


and that it showed great 


promise, but it must be ob- 
vious to all those who 
had followed the develop- 
ment of the heavy-oil en- 
gine that it would be a num- 
ber of years before this en- 
gine could be developed 
into one having the sim- 
plicity of the carburetor- 
type engine. He did not 
agree that the heavy-oil en- 
gine was simple, because it 
had already been shown that 
the functioning of such an 
engine depended upon very 
accurate manufacturing 
limits and adjustments of 
the vital working parts. 
It was therefore necessary to 
have considerable patience, 
and to offer every kind of 
encouragement to those 
who would carry on this line 
of work. 

As an example of the time 
which it took to carry out 
even a simple development 
program on an aviation en- 
gine, Mr. Brewer instanced 
the fact that the engine 
which he was at present pre- 
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Fig. 6 Insector Mixing CHAMBER IN CYLINDER HEAD 


paring for marketing was originally designed by him seventeen 
years ago, and that this engine aimed principally at simplicity 
of construction and maintenance. 


2 Jenkintown, Pa. 
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The Status of the Airship in America 


By GILBERT BETANCOURT,! DETROIT, MICH. 


HE rigid airship is already a proved carrier to those who 

i know its history and characteristics; and the demonstra- 

tion of the new units under construction in Europe will 
be a revelation to those who do not. 

Post-war development of this craft has gained enough mo- 
mentum to continue with increasing intensity somewhere, in 
spite of such accidents as that of the Jtalia and Shenandoah 
and of those that may follow as the inevitable lessons character- 
istic of all human endeavor. 


HANDICAPS TO DEVELOPMENT 


Although there are many airship matters and problems still 
subject to controversy, there is only one real issue in this country. 
Shall we strive for the lead in rigid-airship development and 
construction or shall we continue trailing behind the three 
airship-wise European nations? If we desire leadership, then 
we must first try to overcome certain obstacles. 

The development of the rigid airship started in Germany 
some 30 years ago, and as yet there is but one such craft in this 
country, the Los Angeles, and this was built in Germany. Great 
Britain, Germany, and Italy are some three to five years ahead 
of us in airship building at present. The reasons are obvious. 
As a German invention, the rigid airship was energetically 
developed into an efficient and safe craft which was used by 
the Germans during the war. England was near enough to the 
military work and development of this new machine to give it 
serious study; but the United States was too far away to realize 
its possibilities. One good rigid airship was built in this country 
some five years ago, and since then attempts have been made to 
interest the Government in building more, but the people of 
the country at large do not know yet what the airship can do 
or its possible use in our transportation system. Too many 
men on this side form a mental picture of an airplane when 
airships are spoken of, and yet these two craft are as different 
from each other as is a kite from a balloon. 

Our only ship, the Los Angeles, already some four years old, 
is small for demonstration work, and though it is still doing 
wonderfully in the skilled hands of our little airship navy, it is 
so constantly employed in the training of personnel that it cannot 
be sent over the country to show people the possibilities of rigid 
dirigibles. 

No doubt the worldwide demonstration of the three new 
European rigid ships will aid materially in clarifying the practical 
uses of airships. But it is certainly not to our credit to lag 
so far behind others in this development. 

Another serious handicap here is the cost of manufacturing 
this type of aircraft. Either Germany or England can build a 
rigid airship for about half as much as we can at present, because 
this craft is still largely a hand-made product. Our salvation 
will lie in expediting the development so that we can build 
our ships in groups of five or more from the same design and of 
the same size, in order to be able to employ mass-production 
methods and machinery. 

With these obstacles, the handful of airship engineers in the 
country has turned to academic problems. Our work, un- 
supported by sufficient full-size tests, has given rise to the dis- 
cussion of academic problems while unable to secure support to 


1 Engineer, formerly with Aircraft Development Co. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


build ships for demonstration purposes. The author will en- 
deavor to present briefly most of the academic problems or 
controversial matters that have arisen. 


AIRPLANES vs. AIRSHIPS 


The airplane is supported aerodynamically, and in continued 
flight it depends upon a powerful motor and a comparatively 
large supply of gasoline—this automatically places it in a definite 
field of application—while the airship is supported by the natural 
force of aerostatic lift, or, as Count Zeppelin put it, “The forces 
of nature cannot be eliminated, but they can be balanced one 
against the other.” The airplane has to lift its source of lift, 
while the airship is not so burdened, its inflation gas being 
lighter than air itself. 

Actual figures on speed, ratios of carrying capacity to combined 
weight of power plant and fuel, range, and transportation 
efficiency of these two types of aircraft have appeared a dozen 
times in the past, and they will be more accurately known 
in the future. They prove already, not how superior one is 
compared to the other, but how different their performances 
and fields of application are. Actual commercial operation 
will clearly show how these two craft can complement each 
other and, together, perform a valuable transportation service. 
Their fields of use will be so different that any attempt to over- 
lap their functions will call for craft which will be neither eco- 
nomical in operation nor permanently popular. 


Types oF AIRSHIPS 


To the three well-known types of airships, non-rigid, semi- 
rigid, and the rigid, Ralph H. Upson has added a fourth, which 
can be best designated as a pressure-rigid type, and which will 
be dealt with later in this paper. 

In war a use has been found for every type and size of air- 
craft conceived by man, with the possible exception of the 
helicopter, but aerial commerce will ultimately have in use no 
other aircraft than the safest, the most comfortable, and the most 
economical to operate. Among airships the author foresees 
little commercial use for craft smaller than those having dis- 
placement of 2,000,000 cu. ft. or the equivalent of 60 to 70 tons 
gross lift. This size calls for “rigidity” or strength possible 
only in the Zeppelin or rigid type, and its equivalent along the 
new pressure-rigid principles of the Upson class. The bulk 
of airship traffic will possibly be handled by ships from three to 
twenty times the size mentioned, or having a gross lift of 200 
to 1500 tons. The semi-rigid and the non-rigid types are thus 
automatically eliminated, having structural and durability 
limitations that will restrict them to military training, and 
possibly to sporting purposes, or for exploration work such as 
was undertaken by the Jtalia in a second airship flight over 
the North Pole. It is with the Zeppelin and the new Upson 
types that this paper will largely deal. 

Briefly, the Zeppelin type consists of a metallic structure of 
transverse polygonal frames connected by longitudinal girders, 
the whole being braced against shear by an elaborate system of 
wiring, and covered with high-grade aluminized fabric tautly 
stretched over the structure. The gas is contained in several 
independent gas cells constructed of extremely light fabric, and 
there is a breathing or ballonet space between them and the 
outer cover or hull proper. About 125 ships of this type have 
been built in Germany, about half a dozen in England, and but 
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one in this country. The U. 8. S. Los Angeles, the two British 
airships R-100 and R-101, now nearing completion, the new 
German LZ-127 for Spain-South America service, and the two 
U. 8. naval craft of 200 tons gross lift, the construction of which 
it is hoped to start this year, all belong to the Zeppelin class 
and prove the possibilities and performance of this type. Eng- 
land is well aware of the value of airships and is already building 
up an airship navy. The performance of her new ships will 
soon be known to the world, and this may act as a stimulus 
to construction in this country. 

The Upson or pressure-rigid type, as yet in the experimental 
stage, consists of a metallic shell reinforced with light transverse 
and longitudinal girders, wire bracing being used only in the 
transverse frames, and thus allowing the metallic skin to resist 
all shear stresses on the surface of the hull. This type, of which 
the first demonstration unit is being built under Navy contract, 
is admitted to be worth experimenting with, and after sufficient 
metallurgical and constructional development we shall know as 
to its practicability. 


Fasric oR METAL AIRSHIPS 


In a discussion of the relative merits of fabric and metal air- 
ships it should be understood that the Zeppelin is not a ‘fabric 
ship” nor is the Upson entirely of metal. There can be no air- 
ship without fabric. The terms are used merely in a relative 
way; and the true distinction is one of fundamental principles, 
the Zeppelin possessing permanent bracing which provides 
inherent rigidity to resist gas-head loads and longitudinal 
bending moments, while the Upson type derives its rigidity from 
internal gas-and-air pressure, and therefore its strength is 
variable, and automatically or manually adjustable according 
to requirements. This latter control and maintenance of the 
needed pressure is the main problem in connection with this 
type of airship; and its success therefore depends upon the 
permanence of its leak-proof shell and upon the absolute re- 
liability and simplicity of the automatic and mechanical means 
to attain and hold the needed pressure as soon and as long as 
required by the variable conditions. There is no reason for 
competition or rivalry between the Zeppelin and Upson types at 
present, as in the author’s opinion it will be only after some ten 
years of actual regular commercial operation of some hundred 
airships that we shall know just what the ultimate type of large 
airship will be like. 

LaRGE OR SMALL AIRSHIPS 


It is now known that the transportational efficiency of the 
rigid dirigible increases with its displacement and that the peak 
of the displacement-efficiency curve, as far as it can be estimated 
and extrapolated, is not reached by sizes beyond those con- 
ceived by most designers. 

The fundamental formula (Hp. = V*/*pv3/550K), shows that 
the horsepower required for a certain velocity does not increase 
as rapidly as the volume or displacement; and therefore the 
determining economic factor of fuel consumption calls for in- 
creasing displacement progressively and as rapidly as we can 
solve the ground-handling, mooring, structural, construction, 
and housing problems. 

The Los Angeles, of 2,500,000 cu. ft. displacement, or some 
75 tons gross lift, carried about 30 people for some 5000 miles 
of non-stop flight from Friedrichshafen to Lakehurst, and it had 
enough fuel left to go on to Chicago. The new British ships, 
twice as large as the Los Angeles, will carry about 100 passengers 
and 50 crew for 4000 miles without refueling, and at a speed 
of approximately 70 m.p.h.; and preliminary designs for an 
airship having a capacity of 9,000,000 cu. ft., or about 300 tons 
lift, are ready and waiting for the trials of those two units. 


Going still further, within a decade we can expect 500-ton ships 
plying between the world’s main terminals. And this is not 
the limit, the author having looked into the possibility of a 
1000-ton airship of the Upson type, preliminary calculations 
for which show that a length of 1000 ft. and a fineness ratio of 
4 would give the required displacement of 30,000,000 cu. ft. 
The performance of such a craft would be approximately as 
follows: A maximum non-refueling range of 6000 miles with 
1000 passengers fully accommodated, 25 tons of baggage, and 
an additional cargo of 200 tons, or about 325 tons total pay 
load. In addition a cruising speed of some 100 m.p.h. would 
be possible on such a run, bringing Europe within a day and a 
half of New York. 


CoMMERCIAL OR MILITARY AIRSHIPS 


Should we build military, commercial, or “compromise” 
airships? It is unfortunate that the cost of construction of a 
rigid airship appears so relatively high that it is difficult to interest 
private capital before the airship is demonstrated to this side 
of the world. The Government will naturally turn out ships 
primarily for national defense and training, rather than for 
commerce. England, with her widely spread colonies, is almost 
compelled to equip her airships so that they can be used for 
demonstration in transportation of people and cargoes between 
the sections of her domain, but these craft, however, have been so 
designed that they can be easily adapted for military emergency 
in a short time. 

On this side, although we have different conditions from the 
military or defense viewpoints, we should be able to do like- 
wise, or at least equip our first ships so that they can be readily 
used for mail and cargo transport, as well as for training proper 
and national defense, thus serving the double purpose of pre- 
paredness and education of the public. 

We should not, however, depend only upon the Government 
to start the dirigible industry in this country, and as soon as 
possible we should seek substantial support from private capital. 
When we do, we shall find the Government ready to cooperate 
with serious airship-building prospects, in the erection of con- 
struction hangars at points where they will be needed in case 
of national emergency. 


HELIUM OR HYDROGEN 


Had our first large airship, the Shenandoah, been inflated with 
hydrogen instead of helium, its valving capacity likely would 
not have been altered from what the designers found to be 
necessary, and it would probably have been deemed safer to 
avoid the storm that wrecked the ship. 

Germany, with one hundred Zeppelins, has demonstrated that 
hydrogen, when carefully handled, is no more of a fire risk than 
gasoline and its fumes on board a dirigible, airplane, or motor 
car. What is more, the loss in useful load of an airship due to 
substitution of helium for hydrogen is more important, at least 
on commercial ships, than the increased but rather apparent 
fire hazard, when all factors are considered. Simple arithmetic 
shows that a rigid airship loses some 30 to 40 per cent of its 
useful load when inflated with the heavier helium; and this 
in turn decreases the range, the pay load, or the speed, and 
consequently the ability to outride a storm or to avoid a possible 
crash due to forced landing. Furthermore, money is also lost 
through the far greater initial and operating costs of helium. 

Europe does not have helium available economically, and 
consequently can operate her airships more efficiently and 
profitably. On the other hand, helium has been discovered 
in sufficient quantities in this country to warrant a large in- 
vestment by the Government in order to liberate enough for 
small training-ship requirements and the Government naturally 
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wishes to justify this investment by assuming a great gain in 
safety. This is fallacious, and at present advantageous only 
because its use requires ships of much larger displacement in 
order to attain the desired performance. These ships will show 
a much better performance when hydrogen is used in them. 


FINENESS RaTIO AND ForM 


The slenderness or fineness ratio of airships—that is, the ratio 
of the length to the maximum diameter of the hull—combined 
with the longitudinal form or curvature, other things being equal, 
are determining factors in the speed, fuel economy, range, 
longitudinal strength, total skin friction, ground handling, 
mooring, and lifting efficiency of the craft. These two factors 
will always create conflicts of opinion that will lead to careful 
study and experiment in order to determine the happiest mean 
for each size and class of airship. They may even give contra- 
dicting results for the same type of airship, but they will never 
assume the magnitude of obstructive issues. 

The German Zeppelins started with the simpler tubular or 
pencil-form hulls with slenderness ratios of nearly 10, but grad- 
ually this ratio has been reduced in Germany to about 6. The 
British wind-tunnel tests have shown further improvement 
with ratios of 4.5 to 5, while the original tests of the model of 
the Upson pressure-rigid ship, with a ratio of about 3, showed a 
still lower resistance coefficient. The latter results have been 
rechecked, however, and the new figures seem to lead to a 
compromise of 4 to 5 for speeds below 80 m.p.h. 

Most wind-tunnel tests should not be expected to give other 
than qualitative or comparative data; but these are highly 
helpful whenever full-size tests of the type of ship under study 
are lacking. 

Slenderness ratio is closely related with hull form when speed 
is considered, and we find that for each combination of the first 
two there is a different performance. The subject of hull form 
is still within the realm of empiricism. In a general way it is 
known where the maximum section must be placed with respect 
to the bow, and that the stern should be distinctly more pointed 
than the nose. These facts, however, must be supplemented 
with the designer’s ability to visualize the character and direction 
of air flow around the hull for each particular maximum speed 
desired. Again, wind-tunnel tests are very useful in comparing 
different hull forms for a certain fineness ratio or displacement. 

There is one more known fact regarding slenderness ratio. 
For speeds below 80 m.p.h. or so, it seems that the ratio and form 
factors can be varied within certain liberal limits, without 
appreciably affecting efficiency results. This is useful when 
there are other limitations such as housing, ground handling, 
and mooring limitations; but when we deal with speeds from 
80 to 100 m.p.h., it is necessary to precede final design with 
more careful study of wind-tunnel data, and rely as much as 
possible on tests of full-size ships of gradually increasing per- 
formance. 

The following slenderness ratio (L/D) limits seem to be 
practicable. For small-size airships and small velocities, 3.5 to 6; 
for large-size and high speeds, say, 80 to 120 m.p.h., from 5 to 7. 


SURFACES 


An airship hull is inherently unstable longitudinally in motion 
through the air, and stabilizing surfaces must be provided. 
These surfaces also serve to lead the air flow on to the control 
surfaces. 

Stabilizing surfaces were originally attached at or near both 
the bow and the stern, and they were of the multiplane or box- 
kite type. Today it is known that the pure monoplane canti- 
lever fins placed diametrically opposite and near the stern 
appear to be the ultimate type. Lately, however, there has 
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arisen a controversy in some circles as to the number of such 
surfaces that will render the greatest efficiency. Mr. Upson 
proposes to use from eight to twelve fins on his short-hull de- 
signs, as compared with four used on the latest Zeppelins. 
His arrangement is quite advantageous on his ships because it 
calls for smaller surfaces placed well forward, where the diameter 
of the hull is large enough to leave the proper space between 
the fins and where the flow is somewhat more regular, being 
away from the rather blunt stern that characterizes. his ships. 
His design also reduces concentrated stresses. Lastly the pro- 
posed arrangement is quite possible for his ships because of the 
smaller fineness ratios used, which keeps the fins inscribed within 
the projected maximum diameter of the hull. 

On more slender ships, such as the Zeppelin, four surfaces 
seem to be the logical and most efficient number since the stern 
is too slender to provide enough circular space for more fins, 
and since the flow at and near the stern is bound to be more 
regular due to the “easing out” caused by the more pointed 
stern. 


LocaTION OF ENGINES AND Cars 


There is little doubt that airships will be the smoothest and 
cleanest of all vehicles invented by man. A perfectly stream- 
lined hull, with four streamlined cantilever fins, a minute 
protuberance for visibility at the controls, and a few almost 
imperceptible propeller supports are all that will be seen of a ship 
traveling through space at one hundred miles an hour. This 
craft, when well designed, will also be the foremost exponent in 
propelling efficiency, and superfluous accessories, ornaments, 
or dead weights will not be allowed on board. Beauty and 
completeness will be attained through science and simplicity. 

In order to attain these features we must further strive to 
“clean up” the exterior of the hull. The power cars are perhaps 
the units that need the most attention, since they are the source 
of most of the parasite resistance, excluding the hull. On old 
Zeppelins, with a speed hardly over 70 m.p.h., there was little 
reason for trying to get rid of the engine cars by placing the 
power plants within the hull. Propeller drives also implied 
gearing, which in those days was noisy and inefficient, and there 
was the fire hazard. Our Los Angeles is still of this class; but 
our new ships are to have power plants within the hull, and the 
driving mechanisms and fire protection are considered barriers no 
longer. What is more, this new arrangement adds the advantage 
of providing swiveling thrust, which is so useful when approaching 
or leaving ground with a heavy ship. 

With further increase in size, and therefore with less pro- 
pelling mechanism required in proportion, the parasite resistance 
of propeller supports will further decrease until it becomes al- 
most negligible. This applies also to such protruding units 
as control car, valves, and mooring gear. 

The introduction of transverse keels with their circular passage- 
ways makes this new location of engines ideal for intercommuni- 
cation and for structural economy. 


LocaTION OF KEELS OR CABINS 


Before aerodynamic forces were accurately known, the hull 
was provided with greater longitudinal strength in the vertical 
plane than in the horizontal one, in order to resist the known 
static bending moments. Fortunately the speed of those ships 
was not great enough to create aerodynamic bending moments 
greater than those from static loading, and the location of the 
keel or cabin along the bottom of the ship was the logical one, 
whether it projected wholly or partially beyond the hull. This 
has been gradually worked into the body of the ship in order to 
decrease air resistance still further and to maintain the regular- 
polygon cross-section. 
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Of late, however, aerodynamic forces have become much 
better known and have been found to be as great or greater than 
static ones, and an endeaver is being made to provide uniform 
strength in all longitudinal planes, or at least in the two main 
ones containing the fins. This leads to the possibility of four 
keels for the larger ships of, say, 8,000,000 cu. ft. and over. 
With this arrangement there would be obtained, besides that 
of increasing the longitudinal strength of the hull in all planes, 
the following advantages: Passenger cabins would occupy the 
lateral keels, which for best visibility need not be placed higher 
than 45 to 60 deg. up from either side of the bottom keel. The 
upper keel could be used for inspection of valves, gas cells, and 
upper hull structure, as well as for ready access to any part of 
the “whaleback” of the ship. The lower keel. would contain 
crew’s quarters, controls, and the main communicating corridor. 

In the Upson or pressure-rigid type, where the transverse keels 
are a greater structural necessity than the longitudinal ones, 
the problem offers a different solution, but again the latter 
is an obvious one, leaving little room for controversy. In the 
semi-rigid type, an outstanding specimen of which is the Jtalia, 
all of the structure in the ship is concentrated in or attached to 
the keel itself, which forms the backbone of the craft, and of 
course its only logical location is along the bottom, all the lift 
forces being applied to it through tension members and the 
fabric envelope itself. 

This system of four keels, which as yet has not been incorpo- 
rated in any Zeppelin design, so far as the author knows, should 
prove very convenient as blending perfectly into the structure 
of the four tail surfaces or fins. 


CONCLUSION 


It is seen that the problems and apparent issues present no 
real barriers toward the establishment of what is to be the 
shipbuilding industry of our century, and that they will all yield 
gradually as soon as active building of airships is commenced. 
Let us not wait for other nations with less means and fewer 
resources to assume a greater lead than they already have. 
We must start fighting for this development, as it is only with 
demonstration ships that we can show what these leviathans 
of the air can do for swift, safe, and comfortable transportation 
through the air. 


Discussion 


Dr. Kart ARNsTEIN.? The idea of using multiple longitu- 


2 Vice-President and Chief Engineer, Goodyear-Zeppelin Corpora- 
tion, Akron, Ohio. Mem. A.S.M.E. 


dinal keels, with the engine inside this hull structure, has been 
advocated by the Goodyear-Zeppelin Corporation for use in large 
ships since 1923.* 

The arrangement in which the engines are mounted inside the 
hull and swiveling propellers are mounted on outriggers is es- 
pecially recommended for helium-infiated airships. Such an 
arrangement is not only safe but permits the use of swiveling 
propellers for the exertion of a vertical force when the ship is 
descending. This is quite essential in the helium-inflated ship 
where the releasing of buoyant gas is so costly. 

The author advocates the use of hydrogen in airships as the 
lifting gas. I agree with him to the extent that the operation 
of hydrogen-inflated airships can be made safe. The German 
Zeppelin Company has operated 115 hydrogen-inflated airships, 
and with the exception of those lost in war action, only two, 
the L-2 and the L-10, were lost through fires. Both of these 
fires have been traced to mistakes in arrangement and operation. 
I do feel, however, that the fact that America is so fortunate as 
to have an ample supply of helium will put the American airship 
first with respect to absolute safety. The American helium- 
inflated airship can therefore be made one of the safest means of 
transportation. We therefore feel that advantage should be 
taken of the availability of this incombustible lifting gas, and its 
use incorporated into future designs. The disadvantages which 
accompany its use can be compensated for by the placing of the 
engines in the hull, the use of swiveling propellers, and by the use 
of a carbureted hydrogen or natural gas as a fuel. 

Careful investigation indicates that under these conditions we 
are able to compensate for more than half of the loss of buoyancy 
due to the use of helium instead of hydrogen. This amounts, 
therefore, to a gain of 20 to 25 per cent in the useful lift. 

It was explained in the aforementioned paper that the fuel-gas 
cells could be surrounded entirely by the lifting gas cells inflated 
with the inert helium and could therefore be made even safer than 
the present gasoline storage. This is especially true when a fuel 
gas lighter than air is used, since the fumes of escaping gas can be 
readily removed by ventilation. It is easy to select a natural 
gas which may be used alternately with gasoline in such quanti- 
ties that the ship remains in equilibrium all the time. The ship 
is therefore less dependent upon a water-recovery system. 

I want to express my firm belief in the future of the American 
airship industry, and my hope is that the two large European 
ships which are to fly to America may be instrumental in further- 
ing commercial activity in this branch of American aviation. 


3 Dr. Karl Arnstein, “The Development of Large Commercial 
Airships,’’ Trans. A.S.M.E., vol. 50, no. 6, paper no. AER-50-4. 
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Super Arrsuip (Minitary Type) 
(Eminent naval authorities assert that one large dirigible is equivalent to three scout cruisers in patrol service and costs only one-tentk as much.) 


A Comparative Examination of the Airplane 
and the Airship 


By CARL B. FRITSCHE,? DETROIT, MICH. 


so many extravagant claims for heavier-than-air craft that 

they challenge critical examination. Current publications 

are filled with graphic illustrations depicting artists’ dreams of 

enormous airplanes leaving New York at regular intervals on 

twenty-hour non-stop flights to London, Paris, and Berlin, and 

carrying scores of passengers. Little heed is given to certain 

inherent limitations which apparently confine the airplane to 

short-range commercial application and discourage its use in 
long-distance trans-oceanic service. 

On the other hand, the recent lack of transatlantic flights via 


ae transatlantic flights via airplane have encouraged 


1 AuTHoR’s Note: This discussion is concerned with the com- 
mercial application of aircraft to transatlantic service. In the title, 
“Airplane”’ denotes heavier-than-air craft, including flying boats, 
while ‘Airship’? contemplates lighter-than-air craft of rigid con- 
struction. 

2 Vice-President, Aircraft Development Corporation. 

Presented at the second National Meeting of the Aeronautic 
Division of the A.S.M.E., Detroit, Mich., June 27 and 28, 1928. 


airship has made man forgetful of past achievements of lighter- 
than-air craft.? Current publications would startle the public if 
it were announced that Colonel Lindbergh was the sixty-ninth 
man to make a non-stop flight across the Atlantic. Yet the 
statement is true historically. Great Britaint led the way in 
1919 with the dirigible airship R-34, commanded by Major G. 
Herbert Scott, on the remarkable round-trip flight from London 
to New York, and Germany followed in 1924 with the Zeppelin 
ZR-3 (now the U.S.S. Los Angeles). The combined personnel 


3 This paper was prepared prior to the memorable flight of the 
Graf Zeppelin, under the command of Dr. Hugo Eckener, from 
Friedrichshafen, Germany, to Lakehurst, N. J., and return in October, 
1928, which airship carried twenty passengers and several tons of 
mail and express, in addition to a crew of forty men. 

4 Tribute is paid to the first transatlantic flight made in May, 1919, 
by the U. 8S. Navy NC-4 flying boat, under the command of Lieut.- 
Commander Albert C. Read, from Newfoundland to Portugal via 
the Azores. While this marked the first flight by any aircraft across 
the Atlantic, it was not the first non-stop flight. 
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Courtesy Aircraft Development Corp, 


TRANSATLANTIC-TyPE Ricip ArrsHIP (COMMERCIAL TyYPE) 
(Pay load, 65 tons, including 200 passengers; speed, 90 m.p.h.) 


of these two airships numbered sixty-six men who, together with 
Aleock and Brown, who flew from Newfoundland to Ireland 
in 1919, make a total of sixty-eight who preceded the memorable 
summer of 1927. The British airship covered a non-stop distance 
of 3200 statute miles each way. The German airship, after 
traveling 5066 miles from Friedrichshafen to Lakehurst, New 
Jersey, had enough reserve fuel to continue on to Denver, Colo- 
rado, or a possible combined mileage equivalent to a non-stop 
flight from San Francisco to Australia. 

The comparative examination herein proposed is necessarily 
limited to the determination of which of these two distinctly 
different types of aircraft is inherently applicable to long-dis- 
tance transoceanic service. Both types have made non-stop 
flights across the Atlantic. Therefore the discussion will be 
confined to the Atlantic, but will be broad enough to cover any 


hypothetical commercial route from North America to Europe. 
Obviously, any conclusions reached will, with little modification, 
be applicable to longer routes over other oceans. 


VoLuME vs. AREA 


The general question confronting both the airplane and the 
airship is, ‘Can you fly the Atlantic commercially?” 

The answer is, “No! Not with my present small ‘pay cargo’ 
capacity.” 

The next question is, “Then what improvement in perform- 
ance may we expect of you as your size increases?” 

Before engaging in a detailed examination of each type, it is 
clarifying to recall certain elementary facts: First, that the 
airship is sustained by static forces and the airplane by dynamic 
forces. Second, that the gross lift of the airship is determined by 
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its volume, independent of its power plant, while the gross lift 
of the airplane is determined by its wing area and its power plant. 

For example, in lighter-than-air craft the gross lift varies as 
the cube of the mean dimension, while the air resistance and the 
horsepower required vary as the square of the linear dimensions. 
In a heavier-than-air craft the gross lift is controlled by its aero- 
foil surface and its speed. It is evident that an increase in lift 
can be obtained more easily without a proportionate increase 
in weight by augmenting volume rather than by increasing area. 

The result is that the useful or disposable load per horsepower 
of the airship increases very rapidly with volume, while in the 
airplane the useful load per horsepower is practically a constant, 
shows little increase with size, and actually decreases in extremely 
large sizes. 


Expprts Derine Limits or AIRPLANE 


The testimony of scientists and engineers whose researches in 
aerodynamics and motor mechanics have been most profound 
and whose dicta are recognized throughout the world as beyond 
question, shows conclusively that there are inherent limitations 
in the performance of heavier-than-air craft. 

This limitation is discussed in a report submitted January 17, 
1925, by a special Board appointed by the Secretary of the 
Navy (file 3809-1237, PP 399-401). The members of this 
Board were: 

J. C. Hunsaker, Commander (now retired), U. S. Navy 

Leslie MacDill, Major, U. S. Army 

H. C. Richardson, Commander (now Captain), U. S. Navy 

Edward P. Warner, Professor, Massachusetts Institute of 
Technology (now Assistant Secretary of the Navy). 

Included in the testimony before this Board is an engineering 
study illustrated with graphic curves presented by Capt. H. C. 
Richardson to the effect that: 

...a plane weighing between 40,000 and 50,000 Ilb., with materials 
now known, marks a limit beyond which the increase of size would 
not be profitable. This seeming paradox results from the fact that 
the ratio of disposable weight to gross weight grows less due to 
limit of wing-girder strength, heavier engines, heavier weights of 
material required for strength, multiple landing gear, etc. 

In addition, the following gentlemen, well known in the realm 
of science, testified before this Navy Board: 

Godfrey L. Cabot, Past-President National Aeronautical 
Association 

Dr. S. W. Stratton, President Massachusetts Institute of 
Technology 

Dr. W. F. Durand, of Stanford University, member National 
Advisory Committee for Aeronautics 

Rear-Admiral D. W. Taylor, Naval Constructor, U. S. 
Navy, and Secretary National Advisory Committee for 
Aeronautics 

Dr. J. S. Ames, Professor of Physics, Johns Hopkins Univer- 
sity, and 

Dr. George W. Lewis, Director of Aeronautical Research, 
National Advisory Committee for Aeronautics. 

The report of this Board emphasizes that: 

...it is the consensus of opinion of all these eminent authorities 
that the attached curves of practical and theoretical development 
submitted by Commander H. C. Richardson are substantially cor- 
rect...and that the present maximum performance of heavier-than- 
air craft may be increased about 30 per cent by future development 
extending over an indefinite period of years. 

The report continues in part as follows, “pay cargo” being 
substituted for “military load,” and “commercial” for “mili- 
tary,’ inasmuch as the discussion here presented is limited to 
the commercial application of aircraft: 


...Increase of performance may be obtained by engine develop- 
ment, adaptation of lighter materials to construction, some possible 
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improvements in aerodynamical characteristics, such as wing sur- 
faces, stream lines, balance, control, etc., but an increase beyond the 
30 per cent cannot be foreseen as within human accomplishment with 
materials so far known. The attention of aeronautical engineers, 
designers, and builders is now engaged on engine development pri- 
marily, as it is recognized that greater reliability of operation, light- 
ness, and economy in fuel consumption are the prime requisites of 
increased performance. 

Prof. E. P. Warner, after careful study of this question, has arrived 
at the following general conclusions: 

“That the percentage of useful load will tend to decrease with in- 
crease in size is founded in experience. Most large machines have 
had relatively low percentages of useful load, and Dr. Rohrbach 
(of Germany), constructor of some of the best known of large sea- 
planes, has frankly admitted in a recent paper that the decrease is 
inevitable, to be staved off temporarily by the expedient of increasing 
the wing loading per unit of area as the size increases.” 

It will be seen that, assuming a compromise between the conclusions 
of these two leading authorities, Commander Richardson and 
Professor Warner, the performance of heavier-than-air craft is in- 
herently limited as stated above, and therefore airplanes cannot be 
considered as carriers of heavy weights for long distances. 


Fue. vs. Pay Carco 
The report continues: 


...Endurance, that is radius of action, and pay-cargo capacity 
are interchangeable factors in considering the performance of planes 
for commercial and overseas operations. The gross weight— 
that is, the total weight of the plane fully loaded—is made up of the 
weight of the plane, power plant, personnel, fuel, lubricating oil, 
cooling water in case of water-cooled engines, controls, and pay cargo. 
Of these, the disposable weights are made up of personnel, fuel, 
lubricating oil, and pay cargo. 

Endurance depends upon the weight of the fuel and lubricating oil 

carried relative to expenditure per hour at cruising speed. The 
commercial efficiency of a plane....depends upon the pay cargo 
carried. The more weight that must be assigned to fuel in order 
to reach the objective. ...the less weight is available for pay cargo, 
and the more weight that must be assigned to the pay cargo to 
accomplish the object, the less is available for fuel. It will be seen 
therefore, that endurance is gained at the expense of pay cargo, or 
pay cargo at the expense of endurance. Very heavy commercial 
loads can be carried only a comparatively short distance from the 
base of operations; distant overseas operations can be carried on 
only with full weight of fuel and no, or comparatively light, pay 
loads... 
...In either case, with the materials now known to man, there is 
a point beyond which the airplane cannot be developed to do in- 
creased useful work, because beyond this point the larger the plane, 
the less disposable load it will carry, and therefore the less distance it 
ean fly. 


Based on the testimony of the foregoing experts, it is apparent 
that, contrary to popular opinion, the airplane does not increase 
in efficiency with size. 


Tue 50,000-Ls. ArRPLANE 


For example, let us assume the most favorable performance 
possible, in the light of present-day knowledge, of the 50,000-Ib. 
airplane beyond which Captain Richardson testifies the effi- 


ciency of heavier-than-air craft decreases. 


Most commercial airplanes now used have a power-load factor 
of 18 to 20 lb. per hp., therefore let us assume a power load of 
20 lb. per hp. By dividing 50,000 Ib. by 20, we obtain an avail- 
able rating of 2500 hp., which is herein adopted for the purpose of 
discussion. 

For fuel consumption, let us assume 0.5 lb. per brake horse- 
power-hour, including lubricating oil, which represents maximum 
efficiency with present standard engines. Let us assume that 
the disposable load, exclusive of crew, radio instruments, etc., 
is 50 per cent of the gross lift, or 25,000 lb. This is recog- 
nized as a high figure for a plane of this size, and in actual prac- 
tice it probably would not exceed 45 per cent. Nevertheless it 
is adopted in order to present the most favorable picture than 
can be projected at the present moment. 

At a cruising speed of 100 miles per hour, which is high, and 
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assuming conservatively, at the specified cruising speed, an aver- 
age consumption of 70 per cent of 0.5 Ib. per rated hp-hr., the 
25,000 lb. of disposable load utilized entirely for fuel would give 
a maximum endurance range of 2375 miles, with no space left 
for pay load whatsoever. It will be observed that this range, 
which includes an allowance of 25 per cent fuel reserve for head 
winds, is short of the distance which aircraft must negotiate 
from New York to the British Isles, to say nothing of Europe. 
Take, for example, the longest leg, 2000 miles, on the proposed 
route from New York to Europe via Bermuda and the Azores. 
Using the same performance above recited and allowing 25 per 
cent reserve fuel for head winds, this theoretical 50,000-lb. air- 
plane would be able to carry, in addition to its fuel, only one and 
one-half tons of pay load from Bermuda to the Azores, or about 


times the size of the largest plane that so far has crossed the 
Atlantic, the practical result is the same as that already ex- 
perienced, i.e., pay load equals zero! 

Commercially, it would be just as practicable as to attempt a 
non-stop motor-bus tour from New York to San Francisco, filling 
the interior of the bus with gasoline tanks instead of passengers. 
As a stunt it would be interesting, but commercially it would be 
a failure. 

In neither of the two examples above recited is an equal amount 
of reserve engine power continuously available as is considered 
common-sense practice in older forms of transportation. In 
each instance the full rated horsepower of the airplane is utilized 
during the initial stage when it is carrying its maximum fuel load. 

In contrast, the Leviathan, the largest ship in the world, uses 


Courtesy Dr, Claude Dornier, Germany 


Boat 


(Gross weight, 16 tons; 


six per cent of its gross weight, which, on its face, is not commer- 
cial. 


No Pay Loap 


However, it will be contended, and is herein admitted, that 
future improvement of fuel, as well as the thermal efficiency of 
internal-combustion engines, will lower the weight of fuel con- 
sumed per horsepower-hour. For example, it is recited that the 


electrical industry has increased its efficiency in the use of fuel, © 


and that the amount of coal consumed per kilowatt-hour gener- 
ated has declined steadily each year from 3.20 lb. per kw-hr. in 
1919 to 1.13 lb. per kw-hr in 1927. Therefore, as engineering 
knowledge that applies to aircraft engines accumulates, similar 
economies may be expected. In fact, one engineer of the author’s 
acquaintance has advised him that in the laboratory a more 
efficient fuel has been experimented with which indicated a 
consumption of 0.33 lb. per b.hp-hr. for internal-combustion 
engines. 

Applying this latter figure to the 50,000-lb. airplane, we obtain 
a total maximum range of 3460 miles, which is just sufficient, with 
a 25 per cent fuel reserve for head winds, to enable the plane to 
fly non-stop from New York to France, but leaves no carrying 
capacity for pay cargo. Although this theoretical plane is four 


horsepower, 2000; useful load, 7 tons, including 25 passengers; range, 1800 miles.) 


65,000 hp. at normal cruising speed. There is available 90,000 
hp. The 20th Century Limited, crack train of the New York 
Central, uses 1500 hp. on its normal high-speed run. There is 
available 4000 hp. The 1928 Wasp-engined Fokker transport 
purchased by Western Air Express for the Daniel Guggenheim 
Safety Passenger Line from Los Angeles to San Francisco, uses 
600 hp. in normal cruising. There is available 1200 hp. 


AIRPLANE vs. Fiy1ine Boat 


Even if it were physically and economically practicable, the 
majority of authorities argue against using airplanes at all on 
long-distance flights over water. They point to the fact that it is 
specified in established government airways over land that at 
convenient intervals—every 25 or 50 miles—there should be made 
available emergency landing fields so that in the event of engine 
failure or adverse weather a safe landing can be made. Obviously 
it is impracticable to establish these emergency landing fields 
across the Atlantic, hence the reason why common sense dictates 
more favorable consideration of the flying boat rather than the 
airplane for long-distance flying over water. It is also recognized 
that any aircraft so employed must be stanch enough to battle 
high waves in the event of engine failure or any other cause that 
compels a forced landing. For in transportation circles it is 
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axiomatic that any craft must be able to sustain itself in the 
medium in which it floats. 

Therefore let us examine the flying boat. A few weeks ago, 
May of this year, Dr. Claude Dornier, the celebrated builder of 
flying boats in Germany, delivered an address before the Royal 
Aeronautical Society in England. The proceedings of this meet- 
ing will shortly be published in the Royal Aeronautical Journal. 
However, a condensed report of the lecture has been made avail- 
able, and is given consideration in this discussion. 

Dr. Dornier in his paper gives attention to five different sizes 
of flying boats, ranging in gross weight from 1473 lb. to 113,300 lb. 
The first four boats have been built and flown, and the fifth and 
largest is now under construction at Friedrichshafen. It is de- 
signed to have accommodations for 100 passengers and a range of 
1000 kilometers or 621 miles. Table 1 gives a sufficient number of 
the characteristics of these several boats to furnish a basis for 
comparison. 

TABLE 1 CHARACTERISTICS OF SEVERAL TYPES OF FLYING 
BOATS 
Useful Wing 


Gross Useful load load, Top Cruising loading, 
weight, aa ae, La Ib. speed, speed, Range, Ib. per 


Type Ib. p. per hp. m.p.h.m.p.h. miles sq. ft. 
A 1,473 175 80 2.19 85 68 365 8.78 
B 6,280 2,105 450 4.68 101 87 1,000 11.00 


31,000 14096 2,000 7.05 137 103 1,810 
E 113,300 56,815 6000 9.47 149 115 2635 22.50 

The trade designations of these several boats in order above 
indicated are: “Libelle,’” “DOE,” “Wahl,” “SuperWahl,” 
and ‘100-Passenger”’ or ‘‘50-Tor. Boat.” 

It will be observed from this table, which is subject to correc- 
tion because of errors that may have occurred in translation, 
that the useful load per horsepower has increased from 2.19 lb. in 
the smallest boat to 9.47 lb. in the largest, thus indicating a pro- 
gressive increase in performance with size. However, by refer- 


FLYING BOAT TONS TOTAL WEIGHT 
DORNIER 50-TOW TONS WEIGHT EMPTY AND CREW 
2000 NILES 25 TONS USEFUL LOAD 
6,000 WR 5 TONS PAY LOAD 
AIRSHIP, 150 TONS| TOTAL WEIGHT 
CUFT) | TONS WEIGHT EMPTY AND CREW Cae 
4200 MILES | 78 TONS USEFUL LOAD 
4000 HR. 28 TONS PAY LOAD 
‘ TONS TOTAL WEIGHT 
fears) | TONS WEIGHT EMPTY AND CREW 
3200 MILES | 440 TONS USEFUL LOAD 
€200 HR | 65 TONS PAY LOAD 
AIRSHIP 500 TOMS 
(6200000 Cu FT) T 205 CREW 
3200 MILES $295 TONS USEFUL LOAD 
10,000 HP. 170 TONS PAY LOAD 


Fig. 1 Fuyrne Boat vs. Arrspip—NeEw York To Lonpon 


* New York to London via Bermuda, Azores, and Southampton. Dis- 
ance, 4400 miles. Cruising speed, 115 m.p.h. Performance based on 
longest leg, i.e., 2000 miles from Bermuda to Azores. Fuel supply allows 
25 per cent margin for head winds. ‘Time required, 43 hours (still air) 
including two stops for refueling and transfer from Southampton to London. 

TAll airships are assumed inflated with helium (lift 65.6 Ib. per 1000 cu. ft.). 
Cruising speed, 75 m.p.h. Distance, 3200 miles. Fuel supply allows for 
50 per cent margin for head winds en route from New York to,London. 
Time required, 43 hours (still air) non-stop. 


ring to Fig. 2, it is evident that this curve tends to flatten out at 
about 11 lb. as the theoretical maximum. 

Dr. Dornier’s figures indicate that Captain Richardson’s 
curves, showing 50,000 lb. gross weight to be the most efficient 
size of the airplane, do not apply specifically to flying boats. 
Possibly this is due in part to the absence of the enormous 
parasite drag from the multiple landing gear with wheels about 
six feet in diameter which would be required on an airplane 
equal in size to the Dornier “50-Ton” flying boat. Furthermore, 
a higher landing speed can be tolerated in flying boats than in 
airplanes because boats in maneuvering are not restricted to the 
narrow confines of landing fields; they can utilize more distance, 
and the impact at landing on water is more evenly distributed 
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throughout the structure than is true of the airplane on land. 
This advantage, which permits a high wing load factor for the 
large flying boat, is illustrated in Table 1. From the small 
“Libelle” to the large 100-passenger boat the wing loading has 
increased from 8.78 lb. to 22.5 lb. per sq. ft. 


EFFect OF INCREASED S1zE 


Dr. Dornier throws additional light on this subject in his paper. 
He points out that with increase in size, the weight of the complete 
hull drops from 1.85 lb. per cu. ft. for the small boat A to 1.168 
Ib. per cu. ft. for the very large boat E. 

For the wings, similar but opposite figures are given. The spe- 
cific weight of structure rises from 1.43 lb. per sq. ft. for type A 
to 3.27 lb. per sq. ft. for type E. But the permissible wing load- 
ing increases simultaneously, and to the advantage of the larger 
boat. For in type A boat the gross lift per pound of wing struc- 
ture is 6 lb., while in type E it increases to approximately 7 lb. 
More efficient frame members and a decrease in weight of skin 
per gross lift probably account for this improvement. 

Dr. Dornier further points out that the weight of gas tanks 
decreases with the size of the boat. From 0.7 lb. per gal. for 
type A the weight decreases to 0.36 lb. per gal. for type E, as the 
tank capacity increases from 15 gal. to 4200 gal. There is also 
a similar drop in the weight of oil tanks. 

In passing from type B to E, the wing area increases nine times 
and the disposable load sixty times. The useful load per horse- 
power—4.68 lb. for type B—increases to 9.47 lb. for type E. 


FuELING Stations NECESSARY 


However, the largest of these flying boats, which for conven- 
ience we shall call a “50-Ton boat,” is given a maximum range of 
only 2635 miles by its designer. It is more than three times 
larger than any flying boat ever built. In efficiency it appears to 
approach the maximum so far as size is concerned. Yet its 
range will not permit non-stop transatlantic service. Therefore 
its commercial application demands that it refuelen route. Let 
us see which region of the Atlantic offers the most inviting pros- 
pect, and ascertain what pay load may be transported on a com- 
mercial route from New York to London. 


Tue Norra ATLANTIC ROUTE 


Some of those who recognize the deficiency of heavier-than-air 
craft over long-distance flights recommend that the Atlantic 
crossing be made by a number of short hops via Newfoundland, 
Labrador, Greenland, and Iceland to Europe. It sounds fas- 
cinating, but who relishes the thought of a forced landing in the 
North Atlantic in midwinter? Should not attention be directed 
to the fact that heavy fogs prevail in that region during 90 per 
cent of the year, and that the hazards of ice forming on the wings 
and fuselage are extremely serious? Remember, the weather 
cannot be changed and that it is permanently bad in this par- 
ticular region for the simple reason that northeast of Newfound- 
land the cold Arctic Current comes down and repels the warm 
Gulf Stream, thus producing a thermal contrast and an unbal- 
anced condition in pressures that creates a constantly existing 
storm hazard for any kind of transportation, whether it be via 
ocean liner or via air. 

Reference is made to the experience of the round-the-world 
fliers of the U. S. Army in 1924, who returned from Europe via 
Iceland, Greenland, and Labrador, from which one obtains a 
most vivid account of the extremely hazardous and almost pro- 
hibitive dangers which prevail in that area with respect to 
meteorological conditions and particularly with respect to 
the hazards of fog and ice. It can be accomplished, yes, with 
supremely excellent navigation and mechanical perfection, but 
one thing is certain: the weather is not susceptible to control by 
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mankind. Neither can the forces of nature be ignored. The 
flying of passengers over the Atlantic cannot become practicable 
unless conditions obtain which will assure the safety and comfort 
which the average public demands. And the lack of safety and 
comfort in the North Atlantic has been a matter of common 
knowledge for centuries. 


THE SOUTHERN ROUTE 


Let us give consideration to the proposed route via the Azores, 
where meteorological conditions are more favorable. The maxi- 
mum flight on this route would be about 2000 miles—from Ber- 
muda to the Azores. The other distances to be covered would be 
700 miles from New York to Bermuda and 1700 miles from the 
Azores to Southampton, where the transfer to London probably 
would be made by train. Using Dr. Dornier’s most optimistic 
estimate for a 50-ton flying boat, we obtain the following estimate 
of elapsed time en route and weight of maximum pay load. 


Time 
required, 
Leg Miles hours 
New Work to Bermudas... 700 6.1 
Azores to Southampton..................- 1,700 14.8 
Total flying time in still air................... 38.3 
Add: 
a For service, refueling, and rest period, 1!/2hr. each 
at Bermuda and Asores............202ce00% 3.0 
b For transfer from Southampton to London, 75 
Total elapsed time with no allowance for head 


Referring to Table 1, we find that the Dornier 100-passenger 
boat E now under construction has a gross weight (loaded) of 
113,300 lb., or slightly in excess of 56 tons. However, to be 
liberal in our estimate of its performance and to allow for future 
structural improvements, let us assume the gross weight at 50 
tons and accept Dornier’s estimate (Table 1) of 56,815 lb. avail- 
able for useful load in addition to crew. The power load factor 
will justify this. The question is, what proportion of this useful 
load will be needed to effect the 2000-mile flight from Bermuda to 
the Azores? 


Loap anp Pay Carco 


Table 1 gives the top speed at 149 m.p.h., the cruising speed at 
115 m.p.h., and the available power at 6000 hp. 

The specific hourly fuel consumption is 6000 xX 0.5 lb. per 
hp-hr. = 3000 lb. Let us assume the average hourly fuel con- 
sumption (at 115 m.p.h. cruising) at 70 per cent of 3000 Ib. or 
2100 lb. 

The maximum leg is 2000 miles, and thus requires 17.4 hours 
at 115 m.p.h. cruising speed. 


Then 

= 36,540 lb 

Add 25 per cent fuel reserve for head 
Total fuel required.:................ 45,675 lb. 

Add for radio and commercial equip- 
Total 46,815 lb. 


Subtracting this weight from the estimated useful load (56,815 
Ib.) we have 10,000 lb., or 5 tons available for pay load. This 
represents 10 per cent of the gross lift, or 12/; Ib. per rated hp. 


This performance does not compare favorably with commercial 
airplanes on air-mail routes, refueling at maximum intervals of 
500 miles and transporting a pay load equivalent to 25 per cent 
of the gross lift, or about 5 lb. per rated hp. 

In flying the entire route of 4400 miles across the Atlantic, 
this 50-ton boat would consume (with no allowance for head 
winds) about 41 tons of fuel. At $80 per ton, including lubri- 
cating oil, this would represent an operating charge for fuel alone 
of $3280 or 15 cents per ton-mile. Assuming that other operating 
charges would be proportionately as high, this would thus tend to 
substantiate the claim of operators of airplanes overland that 
intermediate stops of 400 to 500 miles for refueling are impera- 
tive. Otherwise the operating cost takes a rapid upward 
turn that soon becomes prohibitive because of the attendant re- 
duction in pay-cargo capacity. However, time and space will 
not permit of a detailed discussion of operating costs. Suffice it 
to say that the construction of one of these 50-ton flying boats at 
$7500 per ton (in production) would cost $375,000. 

With these data available for comparison, let us proceed to 
examine the performance of rigid airships in transatlantic service 
over the same general route, i.e., between New York and London. 


AtrsHip ProGress RETARDED 


Airships have been so much maligned by skeptics in recent 
years that perhaps a word of introduction is advisable. Until 
Zeppelin began his work in 1898, airships were built of balloon 
materials: fabric and cordage. Zeppelin introduced into his 
airships a rigid framework of aluminum and wire, so that the 
structural shape could be integrally maintained. For gas cells 
and outer covering, however, he continued to use fabric. 

At the beginning of the World War, Zeppelin commenced the 
use of duralumin, the new strong tempered aluminum alloy, for 
his rigid frame. It is significant to relate that of the 133 rigid 
airships built in Germany by Zeppelin and Schutte prior to the 
Versailles Treaty and operated by German personnel, not one 
ever failed structurally during a flight. So proficient as naval 
scouts did these airships become in patroling the North Sea, that 
eminent naval authorities attribute to the Zeppelin the fact that 
the German Fleet was able to escape at the battle of Jutland 
after inflicting 30 or 40 per cent greater damage against the Brit- 
ish Grand Fleet. 

Then came the Treaty of Versailles, which until recently pro- 
hibited the Germans, the pioneers in rigid-airship construction, 
from applying to the commercial field the excellent experience in 
construction and operation gained during the war. It would be 
interesting to conjecture how grave would have been the delay in 
progress of heavier-than-air craft if, for any reason, this same 
prohibition had been applied during the past nine years to all 
sources of airplane supply. Only once was this restriction lifted, 
and that was in 1923-24, to enable Germany to build and deliver 
to the United States the reparations airship, the U.S.S. Los 
Angeles. 

In England, during and since the World War, 14 rigid airships 
have been built, and only one, the R-38, failed structurally in 
flight (in 1921). 

In the United States, the richest nation in the world, only 
one rigid airship has been built to date, the U.S.S. Shenandoah, 
which was destroyed in a violent storm in Southern Ohio in 1925. 

It is indeed tragic that these two disasters with the attendant 
loss of valuable lives should have occurred, but engineering science 
is not so perfect that there can be complete assurance against 
such mishaps in the development of new applications. Struc- 
tural failures in ocean vessels have occurred, and do occur oc- 
casionally even today. Failures in great bridges are not unknown. 
However, as the experience of the engineer advances, failures be- 
come steadily less likely. The lessons learned from the R-38 
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and the Shenandoah are not without value in avoiding a repetition 
of such catastrophes. 


AIRPLANE EXPENDITURES Firry TIMES GREATER 


The foregoing, a total of 149 units, represents the world’s 
effort in rigid-airship construction (prior to the flight of the 
Graf Zeppelin). Semi-rigids constructed in Italy, France, and 
elsewhere are not included because their inherent limits in size 
and strength eliminate them from competition with the dirigible 
in long-distance commercial application. 

It is roughly estimated that these 149 rigid airships represent a 
construction cost of not to exceed $75,000,000. This, of course, 
is exclusive of shops, hangars, etc. It is boldly estimated that 
the world to date, including the enormous and necessarily waste- 
ful war expenditures and the cost of post-war activities, has spent 
a total of $3,500,000,000 for both military and commercial 
airplanes. An examination of governmental budgets will justify 
this figure. 

This explains in part why the development of lighter-than-air 
transport is the most neglected engineering art in the realm of 
aeronautics today. It has not advanced as rapidly as heavier- 
than-air for the simple reason that approximately for every dollar 
spent on airships, at least fifty dollars have been spent on air- 
planes. As Charles Grey, Editor of Aeroplane, London, has 
aptly put it: ‘Airships breed like elephants, while airplanes 
breed like rabbits.” 


Procress Not MEASURED BY PRESENT ACHIEVEMENT 


Certainly the record of progress of the airship would be entirely 
different if an equal amount of money had been made available 
for its development. 

Of course, the loss of the British R-38 and the Shenandoah 
caused many people to become skeptical in their appraisal of 
the value of lighter-than-air craft, but they should be reminded 
that every great scientific development has come many times to 
the crossroads of doubt where people have stood unequally di- 
vided, most of them wanting to turn back and few wanting to go 
ahead. 

Let those who are skeptical about the future of airships be 
reminded that progress is not measured by present achievement, 
but is determined by resolution and provision for improvement. 

Many people appear to be impatient with the progress of rigid- 
airship development. They should be reminded that the art of 
design and construction of lighter-than-air craft has not yet come 
to its maturity. In almost every other line of engineering en- 
deavor, the public seldom learns of the mistakes and the failures. 
They are thrown into the waste basket and the public learns only 
of the successes. But in airship development, and airplane, too, 
for that matter, it is impossible by the very nature of the product 
itself to conceal from public view even the most insignificant 
experiment, and if it is not at once a success, the failure often 
receives more public attention than does the success which may 
follow immediately after. 

Fortunate indeed it is that when one approaches a problem from 
a scientific standpoint, the more criticism he gets, the harder he 
works. 


CapiTaL LACKING 


It is recalled that when we were in school, studying some of the 
fundamental things of life, we were taught that there are four 
factors which, when combined in proportion, promote industrial 
progress, namely, capital, labor, material, and initiative. All 
are interdependent. None can succeed separately. It appears 
that what airship development lacks most seriously is sufficient 
capital. Certainly we possess skilled labor; we have proved 
material and an abundance of engineering initiative. But capital 
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during this development period is hard to get from private 
sources. Consequently progress in this important branch of 
aeronautics has been compelled to await the enactment of 
legislation and adequate appropriations. 

Government orders furnish the only present market, with the 
result that only four rigid airships are under construction in the 
world today. One Zeppelin of 3,700,000 cu. ft. displacement is 
being built in Germany; two ships of 5,000,000 cu. ft. each are 
under construction in England; and in the United States—with 
all its surplus of wealth and abundance of labor, available material 
and engineering skill—only one rigid airship, a metalclad of 
200,000 cu. ft. displacement, a notable experiment it is true, is 
under construction. It is not overlooked that the Congress which 
adjourned last summer made an initial appropriation of $1,200,- 
000 for commencing the construction of two 6,000,000-cu. ft. 
ships, contracts for which are now in the process of negotiation. 
Not a very flattering picture, it is true, but it is a reflection not on 
the airship but on the inertia of our own Government. 

But governments are very susceptible to the influence of public 
opinion in determining who shall pull the purse strings. And 
right now the applause all goes to the airplane. 


- AIRSHIP COMMERCIAL PERFORMANCE SUPERIOR 


During the past year the concentration of public attention on 
transoceanic flying has so tended to mask the inherent short- 
range characteristics of the airplane that the far superior qualifica- 
tions of the rigid airship for long-distance, heavy-cargo trans- 
port have been lost sight of almost entirely. Therefore earnest 
attention is directed to Figs. 1 to 7, inclusive, which graphically 
illustrate the superiority of lighter-than-air craft over heavier- 
than-air craft for long-distance uses. 

The Dornier 50-ton flying boat, previously described, is nomi- 
nated to represent heavier-than-air in the comparison. Its vital 
characteristics on a 2000-mile range are illustrated in Fig. 1. 
They are based on a Bermuda-to-Azores flight, which is the 
longest leg on the hypothetical New York-London route. The 
maximum possible pay load is only 5 tons, or 10 per cent of its 
gross lift. 

Contrast this performance with the helium-inflated 150-ton 
rigid airship, Fig. i, which, on a 3200-mile non-stop flight from 
New York to London can transport a pay load of 28 tons or about 
19 per cent of its gross lift. The next size, a 250-ton ship, shows 
a performance over the same route of a 65-ton pay load, or 26 
per cent of its gross lift. And the last ship illustrated carries a 
pay load of 170 tons, or 34 per cent of its gross lift. Each of these 
three airships has sufficient power at 75 m.p.h. cruising speed to 
cover the 3200 miles from New York to London in 43 hours, or 
identically the same time (in still air) as the flying boat requires 
on the Bermuda-Azores route. In the useful load of each air- 
ship is included a 50 per cent fuel reserve for head winds, while 
in the flying boat only a 25 per cent fuel reserve is provided. 

And these airships are not miracles. From an engineering 
standpoint there is absolutely no mystery about man’s ability 
to build them successfully. The proved materials are available. 
The practical methods of bonding these materials together are 
well known. The skilled labor can be secured. In fact, the 
two airships now being built in England are about equivalent to 
the first size illustrated, and the larger, 250-ton ship follows in 
natural sequence. 

It may be explained that the performance of the airship is based 
on the assumption that the ship is fully inflated with helium lifting 
65.6 Ib. per 1000 cu. ft. 


This corresponds to the lift of 94 per cent pure gas in air of 60 per 
cent humidity at 29.95 in. barometric pressure and at a temperature 
of 32 deg. fahr. The assumption of a 100 per cent inflation of the 
ship is made merely to simplify the computation. In reality, of 
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course, the ship cannot be inflated 100 per cent on account of the ex- 
pansion of the gas which accompanies ascension. However, by the 
partial use of gaseous fuel (natural or Blau gas) for the motors, which 
does not add weight but even contributes a little lift, the same effec- 
tive lift can be obtained.® 


Usrrut Loap Per HorsEPOWER 


The comparative performance of aircraft can be expressed al- 
most entirely in pounds of useful load per horsepower. This is 
illustrated in Fig. 2, which some will claim is too optimistic for 
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the flying boat. The marked superiority of the airship obviously 
increases with size. Eleven pounds per horsepower appears to 
be the maximum useful load for the flying boat, while at 74 lb. 
of useful load per horsepower for the airship the curve still 
continues upward. 


6 6 Dr. Karl Arnstein, Trans. A.S.M.E., saeenndiaeanes 1928, vol. 
50, no. 6, paper AER-6. 
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Figs. 3-7 compare the performance (on the New York-London 
route) of the 50-ton flying boat with airships ranging in size from 
5,000,000 to 15,000,000 cu. ft. displacement. The “commercial 
common factor” appears to be best expressed in “tons of pay 
cargo transported.” The comparison, therefore. is the relation 
of this common factor to— 


Gross weight of aircraft employed (Fig. 3) 
Construction cost (Fig. 4) 

Rated horsepower required (Fig. 5) 

Fuel in tons required (Fig. 6), and 

Cost of fuel consumed (Fig. 7). 


Let us select for purposes of comparison a 6000-hp. airship 
having a gross weight of 250 tons, a pay load of 65 tons or 200 pas- 
sengers, and a cruising speed of 75 m.p.h. at three-fourths power. 
Thirteen flying boats, each of 6000 hp. and 50 tons gross weight, 
would be needed to equal the pay-load performance of the one 
airship. Table 2 summarizes the comparison. 
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Table 2 demonstrates a startling difference in the performance 
of lighter-than-air craft over heavier-than-air craft when ap- 
plied to transoceanic service. Here we have two aircraft of 
the same horsepower, yet one transports thirteen times more 


TABLE 2 6000-HP. AIRSHIP VS. 6000-HP. FLYING BOAT, NEW 
YORK TO LONDON 


Approx. 

Airship rites Boat ratio, 

(A). (F.B.) A./F.B. 

Units of Comparison 
TOMS 250 50 5.0 
65 5 13.0 
6,000 6,000 

Fuel reserve, per cent.......... 50 25 2.0 
Pounds useful load men hp.. 47 9.47 5.0 
Pounds pay load per hp........ 21.67 1.67 13.0 


Construction cost:! Airship at 
$15,000 and boat at $7500 per 


$3,750,000 $375,000 10.0 
Route Comparison! 
Distance, miles. . 3,200 4,400 3/4 
Time required (stilt air), ‘hours.. 43 43 o 
Landings including intermediate 
Collective Comparison (for same pay —-, 
Number of units employed..... 13 1/13 
Total gross weight, tons........ 250 650 5/13 
Total pay load, toms........... 65 65 - 
Total horsepower..........++++ 6,000 78,000 1/13 
Total construction cost!........ $3,750,000 $4,875,000 3/4 
Total fuel required, tons....... 75 1/7 
Total cost of fuel at "$80 perton.. $6,000 $43,640 1/7 


1 Construction cost based on production and not on enpettenental units, 
which would run considerably higher. 
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pay cargo than the other. Is there any argument as to which 
one is to be preferred commercially? 

Suppose we allow for a future 30 per cent improvement in 
heavier-than-air craft (as suggested in the Navy Board Report 
previously referred to). Still the flying boat’s effectiveness in 
long-distance service would be only 10 per cent of the performance 
of a 250-ton airship, and most certainly airships will improve, 
too, and also increase in size, which again adds to their efficiency. 


AIRSHIP THE SAFER 
Not only is the airship superior in tons of pay cargo carried, 
but it is supreme in comfort when passengers are transported. 
Staterooms and promenades, space for recreation—these com- 
pare favorably with ocean-liner accommodations. Its control 
and navigation are deliberate and certain. Meteorological re- 
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ports received by radio at regular intervals enable it to vary its 
course to take advantage of favorable winds. Having a cruising 
speed twice that of the rate of travel of the average storm area, 
it can avoid violent weather almost entirely. Arriving at its 
destination and finding unfavorable fog conditions, instead of 
being compelled to land because of depleted fuel supply, it can 
hover with engines idling until conditions improve. 

Perhaps it is still more illuminating to compare the airship 
with two of the older and better known forms of transportation. 
Fig. 9 shows the advantage a 200-passenger airship enjoys over 
the train and steamship in terms of gross weight of vehicle re- 
quired per passenger transported. In the airship it is 2500 lb. 
per passenger; in the 20th Century Limited, 9000 lb.; and in 
the Leviathan, 26,000 lb. The economy in material, capital 
investment, maintenance, and replacement, to say nothing of 
the saving in time, is amazing. 

ConcLusIons 


This comparative examination inevitably leads to three con- 
clusions: 
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‘ 1 In commercial application, the airplane, large or small, 
has comparatively a short range. Physically, it is unsuited to 
overseas service. Its use in transoceanic flying is unsafe and 
should be discouraged. 

2 Provided intermediate stops at suitable intervals are avail- 
able for refueling, the large flying boat has possibilities in over- 
seas service. However, no matter how large it may be built, 
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Fie. 6 Ratio or Weicut or To Pay Carao, Frying Boat 
vs. To LONDON 
Airship: 3200 miles New York to London; cruising speed, 75 m.p.h. 
Flying boat: 4400 miles — York via Bermuda and Azores to Southamp- 
ton; cruising speed, 115 m.p.h 
Fuel calculated on basis of 0.5 Ib. per hp-hr. 
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vs. Airnsoip—-New York To LONDON 


Airship: 3200 miles New York to London; cruising speed, 75 m.p.h. 
Flying boat: 4400 miles New York via Bermuda and Azores to South- 
ampton, cruising speed 115 m.p.h. 
‘uel cost calculated at $80 per ton. 


it can never compete successfully with the rigid airship in econ- 
omy, comfort, and safety. 

3 The large rigid airship will always be supreme in long- 
distance heavy-cargo transport. It is the most neglected yet 
the most promising mode of transportation overseas extant. 
It is the duty of the Government to provide liberal appropria- 
tions for its improvement and advancement to the point of de- 
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velopment where private capital is justified in undertaking the 
responsibility alone. 


A GOVERNMENT Pouicy NEEDED 


This last conclusion does not mean that private initiative 
should be discouraged to provide capital for engineering and 
manufacturing facilities. But it does mean that the Govern- 
ment should adopt a continuing program of construction of rigid 
airships for military uses for both the Army and the Navy 
commensurate with the program already adopted for airplanes 
and with the important position our country occupies in the 
family of nations. 

In the development of airships commercially, the Government 
should go even farther. Our country can well draw a lesson 
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Fig. 8 TRANSATLANTIC RouTES 
(Airship route shown by solid line; flying-boat route by broken line.) 


from the action of the British Government in 1902, when by an 
Act of Parliament a long-term loan at 2*/, per cent interest was 
made to the Cunard Line “to finance the entire construction 
cost of the two fastest and most palatial ocean liners in the world.” 
The result was the beautiful Mauretania and the tragic Lusitania. 
In addition, profitable mail contracts were awarded to the same 
company. No wonder England leads the world in ocean shipping. 
Is history to repeat itself with respect to the rigid airship? Two 
large commercial airships are being built in England now. None 
are being built in the United States. Of all the modern great 
civilized communities, the British still ranks as a pioneer. And 
Germany is reemploying her skill and talent as is evidenced by the 
commercial Graf Zeppelin, jointly financed through government 
cooperation with her citizens. Here is a sound policy of cooper- 
ation that has precedent in the United States Shipping Board and 
might well be extended to airships. Is it not advisable for 
Congress to amend the Jones-White Bill, extending its provisions 
to commercial airships, so that 75 per cent of their construction 
cost may be financed through a long-term loan on the same basis 
that the Shipping Board is now aiding the upbuilding of our 
Merchant Marine? 


Does it pay? 

Let us be reminded that modern civilization differs from its 
predecessors in its world reach. It progresses on the wheels of 
transportation. The lands best developed in their social struc- 
ture and in their use of the equipment of this modern scientific- 
industrial era, are the lands that excel in modern transportation. 
Contrast the prosperity of the United States with that of Russia 
and China. 

Frontiers exist, and with them certain social customs and 
traditional régimes have their sway. But air transport is rapidly 
spreading through these frontiers. Air commerce may be im- 
peded by prejudice, tariffs, and national policies, but it is not 
stopped by them. 


Tue AIRSHIP AN AID TO PEACE 


An example of the influence of modern transport and com- 
munication in more recent times is the difference between the 
effects of the American War of Independence and the Boer War. 
In the first case much bloodshed and bitterness of feeling between 
Great Britain and America resulted, taking over a century to 
heal. In the second case, twelve years after the fighting ended, 
South Africa was one of Great Britain’s most loyal partners 
in the World War. 

The two countries, the United States and South Africa, are 
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practically equidistant from Great Britain. The statesmen of 
today are presumably no wiser and greater than those of two 
hundred years ago. It is said, with greatest diffidence, that 
the great factors which have changed are transport and com- 
munication. Slew and difficult communication delayed for a 
century the healing of the breach between England and America. 
Rapid and easier communications led to an early understanding 
and a mutual adjustment with South Africa. 

So, looking into the future, who will deny that the super airship 
may not prove to be a messenger of peace in disguise. 


Private INITIATIVE PLUS GOVERNMENT COOPERATION WILL 
ACHIEVE SUCCESS 


From the viewpoint of the practical manufacturer, the most 
useful factor in airship development today is sound engineering 
talent which has been exposed to practical experience in both 
shop and air. This talent America possesses to a marked de- 
gree, not only in the military branches of the Government, but 
among its private citizens as well. Private capital is ready to 
go ahead if the Government extends liberal and tangible coopera- 
tion. 

All past experience reveals that the most rapid progress, at 
the least cost, in any new mode of transportation or communi- 
cation has been achieved in private enterprise controlled by 
private citizens, aided by Government cooperation. This is 
true of the steamboat, the railroad, ocean vessels, electric railways, 
automobiles, the telegraph, telephone, and radio, and it is also 
true of aircraft. 

In private industry men labor under less restriction, enjoy 
the advantages of longer association with each other, suffer less 
from interruption, have daily practice in the application of new 
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AERONAUTICS 


theories, and are urged on by friendly rivalry with their fellows 
and by the compelling influence of competitive enterprises. 

Aeronautics is a new science. It still is in the experimental 
stage. Impatient evasion of the difficulties involved offers no 
solution, for difficulty itself is a severe and good instructor, 
set over us by the Supreme ordinance of a Parental Guardian 
who knows us better than we know ourselves. 

Man cannot create natural laws, neither can he create ma- 
terials. The scientific principles of flight have existed always, 
as have the materials from which airships and airplanes and mo- 
tors are built. It is man’s function to discover these laws and 
principles and materials, and then call to his aid practical engi- 
neering ability for their adaptation. 

The time has come when defects in wisdom of design can no 
longer be supplied by a plenitude of motive force. Those en- 
gaged in actual aircraft development must conform to the pro- 
gram of the great masters in all the arts, who, when they had 
overcome the first difficulty, turned it into an instrument for 
new conquests over new difficulties; thus enabling them to ex- 
tend the empire of their science; and even push forward beyond 
the reach of their original thoughts and the landmarks of human 
understanding itself. 

This the aircraft and particularly the airship manufacturers 
are doing. The engineering competition for improved design 
has taught us that our antagonist is our helper—that he who 
wrestles with us strengthens our nerves and sharpens our skill. 
This amicable conflict within the industry obliges us to have an 
intimate acquaintance with our object. It will not suffer us 
to be superficial. It stimulates great mental exertion. We can 
safely say that scientific progress today is five to ten years ahead 
of visible progress in airship development. 

Patience and practical engineering, aided by private capital 
and Government cooperation, will be rewarded with an advance 
in the art of immeasurable benefit to mankind. 

The airship will eventually bring to each nation a common 
economic interest in the prosperity and welfare of every other 
nation in the world. This, indeed, is a worthy mission. 
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Discussion 


W. F. Geruarpt.’ The paper is a brief text on the funda- 
mental differences between airplane and dirigible. It should 
be read by every aeronautical engineer. 

It appears inevitable, in the light of the discussion, that heavier- 
than-air engineering will have to confine itself largely to the 
problems of personal transportation—what we might call the 
ideal personal transport vehicle—and that lighter-than-air will 
be most suitable for the other extreme. The author has very 
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ably brought out that the airplane does not carry a sufficient 
percentage of pay load in long-distance transportation. The 
results of Dr. Dornier’s construction support this contention. 

The argument applies, however, only to airplanes as we now 
know them, and one may legitimately ask, “Is there any way 
whereby this great difference between airplane and dirigible 
can be overcome?” One or two means of bridging this gap 
have presented themselves as theoretical possibilities, as Pro- 
fessor Parker of Massachusetts Institute of Technology has 
pointed out. Their success, however, is not yet demonstrated 
and their practical application is attended with so many diffi- 
culties that for the present we must proceed upon the assumption 
outlined by the author. 

When the dirigible is replaced by a number of flying boats, 
what is the situation with regard to the probable cost of lost 
equipment? What are the probabilities that the flying boats 
will survive the single dirigible through the haphazards of trans- 
oceanic flying, and how will this be calculated? It seems to me 
somewhat similar to the problem of calculating the probability 
of motor failure in the case of the multiple-engine airplane. If 
there are any figures on this subject, I should be interested in 
seeing them, as I think this is an important element of the 
aeronautical situation. 

Is the comparison of the number of flying boats required to 
replace the dirigible based on the same total range, or are inter- 
mediate landings assumed? 


F. K. Krrsten.’? One difference between the testing of a 
cycloidal propeller and a screw propeller lies in the difference 
of the environment requisite for the testing procedure. The 
screw propeller is tested by what is called the open-test method, 
in which the velocity gradient is uniform throughout the blade 
sweep. When, however, such a propeller is installed near the 
hull surface of a dirigible, its blade, while completing one rota- 
tion, passes through velocity strata so that its slip is a maximum 
when near the hull and a minimum when away from the hull. 
The efficiency, as a consequence, is modified considerably and is 
usually a great deal less under actual installation conditions than 
under open test. By reference to a table of propulsive efficiencies, 
as published in Mr. Burgess’ text on lighter-than-air craft, the 
maximum efficiencies recorded for a great many dirigible installa- 
tions do not exceed 66 per cent, whereas open-test efficiencies ex- 
ceed 80 per cent. 

The cycloidal propeller is always tested in an environment 
that corresponds to actual conditions when installed in the vessel 
which it propels, so that the efficiencies obtained by testing are 
the true efficiencies of propulsion when installed. It must be 
kept in mind that the efficiency figures obtained so far have been 
obtained from a very crude propeller designed by instinct rather 
than knowledge, and it is reasonable to assume that by further 
refinement the efficiency figures can be greatly increased. 

An important factor which must be considered in connection 
with the use of cycloidal propellers on dirigibles is the the possi- 
bility of using large transverse-thrust components, making it 
possible to utilize the engine output on landing instead of shutting 
down the engines. The rudder surface or fixed fin loses its effec- 
tiveness in proportion to the square of the decrease in velocity, 
and consequently gives very little aid in the landing maneuver. 
The Shenandoah on her arrival at Camp Lewis kept a waiting 
crowd in suspense, after her first landing attempt, for a period 
of eleven hours before a successful landing was effected. It is 
probable that a good deal of the costly helium had to be valved in 
order to bring the ship near enough to the mooring mast. Cy- 
cloidal propellers will undoubtedly prevent such loss of time 
and of helium. 


7 University of Washington, Seattle, Wash. 
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C. A. Norman.* The author’s paper is a most excellent one, 
and the only part that leaves one a little uncertain is the last 
one. Why is it necessary to insist at the same time that all 
direction and initiative in developments of this kind must remain 
in private hands and yet ask the Government to support them? 
It is not easy for the Government to raise cash. The people 
hate to pay taxes. It might not be at all pleasant for a politician 
to face his constituents with the statement that he had voted 
many millions of dollars for dirigible building when people are 
well familiar with the fate of the Shenandoah. I am enthu- 
siastically in favor of dirigible development, but it seems to me 
that people who possess in the highest degree the ability to mo- 
bilize private capital for purposes of this kind should make it 
an almost sacred duty to do so. In any case, if we ask the 
Government to support enterprises of this kind, we should see 
to it that the Government is amply supplied with funds for the 
purpose. It seems to me irrational in one instant to ask the 
Government to support enterprises too risky for private capital, 
and in the next to cry for nothing as much as for tax reduction 
and less Government in business. 


AvtTHOor’s CLOSURE 


Replying to Mr. Gerhardt, the performance of the flying 
boat was based on its maximum leg negotiated, namely, 2000 
miles, from the Azores to Bermuda. The airship flying from 
London to New York would negotiate 3200 statute miles approxi- 
mately, allowing for some differences, as the R-34 did, in avoiding 
storm areas. 

Now, on the other question, the probable loss occurring in 
equipment obviously is 13 to 1 in favor of the airship as com- 
pared to the flying boat. 

As to Professor Kirsten’s question, I should like to comment on 
the landing of an airship as compared with an airplane. I was 


8 Professor of Machine Design, Mechanical Engineering Depart- 
ment, Ohio State University, Columbus, Ohio. 


at the airport at Washington when the Los Angeles arrived to 
be christened by Mrs. Coolidge, and I recall very well that it 
took three hours to make the landing. As a result a great many 
people became skeptical as to the practical value of the airship. 
The trouble is that they did not analyze the situation. In the 
first place, the Los Angeles was in the same predicament in land- 
ing that the Leviathan would be in when trying to tie up in a 
strange harbor without a dock. There was no mooring tower 
available. All of us have witnessed an ocean liner take an 
hour and a half, with 18 tugboats and 250 longshoremen, in order 
to dock in the North River in New York, whereas a motorboat 
can land at a dock in two or three minutes. It is well to bear 
this in mind that airships are comparable to ocean liners: in 
regard to the practical problems of landing, whereas airplanes 
are comparable to motor boats, if you desire to be fair to both 
types. 

I am glad that Professor Norman brought up the question of 
Government financial support, because it involves a character- 
istic of the American people. The American people as a rule 
want quick profits. They know they can get quicker profits at 
present with airplanes than they can with airships. The airship 
is so large in size, and it involves so much money, and the time 
element is so great, plus the cost of hangars, that a new unit is 
obsolete when it is completed. 

Now, I shall ask a question in return. Why is it our Ship- 
ing Board is treated so liberally by Congress? Why is it that 
the Shipping Board will advance at low rates of interest three- 
quarters of the cost of new ocean vessels? Because a strong 
merchant marine is of paramount importance to the national 
defense. We do not dare to put ourselves at the mercy of a 
foreign merchant marine in case of war. It is on the same theory 
that adequate financial support is urged upon the Government 
in the development of large commercial dirigibles which, aside 
from their peace-time value, will be instantly available in time 
of war for extremely necessary service. 
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The Theory of Long-Distance Flight 


Minimum Consumption of Fuel in an Airplane for a Given Number of Miles Is the Primary 
Factor and Not the Weight of the Engine 


By ROBERT J. NEBESAR,! BUFFALO, N. Y. 


This paper treats of speed at minimum drag, the reciprocal re- 
lations of the aerodynamic values, the influence of the decreasing 
weight of fuel during the flight, the variation of long-distance-flight 
conditions with altitude, and the influence of the decreasing load 
of fuel on the altitude of flight. 


flight the following nomenclature will be employed. The 

theoretical parts are based on the metric system. The 
coefficients are in the absolute and not the engineering values. 
American units are used in all charts for practical use in con- 
junction with metric units. 


[ THIS theoretical discussion of the factors of long-distance 


A = area of wings in square meters 
b = span of wings in meters 
By = engine brake horsepower at sea level 


Bi, = engine brake horsepower at altitude h meters above 
sea level 
B: = engine brake horsepower at moment t 
cs = specific fuel consumption in kilograms per horse- 
power-hour 
coefficient of total drag 
Cpina = coefficient of induced drag 


Cb prop = Coefficient of profile drag 
Codstrue = coefficient of structural drag (parasite drag) in 
the polar diagram (recalculated on the unity of 
the area of wings) , 
Ci = coefficient of lift 
D = total drag in kilograms 


= total drag at altitude h meters above sea level, in 
kilograms 

Dina = induced drag in kilograms 

profile drag in kilograms 

Detrue = structural drag in kilograms 
e = efficiency of the propeller 

Cp prof + Co struc 


= ratio of total unuseful drag to 


Co prof 
profile drag 
g = acceleration of gravity in meters per second per 
second 
h = acertain altitude during the flight, in meters 
H = absolute ceiling of the airplane, in meters 
Hin, = theoretical ceiling of the airplane, in meters 
2 
A= “ = aspect ratio of wing 
Le = power loading at the beginning of flight, in kilo- 
grams per horsepower? 
Lw = wing loading at the beginning of flight, in kilograms 
per square meter 
Po = specific weight of the air at sea level 


Pr = specific weight of the air at altitude h meters above 

sea level 

maximum cruising radius of an airplane at the vari- 
able speed, in kilometers 


R= 


1 General Airplane Corporation. 

2 The power loading is taken at the start of the flight, after the 
desired altitude has been reached and airplane has started for its 
objective. 
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maximum cruising radius at the constant speed, in 
kilometers 
¢ = a certain moment during the flight 


Reonst = 


T = duration of the flight for the distance R, in hours 
T-. = duration of the flight for the distance Reons:, in hours 
V = speed in meters per second 


V> = speed at sea level, in meters per second 

Vi = speed at altitude h meters above sea level, in meters 
per second 

Vi = speed at moment /, in meters per second 


— = ratio of the fuel weight to the total weight 
of an airplane at the beginning of flight 


W,; = weight of fuel in kilograms 
W = total weight of an airplane in kilograms 
W: = total weight of an airplane at the moment ¢, in kilo- 


grams 
1 Speep at Mintmwum Draa 


The primary factor for a successful long-distance flight is 
the minimum consumption of fuel for a given distance. 

We shall assume a monoplane flying at a constant altitude 
at sea level, also that the engine has surplus power which will 
enable the plane to climb. 

The total drag of an airplane consists of three parts, which 
are the induced, the profile, and the parasite drag. The profile 
and parasite drags are unuseful. 


29 Ww? 
The induced drag Dina = 
The profile drag Dyros = © prop» A+ V? 


29 
The parasite drag Detrue = Cop struc» A+ V? 


The foregoing formula for the induced drag is correct for the 
elliptical lift distribution. For any other distribution of the 
lift we shall include the increase of the induced drag in the pro- 
file drag (the difference of which is from 2 to 5 per cent for con- 
ventional wing forms). 

The total drag is 


2 1 
pa (2 +2 Come-A): 
9 29 


which, simplified, is 


a 
where 
29 W? Pp 
a — and 29 (Cd prot + CD struc) 
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The value a@ is constant for a given type of airplane. The 
value 8 changes with the polar curves of different airfoils, and 
therefore for a given type of airplane with the angle of attack, 
which latter depends on the polar curve of the airfoil as well as on 
the parasite resistance. For our case we may assume with a suffi- 
cient degree of accuracy that this value 6 will be also constant 
in the proximity of the angle of the minimum drag. _ 

Differentiating Equation [1], we obtain the minimum drag. 


2a 


that is, the speed is 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


75-e-B- 


from which we find that the minimum engine output occurs at the 


speed 


a 
36 
This speed is 76 per cent lower than the speed of the minimum 


drag. 

The most important factor for a long-distance flight is the 
minimum consumption of fuel for a given distance and not the 
weight of the engine (the engine weight being approximately 


4 4 
V= : = 1 4% ii, [2a] equivalent to a 5-hour supply of fuel). 
B P m+ b?- Cp prop A The minimum consumption of fuel will be at the minimum 
‘a G tnd 
4605 
Dsbruc 
v (2) 


4 
0.20. g 4 
4 
4 
V 200 480 460 20 1/00 SO kM pour 
12¢5 12 BF JHE [0 mi 


D 8 £0 120 HO 1460 +80 200 220 240 260 HP, kg 
220 265 3209 953 397 441 485 §30 $73 
Fie. 1 
and the minimum drag will be value of 
horsepower X time horsepower 
Co prog = = drag 
= +B = 2Va-B = 2W . [2b] distance velocity 


We see that at the angle of minimum drag the induced drag 
must be the same as the sum of the profile and parasite drags. 
The total drag will be 


where 


This point on the polar curve indicates the best angle of at- 
tack; that is, the maximum L/D of the total plane (see Fig. 1). 

This relation has been generally known since 1860—for ex- 
ample, Penaud; Lancaster, “Aerodynamik,” vol. I, p. 199; Eber- 
hardt, “Flugtechnik,” p. 38—but has been expressed in different 
ways. 

Another consideration: the minimum of the engine output, 
from which we assume the minimum of the total weight of the 
airplane, is given by differentiating the equation 


This relation is shown in Fig. 1, where the hatched area repre- 
sents the case of modern transport airplanes. 

From this we find that, flying at the speed of about 100 m.p.h. 
(160 km.p.h.), the induced drag is only 20 per cent of the total 
drag, which is not economical. 

At 50 per cent of the induced drag we find that the speed is about 
70 m.p.h. (110 km.p.h.) only, which is insufficient. To remain 
on the minimum cruising speed of 100 m.p.h. we have to de- 
termine the aerodynamic conditions within reasonable limits. 

To obtain easy control of the airplane at the most efficient 
angle of attack we have to choose the corresponding lift which 
would give us the greatest difference between the minimum 
speed of horizontal flight and the speed at the minimum of 
drag. The best airfoils have a maximum lift coefficient of about 
Cr = 1.4; therefore a corresponding maximum lift coefficient 
of about 0.7 can be chosen. The control of the plane will be 
better when flying in a high altitude and with a reserve of 
power, which is also necessary for take-off. 

This also solves the problem of low landing speed, which will 
be referred to farther on. 
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29 Tue Reciprocal RELATIONS OF THE AERODYNAMIC VALUES W; =w-W 


We shall assume that the total weight does not change during Substituting for B from the equation previously given, we have 
the duration of the flight, and therefore that the speed and 


power remain constant. Ww - D-V-a-T 
Normally, with a decreasing distance the weight of fuel oe ae 


decreases; to fly at the best angle of attack we must reduce 
progressively the speed and also the engine output, which and substituting for D from Equation [2b], we obtain the eco- 


causes an increase of cruising radius. These mathematical re- nomical speed 
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Fie. 2 
lations will be determined in the next section, and the results Tbe: w ook 
The weight of fuel required to drive the engine during the si —o 
time T will be Thisspeed will change as the value of w changes during the flight. 
From Equation [4] we find that the power loading will be 
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and from Equation [2a], by substituting \-A for b?, the wing 
loading will be 


Lw = Co mao [7a] 


Cs Vr C pprof we ne [7b] 
We then find that the speed over the total distance will be 


Reonst 


in which, substituting for 7 from [6], 


_ 1 Reonst * Cs 
3.6 Le w 


V 


which, substituted in [5], gives 


r 2 Reonst * Cs 9] 


In Fig. 2 we have determined the relation of the aerody- 
namic values from Equations [7a], [7b], [8], and [9]. We 
assume that the efficiency of the propeller does not change 
(this is true for a flight at constant angle of attack in different 
altitudes, as will be demonstrated in the next section), and also 
the specific fuel consumption does not change (we must take an 
average value, because by flying with the same angle of attack, and 
therefore reducing the power required, the specific fuel con- 
sumption will increase). 

The group of curves A of Fig. 2 represent the equation Lw = 
S(V, Cx). The values of wing loading Lw are given from 10.25 
to 24.6 lb. per sq. ft. (50 to 120 kg. per sq. m.). The group of 


Reons 
curves B represent the relation V = f { La, fees) for the 


values of power loading Lg = 19.85 to 39.7 lb. per hp. (9 to 
18 kg. per hp.). Curves A and B are connected by means of 
the value V. 


The group of curves C refer to \ =f (co Leigtnl Reonst * =) 
w 


The values of C'p pros - ¢ run from 0.0260 to 0.0455. For the same 
values of Cp pros - g are given the curves forming the relation Cz 


Reons * Ces 
= Cp pros ¢) at D. +The value connects the curves 


Band C, the value \ connects the curves C and D, and the value 
Cx. connects the curves D and A. 

The value Cp pros. ¢ is determined for the value Cp pros = 0.013 
(that is, the coefficient of profile drag of the current airfoils 
in the proximity of the angle of attack at the minimum drag) 
and the values g = 2, 2.5, 3, and 3.5 (the values 2.5 to 3.5 
correspond to the actual transport airplane constructions). 
For any different values of Cp pros it would be possible by calcu- 
lation to remain within these curves. 


Reons "Cs 
St. is divided in the lower part of the Fig. 2 


The value 


in its components: 

The values of specific fuel consumption cs = 0.485 to 0.615 
Ib. per horsepower-hour (0.220 to 0.280 kg. per horsepower-hour) 
at F, and values of the ratio of the fuel weight to the total 
weight w = 0.4 to 0.6 at G, which are indicated by the dotted 
lines. At E are given the values of different propeller efficiencies 
e« = 0.6 to 0.8; this manipulation is made by the use of 45-deg. 
inclined lines, as shown in Fig. 2. 


The values w = 0.4 to 0.6 at G, which are designated by full 
lines, correspond to the corrected values of the cruising radius 
for an economical flight at the constant angle of attack (see 
Fig. 5). 

From the values w we finally obtain the values of the cruising 
radius R = 2500 to 5000 miles (4000 to 8000 km.). 

In order to show how to use this diagram (Fig. 2) we have 
drawn in an example, in which we have assumed the following: 

The starting speed 93 m.p.h. (150 km.p.h.) at the coefficient of 
liftCz =0.7max. For an airfoil whose maximum lift coefficient 
= 1.4, the theoretical landing speed with the initial wing load- 


0. 
ing will be = 93 i" = 66 m.p.h. 


For the coefficient of profile drag Cp proe = 0.013 and for 
the coefficient of structural drag Cp strue = 0.024, the value 


0.037 
Co prof’? will be 0.037 and g= 0.013 = 2.85. 


All other aerodynamic values are determined in the diagram 
by the rectangle I. For a propeller efficiency « = 70 per cent, 
this solution is as follows: 

The wing loading Lw = 15.15 lb. per sq. ft., the power loading 
Lg = 25.8 lb. per hp., C. = 0.68, and the aspect ratio X = 4. 
For a specific fuel consumption of 0.55 Ib. per horsepower-hour 
(250 g.) and for w = 0.535 (see Fig. 4), the maximum cruising 
radius will be 3260 miles. 

Assuming a higher propeller efficiency of « = 75 per cent 
(see rectangle II), the maximum cruising radius will be 3540 
miles and the power loading Lg = 27.55 lb. per horsepower. 

We see that for this case the best aspect ratio is 4, this being 
due to the low cruising speed, which is given by the condition 
of low landing speed. A small aspect ratio reduces parasite 
resistances and facilitates very light and strong construction 
of wings. 

Rectangle III (shown in dotted lines) gives the relation 
for the aspect ratio 6 and the same values of drag coeffi- 
cients. 

The lift coefficient will be Cz = 0.835, so that for the same — 
landing speed the cruising speed will be only 84 m.p.h. The wing 
loading remains 15.15 lb. per sq. ft., and at the same propeller 
efficiency (75 per cent) the power loading will be 37.9 lb. per 
horsepower. The cruising radius will increase to 4350 miles. 

For the higher aspect ratio the cruising radius increases with 
decreasing speed. If we want a higher speed there is no reason 
for a higher aspect ratio. 

The theoretical landing speed at full load is still high; during 
the flight it decreases with the decreasing load of fuel (for a 
distance of 1800 miles it will be 57 m.p.h. only). For the case 
of a forced landing at the start of the flight with full load it 
would be necessary to use slotted or variable-camber wings. 
On a flying field the wheel brakes can be used, or, finally, 
the fuel can be discharged. 

The values Lw and Lz are already limited by the condition 
of flying at the best angle of incidence. If there is no reserve 
power (that is, if this power corresponds to the values from 
Fig. 2) the theoretical ceiling of the plane at the start of flight 
will be about 2600 ft. (it corresponds to the flight at the angle 
of minimum power, which is approximately 87 per cent of the 
power when flying at the angle of minimum resistance) and the 
absolute ceiling will be 0. This corresponds to the angle of 
minimum resistance; the airplane cannot take off. 

The calculation of the ceiling? is as follows: 


3 The calculation of the ceiling is based on the French formula of the 
standard atmosphere (S.T.Aé.), which is most advantageously 
adapted to this. The difference in American and French standards 
is not of sufficient importance to be considered in the present case. 
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The formula for lift at an altitude h meters above the sea 
level is 


29 


The formula for drag at an altitude h meters above the sea 
level is taken from Equation [3], 


75-B,- 
Va 2g 


We assume that the power decreases proportionally with the 
density of air in different altitudes, or 


Dh 


Dr 


ft ™ 
and the variation of the density of 
air with altitude as in the French 
standard atmosphere (S.T.Aé.), or 


4.256 


26200 $000- 


79700 6000- 


Po 288 


From Equations [10], [11], [12], 
and [13], and by using the values 


Lw and Lz, we find the altitude 78100 +4000" 


6550 2000 


1 
(2C pros: Lw- 


C13 


The theoretical ceiling for a given 
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Fig. 4 gives the relation between the initial power loading, 
at the different reserve powers, and the percentage of the fuel 
weight to the total weight, at the different construction weights 
of the planes in relation to the wing loadings. 

We assume that for a wing loading of 8 lb. per sq. ft. the 
structural weight is about 33 per cent of the total weight. For 
a wing loading of 24 lb. per sq. ft. we find the structural weight is 
only 25 per cent of the total weight. We also assume that the 
wing loading of 24 lb. per sq. ft. corresponds to a power loading 
of about 9 lb. per horsepower, and for a wing loading of 8 lb. 
per sq. ft. a power loading of about 32 lb. per horsepower. 

The useful load (or fuel load) is determined for the surpluses 


const. 


Yo000 ft. 


airplane will be at the minimum 20 
(2C d prog 


2g 1 (2C d prog 


1 
Lw - Lg? \!2-768 


If we substitute in [14] the values given in Equations [3], [7a], 


(7b), [8], and [9] (where 9)" 


find the absolute ceiling, which is 


value of 


is not yet a minimum), we 


H = 44,300 [1 — = 0 


For a supercharged engine, whose output remains constant 
with the altitude, the theoretical ceiling is 


2g «#21 (2C D prog 
* cons = 44 1—{—:-— 
tB ,300 | (% 752 


Fig. 3 shows the values of the absolute ceiling for different 
reserve powers. 

For a surplus of 50 per cent of the power, adopted in our theory, 
the absolute ceiling at the start of the flight is 


1 
12 \12.768 
H = 44,300} 1— is = 2730 meters (9000 ft.) 


100 120 % Reserve 
of power 
Fie. 3 


of 0, 50, and 100 per cent of the power, assuming an engine 
weight of 3 Ib. per horsepower. 


3 Tue INFLUENCE OF THE DECREASING WEIGHT OF FUEL 
DuriInG THE FLIGHT 


During a long-distance flight the weight of fuel decreases. 
In order to fly always in the position of minimum drag the 
pilot must reduce the speed of the plane, so that the induced 
drag is the same as the sum of the profile and parasite drag: 
29 Ww? 


29 


A-V?........ [16] 
If we suppose the flight to be at a constant altitude, then 


Ww — 
= const. 


After the time 7 the weight of fuel consumed will be W; = w. W. 
The total weight at this time is 


[18] 
The total drag is 
[19] 
and the power 


, 
h 288 1 29 «#1 
0.0065 Do 752 
— 
Lw - Lg? \*:256 
€ 
and the speed from Equation [16] is a 
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and from Equation [2a], by substituting \-A for b*, the wing 
loading will be 


CL = Vr: [75] 
We then find that the speed over the total distance will be 


Reonst 
8.67 


in which, substituting for T from [6], 


1 Reonst * Cs 
3.6 Le w 


which, substituted in [5], gives 


r 2 Reonst °Ce 9] 


In Fig. 2 we have determined the relation of the aerody- 
namic values from Equations [7a], [7b], [8], and [9]. We 
assume that the efficiency of the propeller does not change 
(this is true for a flight at constant angle of attack in different 
altitudes, as will be demonstrated in the next section), and also 
the specific fuel consumption does not change (we must take an 
average value, because by flying with the same angle of attack, and 
therefore reducing the power required, the specific fuel con- 
sumption will increase). 

The group of curves A of Fig. 2 represent the equation Ly = 


S(V, Cx). The values of wing loading Lw are given from 10.25 

to 24.6 lb. per sq. ft. (50 to 120 kg. per sq. m.). The group of 
Reons 

curves B represent the relation V = f { La, ae for the 


values of power loading Lg = 19.85 to 39.7 lb. per hp. (9 to 
18 kg. per hp.). Curves A and B are connected by means of 
the value V. 


Reons "Cs 
The group of curves C refer to \ = f { Co pros - ¢, Aas) 
w 


The values of Cp pros - g run from 0.0260 to 0.0455. For the same 
values of Cp pros - g are given the curves forming the relation Cz 


Reons "Cs 
= f(d, Cp pros: g) at D. ~The value — connects the curves 


B and C, the value \ connects the curves C and D, and the value 
Cx. connects the curves D and A. 

The value C p pros. g is determined for the value C'p pro = 0.013 
(that is, the coefficient of profile drag of the current airfoils 
in the proximity of the angle of attack at the minimum drag) 
and the values g = 2, 2.5, 3, and 3.5 (the values 2.5 to 3.5 
correspond to the actual transport airplane constructions). 
For any different values of Cp pros it would be possible by calcu- 
lation to remain within these curves. 


Reons “Cs 
The value —= is divided in the lower part of the Fig. 2 


in its components: 

The values of specific fuel consumption c, = 0.485 to 0.615 
Ib. per horsepower-hour (0.220 to 0.280 kg. per horsepower-hour) 
at F, and values of the ratio of the fuel weight to the total 
weight w = 0.4 to 0.6 at G, which are indicated by the dotted 
lines. At E are given the values of different propeller efficiencies 
e = 0.6 to 0.8; this manipulation is made by the use of 45-deg. 
inclined lines, as shown in Fig. 2. 


The values w = 0.4 to 0.6 at G, which are designated by full 
lines, correspond to the corrected values of the cruising radius 
for an economical flight at the constant angle of attack (see 
Fig. 5). 

From the values w we finally obtain the values of the cruising 
radius R = 2500 to 5000 miles (4000 to 8000 km.). 

In order to show how to use this diagram (Fig. 2) we have 
drawn in an example, in which we have assumed the following: 

The starting speed 93 m.p.h. (150 km.p.h.) at the coefficient of 
liftC:, =0.7max. For an airfoil whose maximum lift coefficient 
= 1.4, the theoretical landing speed with the initial wing load- 


ing will be = 93 4% = 66 m.p.h. 


For the coefficient of profile drag Cp pros = 0.013 and for 
the coefficient of structural drag Cp strue = 0.024, the value 


0.037 
D prof * Will be 0.037 and 0.013 2.85 


All other aerodynamic values are determined in the diagram 
by the rectangle I. For a propeller efficiency « = 70 per cent, 
this solution is as follows: 

The wing loading Lw = 15.15 lb. per sq. ft., the power loading 
Lg = 25.8 lb. per hp., Cz: = 0.68, and the aspect ratio X = 4. 
For a specific fuel consumption of 0.55 lb. per horsepower-hour 
(250 g.) and for w = 0.535 (see Fig. 4), the maximum cruising 
radius will be 3260 miles. 

Assuming a higher propeller efficiency of « = 75 per cent 
(see rectangle II), the maximum cruising radius will be 3540 
miles and the power loading Lg = 27.55 lb. per horsepower. 

We see that for this case the best aspect ratio is 4, this being 
due to the low cruising speed, which is given by the condition 
of low landing speed. A small aspect ratio reduces parasite 
resistances and facilitates very light and strong construction 
of wings. 

Rectangle III (shown in dotted lines) gives the relation 
for the aspect ratio 6 and the same values of drag coeffi- 
cients. 

The lift coefficient will be Cz = 0.835, so that for the same 
landing speed the cruising speed will be only 84 m.p.h. The wing 
loading remains 15.15 lb. per sq. ft., and at the same propeller 
efficiency (75 per cent) the power loading will be 37.9 lb. per 
horsepower. The cruising radius will increase to 4350 miles. 

For the higher aspect ratio the cruising radius increases with 
decreasing speed. If we want a higher speed there is no reason 
for a higher aspect ratio. 

The theoretical landing speed at full load is still high; during 
the flight it decreases with the decreasing load of fuel (for a 
distance of 1800 miles it will be 57 m.p.h. only). For the case 
of a forced landing at the start of the flight with full load it 
would be necessary to use slotted or variable-camber wings. 
On a flying field the wheel brakes can be used, or, finally, 
the fuel can be discharged. 

The values Lw and Lz are already limited by the condition 
of flying at the best angle of incidence. If there is no reserve 
power (that is, if this power corresponds to the values from 
Fig. 2) the theoretical ceiling of the plane at the start of flight 
will be about 2600 ft. (it corresponds to the flight at the angle 
of minimum power, which is approximately 87 per cent of the 
power when flying at the angle of minimum resistance) and the 
absolute ceiling will be 0. This corresponds to the angle of 
minimum resistance; the airplane cannot take off. 

The calculation of the ceiling* is as follows: 


3 The calculation of the ceiling is based on the French formula of the 
standard atmosphere (S.T.Aé.), which is most advantageously 
adapted to this. The difference in American and French standards 
is not of sufficient importance to be considered in the present case. 
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The formula for lift at an altitude h meters above the sea 
level is 


(10] 
29 


The formula for drag at an altitude h meters above the sea 
level is taken from Equation [3], 


75° Bn- 
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We assume that the power decreases proportionally with the 
density of air in different altitudes, or 


Da 


and the variation of the density of 
air with altitude as in the French 
standard atmosphere (S.T.Aé.), or 


2 4.256 
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Po 288 


From Equations [10], [11], [12], 
and [13], and by using the values 
Lw and Lz, we find the altitude 


0.0065 75? 


C1? 
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6550 2000 


The theoretical ceiling for a given . 
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Fig. 4 gives the relation between the initial power loading, 
at the different reserve powers, and the percentage of the fuel 
weight to the total weight, at the different construction weights 
of the planes in relation to the wing loadings. 

We assume that for a wing loading of 8 lb. per sq. ft. the 
structural weight is about 33 per cent of the total weight. For 
a wing loading of 24 lb. per sq. ft. we find the structural weight is 
only 25 per cent of the total weight. We also assume that the 
wing loading of 24 lb. per sq. ft. corresponds to a power loading 
of about 9 lb. per horsepower, and for a wing loading of 8 lb. 
per sq. ft. a power loading of about 32 lb. per horsepower. 

The useful load (or fuel load) is determined for the surpluses 


const.& 


9000 


airplane will be at the minimum 20 
prof * or 
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If we substitute in [14] the values given in Equations [3], [7a], 


[7b], {8}, and {9} (where 9)" 
Cx? 


find the absolute ceiling, which is 


value of 


is not yet a minimum), we 


H = 44,300 [1 — | =0 


For a supercharged engine, whose output remains constant 
with the altitude, the theoretical ceiling is 


min 


Fig. 3 shows the values of the absolute ceiling for different 
reserve powers. 

For a surplus of 50 per cent of the power, adopted in our theory, 
the absolute ceiling at the start of the flight is 


1 
12 \12.768 
H = 44,300] 1— Ls? = 2730 meters (9000 ft.) 


120 % Reserve 
of power 
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of 0, 50, and 100 per cent of the power, assuming an engine 
weight of 3 lb. per horsepower. 


3 Tue INFLUENCE OF THE DECREASING WEIGHT OF FUEL 
DuRING THE FLIGHT 


During a long-distance flight the weight of fuel decreases. 
In order to fly always in the position of minimum drag the 
pilot must reduce the speed of the plane, so that the induced 
drag is the same as the sum of the profile and parasite drag: 


2 Ww? 


If we suppose the flight to be at a constant altitude, then 
W 
= const. 


After the time T the weight of fuel consumed will be W; = w. W. 
The total weight at this time is 


The total drag is 
and the power 
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When these conditions are fulfilled at all periods we can 
reach the maximum cruising radius, and we have the minimum 
consumption of fuel for all distances, or 


dW; = 
Substituting for W, and B; we obtain 


75-«-W 
D-V-(l1—w)” 


dt = —w)......... [21] 


The maximum cruising radius will be 


t 
1 
R=— 22 
1000 Jo 


w % 


These relations are shown in Fig. 5, as they vary with the 
value w. 

The curve R, shows the increase of the maximum cruising 
radius in percentage as compared with the cruising radius at a 
constant speed, and also the curves of the duration of flight T 
and of the speed V. The curve W shows the decrease of the 
total weight. 

For a flight with these conditions the efficiency of the propeller 
does not change: because the efficiency of the propeller remains 
constant if its angle of attack (its pitch) does not change; the 
revolutions of the propeller change with the cube root of power; 
from Equations [18] and [20] the speed changes also in 


this relation, and so the ratio . is constant. 


must be adapted for the flight at the angle 


The propeller 


20 4 


% 


30 i 


40 4 


of minimum drag in order to obtain the best 
result. 

By flying at a constant altitude we can 
attain the maximum cruising radius only by 
reducing the speed. From this a loss re- 
sults on the cruising radius, due to the 
greater specific fuel consumption when throt- 
tling the engine. 

Flying at the higher altitudes, it will be 
possible to maintain constant speed and the 
best efficiency. 


60 


4 VaRIATION oF LonGc-DIsTANCE-FLIGHT 
ConpitTions WitH ALTITUDE 


From the equations of the induced, pro- 
file, and parasite drag and from Equa- 
tion [1] it is seen that the condition of 
flying at the angle of minimum drag obtains 
also for flight at higher altitudes. 

We shall assume that the altitude correc- 


y 70 72 4 & tion of the carburetor works faultlessly and 

3.2 22 26-5 90.9 Lg that the fuel consumption remains the same 

as at sea level. is true, because the 
— increase in the consumption for the altitude 
Fic. 4 will be equivalent to the increase caused by 


Substituting for V: and di from Equations [18] and [21], we 
find by integration that 


assuming a constant efficiency of propeller. 
In section 2 we have already determined the cruising radius 
at a constant speed as 


1 


Reonst = 1000 D 
whence 
R log. (1 — w) 
[23] 


By integration of Equation [21] between the limits 1 to (1 — 
w) we obtain the duration of the flight for the distance R, or 
1 
Ce* D V 1 — w 
The ratio of this duration to that of section 2 is 

T 2 1 


the throttling of the engine at sea level. 
The fundamental equation of the chart of Fig. 2 will change 
as follows: 


Lw = Vi?- Vr: Cp pros 


where 
pr: Va? = Vo? = comst............ [25] 


The speed must increase with the altitude inversely as 
the square root of the air density. 
When we substitute for V in Equation [8] we obtain 


Poo Rem [26] 
w 


From Equations [10] and [11] we obtain the power loading in 
flight at the altitude h: 


or, at a constant propeller efficiency, 
Vo = Lan: Va = const...........-. [28] 


The power loading is inversely proportional to the velocity 
and therefore directly proportional to the square root of the 
air density. The power is directly proportional to the 
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velocity. From Equation [26] we find that 
radius remains constant for the same specific fuel_consumption, to a certain ratio of air densities, namely, 
and therefore altitude flying shortens the duration of the flight. 
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Tthe cruising determined from this equation. Reduction of fuel corresponds 


The propeller efficiency remains constant if the relation N ——_ 
is constant. This is due to the fact that the total resistance from which according to Equation [13], gives the altitude 
Equations [11] and [25] remains con- % 
stant, and also the propeller thrust: A 200 
™ 
= 29500 9000 
Po 4, 
where C; is the coefficient of the type of a ae R 
propeller and D is the diameter. een ene 
The revolutions increase inversely 
as the square roots of the air densities, 
the same as the velocity. This 
must be provided for by reserve 100% 
power. 
5 Tue INFLUENCE OF THE DECREASING “9/00 4000 80 
Loap oF FUEL ON THE ALTITUDE Vv 
oF FLIGHT 9800 3000 60- 
This forms a mutual relation of both 200040. 
preceding sections. We have seen in the 
section 3 that the cruising radius canbe 20! 
increased by decreasing the speed. Ac- 
cording to section 4, by flying at higher 
altitudes with the same cruising radius 20 40 $0 60 
we can shorten the duration of flight. Fic. 5 
Therefore both advantages can be ob- 
tained by also fulfilling the conditions of Equation [16] for the H = 44,300 [1 — (1 — w)®?8 J]... [31] 
altitude, or which is drawn in Fig. 5 as curve H. 
W The power loading remaining constant, the power has to be 


This proves that Fig. 2 is correct for the large values of cruising 
To keep a constant initial speed we must fly at an altitude radius. 
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‘Slotted Wings 


Device to Safeguard Airplanes Against Stalling, Nose Dives, and Tail Spins—Increased Range 
of Angles at Which Lift Can Be Obtained With the Slot Is Limited Only in 
Degree by the Number of Slots Used 


By F. HANDLEY PAGE,! LONDON, ENGLAND 


brought to an untimely end through lack of control-—— 

had shown that the secret of success was to be found in 
free-flight experiment. Then came the great contribution of 
the Wrights, who, discarding Lilienthal’s acrobatic control and 
carrying through the whole modern program of wind-tunnel 
research, detail design, and construction, found out by practical 
flying that essential feature of control which has been used in 
practically every airplane that has been flown. 

In the original Wright airplane, as in all its successors of 
fixed wing area, the only means used for varying the lift was by 
alteration of the angle of incidence or of the camber of the wing, 
either by warping or by the equivalent use of ailerons. Such 
a variation in lift was and is used either for the purpose of varying 
the speed of the airplane or, applied to one portion of the wing 
surface only, for controlling the aircraft. 

In the development of flying which is taking place by the use 
of the slotted wing, we are extending those original angular limits 
within which aircraft may be safely flown and the original Wright 
control used, and further are so improving the control as to make 
safe that range of stalled flight in which the original type of 
control was and is of no avail. 

The inherent and fundamental difficulty of the breakdown of 
air flow over the upper surface of a wing section—known as 
“burbling’’—has, due to the stalling of a normal unslotted wing, 
placed a lower safe limit on the flying speed of an aircraft; and 
it has likewise set a lower limit, below which, owing to lack of 
increased lift with increased angle, the aircraft controls cease to 
respond to the control movements of the pilot. 

The increased range of angles at which lift can be obtained 
with the slot is limited only in degree by the number of slots 
used. Its ultimate development must depend on mechanical 
considerations, and it may well be that, with further mechanical 
experience, which is gained but slowly, larger numbers of slots 
will be used in a wing, particularly now that the fashion for their 
use has set in; for fashion and custom, as in all the arts and 
commerce, settle to a very large extent the choice of the pilot 
and the decisions of the engineer. 

Two courses lie open to a designer in the application of the 
slot. The first and most obvious is to slot the wing throughout 
its span, and as the range of angles is increased through which 
useful lift can be exerted upon the aircraft, to obtain a wider 
speed range and improved performance, provided that the 
mechanism added does not offset the advantage so gained. The 
second course is to apply the slot to a portion only of the lifting 
surfaces and to use the device mainly to give that control at and 
beyond the stalling speed of the aircraft which is lacking with 
the ordinary wing. 

Let us turn first to the results which have been obtained in 
the wind channel and see in what way the aerodynamic charac- 
teristics of a wing section are altered by the slot. Photographs 


1 With Handley Page, Ltd., aeronautical engineers. Commander 
of the British Empire. Fellow of the Royal Aeronautical Society. 

Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 to 29, 1928. Also presented 
before the Royal Aeronautical Society as the sixteenth Wilbur 
Wright Memorial Lecture, London, England, May 30, 1928. 


‘he work of Lilienthal in gliding with curved wings— 


of air flow in the wind channel show clearly the difference between 
the form of flow over the upper surface with the slotted and the 
unslotted plane at large angles of incidence (Fig. 1). 

A further series of photographs (Figs. 2 to 13) show the flow 
around a plane moved through water on the surface of which 
light aluminum powder has been sprinkled. The first set (Figs. 
2 to 7) are of a R.A.F. 28 section at 0, 9, and 20 deg. angle of 
incidence, respectively, with slot open and slot closed. There 
is little difference between the two conditions until the 20 deg. 
angle of incidence is reached. Then the suppression of the 
forward eddy on the back of the plane is clearly marked when 
the slot is open. 

The second series (Figs. 8 to 13) were taken with a Gottingen 426 
section at 0, 16, and 26 deg. angle of incidence. The photographs 
at 16 and 26 deg. angle bring out clearly the two forms of flow 


Fie. 1 Ar Wits Siorrep UNsLoTrep PLANE. 
(A—Slot closed. B—Slot open.) 


with slot open and closed, the eddies over the leading edge which 
are present when the slot is closed disappearing when the slot. 
is open. 

These photographs were taken in a small water tank 10 ft.. 
long, 6 in. wide, and 6 in. deep. The model is held in a frame’ 
and drawn through the water by a light cord attached to the: 
pulley wheel of a small electric motor. 

From these qualitative comparisons we turn to detailed wind- 
channel data which are given for representative medium and 
thick wing sections to add to that available for wings of thinner 
sections such as R.A.F.15. It is a matter of interest today when 
structural needs often call for thicker wing sections that increases 
in lift can be obtained with thick wings comparable in magnitude 
with those of the thinner sections. 

In Fig. 14? are given the results on R.A.F. 31 section showing 
with forward slot open an increase in lift of approximately 50 
per cent and the usual decrease in resistance at high angles. 


?See R. & M. no. 1063. 
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On thick wing sections, or on any type of section fitted with a 
forward slot, it is advantageous to use also the slot in front of 
the aileron or flap. Fig. 15° shows the latest results obtained on 
R.A.F. 31 with a rear flap at 20 deg., the test being taken with 
the rear slot closed as well as open. It will be observed that the 
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Fie, 15 Lirr Curves 1n Mopet Experiments WiTH REAR SLoTs 
AND Fuiaps on AEROFOIL R.A.F. 31 


lift of the aerofoil is increased from 0.92 to 1.03 with the rear 
flap only, and when the rear slot is used in front of the flap the 
maximum lift is increased again to approximately 1.18, rather 
more than 100 per cent over the original unslotted section. 

The use of the slotted rear flap in conjunction with the forward 


3 See R. & M. no. 1119, Fig. 4. 


AER-50-22 31 


slot is of importance in applying slot design to increase the speed 
range of an aircraft, as by this means an excessive angle of in- 
cidence at landing or taking off is avoided. For example, with 
R.A.F. 31 the angle of incidence at which the maximum lift is 
obtained with the unslotted section is 12.3 deg., which is increased 
to 23.8 deg. with the front slot only, but decreased again to 18 


A, max -098 
005 
47 
/ 
a A <0 
Q Peg 
-0,05 =0.05 0 O05 


a (Fraction of Chord) 
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Fic. 18 Upet Arerorom Wits SLotrep AND Front SLoT 


deg. when the slotted flap is used, the latter angle being well 
within the range of commercial utilization. 

The position of the hinge point of the rear slotted flap is im- 
portant and needs to be determined accurately to obtain the best 
result. Fig. 164 shows the variation in lift on R.A.F. 31 due to 
variations in the position of the nose point of the rear flap. It 


4R. & M. no. 1119, Fig. 3. 
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will be observed that the maximum lift coefficient varies from 
0.98 to 1.18 according to the position of the flap, a maximum 
increase of 0.62 over the unslotted section. It would appear 
that one of the determining factors in this matter is the width of 
the gap at the upper slot opening. 

A further interesting result is a test carried out’ on a Udet 


Type A 


(Type A—Large forward aerofoil. Type B—Small forward aerofoil.) 
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high-lift thick wing section (Fig. 17) used in a cantilever wing 
construction, the lift coefficient with slot closed and rear flap 


normal being 0.85. When this section was fitted with a forward 
slot and a slotted rear flap at 20 deg., a lift coefficient of 1.42 
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Fie. 23 Stor SHouup Open On ty as STALLING SpeED Is REAcHED 
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Fie. 24 Direction oF REsuLTANT Forces AcTING ON AUXILIARY AEROFOIL FOR DIFFERENT ANGLES OF INCIDENCE 
(Resultants are shown in direction only and not in magnitude.) 
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will be observed that the maximum lift coefficient varies from 
0.98 to 1.18 according to the position of the flap, a maximum 
increase of 0.62 over the unslotted section. It would appear 
that one of the determining factors in this matter is the width of 
the gap at the upper slot opening. 

A further interesting result is a test carried out' on a Udet 
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Fie. 23 SHoutp Open On ty as STALLING SPEED Is REACHED 
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was obtained, which with the flap at 30 deg. was increased to 

1.45, an increase of 0.6 over the unslotted section (Fig. 18). 
Full-scale tests have clearly demonstrated that these high-lift 

coefficients with thick wing sections are not diminished due to 


Fie. 25 Two Ways or Movine Forwarp AEROFOIL From SAME 
CLOSED TO SAME OPEN PosITION 


(A—Non-parallel link type of mechanism. B—Parallel link type of 
mechanism.) 
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Fie. 28 Horizontat ExTeRNAL MEcHANISM, HINGED 


scale effect and that there is no falling off in lift as has been 
experienced with a high-lift wing section such as R.A.F. 19. 
Scale effect seems, however, to vary with different types of slots 
(Figs. 19 and 20). For example, with a plate type of forward 
aerofoil of small chord there was little change in maximum lift 
in full scale, whereas on the cambered large chord forward aero- 
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Fic. 26 DirreRENCE IN TorQUE WitTH Two Types or SLtoT GEAR 


(Angle of incidence is +10°. A—Non-parallel link t of mechanism. 
B—Parallel link type of 
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foil the maximum lift in full scale was considerably more than 
that of the model® (Figs. 19 and 20). 

A typical modern section is R.A.F. 28 (Fig. 21), on which 
tests have been carried out in our wind channel with a large as well 
as a small type of forward aerofoil (type A with a chord one-sixth 
that of the main plane; type B with a chord one-eighth that of 
the main plane). The influence of chord width is clearly shown 
in the results (Fig. 22). With the larger chord an increase of 
over 100 per cent in lift coefficient is obtained with front slot 
only. The lower portion of the lift curve with a slotted section 
is shown dotted, as with the use of the automatic slot opening at 
the correct angle the slot is not open for the lower values of the 
lift curve. 

These results are typical of those obtainable with modern 
slotted-wing sections, the lift coefficient with forward slot and 
slotted flap increasing by as much as 0.6, or in some cases 100 
per cent, compared with the unslotted section. No longer is the 
designer limited in choice of wing area by a landing speed asso- 
ciated with a maximum lift coefficient of 0.5 to 0.7, but can 
choose the section best suited to top speed and climb. The 
choice of mechanism used will vary with the wing section chosen, 
but it is probable that for increasing the speed range of an air- 
plane the slotted flap will be associated with the forward slot to 
avoid the otherwise high angle of incidence reached. If a re- 
duction in area is required, it is preferable to reduce chord rather 
than span so as not to increase the induced resistance. The 
change in profile drag will depend upon the type of slot selected, 
and still further research work is required on the factors affecting 
profile drag both for front and rear slots. 

Let us now turn from the wing completely slotted for its whole 
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stalled and the outer tips under normal conditions of air flow. 
In this state the airplane if rolled experiences a righting moment 
similar to that on an ordinary airplane flying under normal 
conditions, and similarly too, the plane responds to aileron move- 
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Fic. 29 Wine Section With Forwarp AEROFOIL Firtinc CLosE 
ON FRONT oR ON REAR EDGE 


(A—To delay opening, slot is ‘‘vented” at top rear edge of auxiliary 
aerofoil. B—To hasten opening, slot is ‘‘vented” at bottom front edge of 
auxiliary aerofoil.) 


ments as in normal flight. 
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a normal aircraft are usually in- 
adequate to produce a suffi- 
ciently large angle of incidence 
also to stall the wing tips when so 
fitted, the use of the slot in this 
manner extends the range of safe 
flying and removes the danger 
arising from the involuntary 
Angle of Incidence +2° stall. 

Such a slot, if fixed open at 
all speeds, would cause increased 
resistance at the smaller angles 
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Fie. 30 ResutTant Force ACTING ON AUXILIARY AEROFOIL, VENTED AND UNVENTED 


span and consider the effect of slotting a portion only of the span. 

If this portion be that at the leading edge of the wing tips oppo- 

site the ailerons, these parts of the wing will stall at a much 

larger and therefore later angle than the center. As burbling 

starts at the center of the wing and proceeds outward, an air- 

craft so fitted can be flown with the center section of its wings 
6 R. & M. no. 1007, Figs. 9 and 12. 


performance. In a similar man- 
ner an aircraft with an excessive 
“washout” would have a reduced 
performance due to the large 
negative angles of the wing tips 
at full speed. To avoid this 
disadvantage it is essential that 
the slot should open only as the 
stalling speed of the aircraft is 
reached and remain open so long 
as the aircraft is stalled (Fig. 23). 

Let us examine the resultant forces acting upon the forward 
aerofoil and see the way in which this result is effected. Fig. 24 
shows the directions of these resultant pressures for different 
angles of incidence for slot open and slot closed. 

From an inspection of these it is evident that a mechanism can 
be arranged to cause the slot to open at, say, 8 deg. angle of 
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incidence and to close when open at a somewhat similar angle. 
There is, however, an important consideration that must be 
taken into account and that is the way in which the forward 
aerofoil proceeds from its closed position against the main section 
to the completely open state. In Fig. 25 there are shown two 
different ways in which the forward aerofoil may be moved from 
the same closed to the same open position, but with greatly 
different intermediate attitudes of the forward aerofoil. 


20° 109 


Measurements have been made in our wind tunnel of the 
difference in the values of the torque on the forward mechanism 
with the two types of slot gear shown. Fig. 26 shows that with 
the parallel link type there is an opening torque up to a slot 
opening 70 per cent of the full open position when the angle of 
incidence of the main planes is 10 deg. On the other hand, with 
what is termed the non-parallel link type, there is a closing torque 
in all positions of the forward aerofoil. 
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Fig. 31 


Potar Curves oF RESULTANT Forces AcTING ON LEADING AEROFOIL 


(a = angle of incidence.) 


In the non-parallel link type shown in the upper half of the 
illustration, the initial movement of the forward aerofoil is such 
as virtually to create burbling instead of to suppress it, and in 
consequence to cause a force to act upon the forward aerofoil 
tending to close the slot. This intermediate position is shown 
“dotted,” with an opening at the rear of the slot much greater 
than that at the lower entry. 

If, however, the links be changed in length and in disposition, 
the forward aerofoil can be made to proceed from closed to open 
position so that a slot of correct shape is at all positions formed 
between the forward aerofoil and the main section. The ‘“‘dot- 
ted” section again shows the intermediate position of the for- 
ward aerofoil. The essential difference between the two mecha- 
nisms is evident. 


While the example has been taken of a two-link mechanism, 
the means whereby the slot may be made to move automatically 
are not limited to this type. Fig. 27 shows the way in which the 
forward aerofoil may be made to move on a sliding bar guided 
by rollers, the line of motion being at right angles to the line of 
action of the resultant forces on the forward aerofoil at the 
angle at which a change-over from closed to open slot is to take 
place. Similarly, in Fig. 28 the forward aerofoil is shown hinged 
and swinging forward to open the slot, the hinge line being 
parallel to the line of action of the resultant forces on the forward 
aerofoil at the angle of incidence at which the change is to take 
place. 

In the pressure diagrams which have been shown the pressures 
were taken over the upper surface only, on the assumption that 
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the forward aerofoil, when the slot was closed, fitted snugly 
against the main wing section, and that there was no pressure 
exerted between the inner surfaces of the forward aerofoil and 
the main wing. In actual practice, however, it is impossible 
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Fie. 32 Pressure DistrrsuTion Tests on PW-9 Wina MopeELs 


(A and B—Normal force coefficient for wing. C—Cellule normal force 
coefficient.) 


shown diagrammatically with the forward aerofoil either fitting 
tight on its front edge or at the rear edge. In the first case the 
forward aerofoil has an additional suction exerted upon its inner 
surface which tends to retard the opening, and in the latter case 
it receives a positive pressure, tending to accelerate the opening. 
In consequence with the addition of the pressures or suctions 
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on the inner surface there is a considerable change in the direction 
of the resultant pressures on the forward aerofoil. Fig. 30 
shows the difference due to taking these added forces into ac- 
count. 

At an angle of incidence of 2 deg. the resultant force acting 


Yawing Moment Coefficient 


Yawing Moment Coefficient 
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venting is again very evident, the change in magnitude as well as 
the direction of the forces being very marked. It is noteworthy, 
too, that the magnitude of the forces on the unvented leading 
aerofoil is practically as great as that of the forces acting upon 
the aerofoil in the open position. 
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upon the forward aerofoil changes round through practically 
90 deg. when venting is taken into account. 

As the resultant pressures are such that, if no venting is taken 
into account, there is as a rule a tendency for the slot to open too 
early, it is preferable that the slot be vented at the rear to insure 
correct opening. 

If instead of taking the position and direction of these resultant 
forces on the forward aerofoil they be plotted as acting through 
a fixed pole, the magnitude and direction of the resultant forces 
lie on a smooth curve, as shown in Fig. 31. The change due to 


To fit the automatic slot to a given section, data are essential 
as to the pressure distribution over the forward aerofoil, detailed 
in the manner shown, so that from such information correct 
mechanism can be designed to permit the forward aerofoil to 
start moving forward at the correct angle and to move to the 
correct position, and so to insure that there results an adequate 
increase of lift and an adequate angular range through which 
lift is obtained. It-is not sufficient to insure that in full scale the 
slot opens at the correct angle or to what appears to be a sufficient 
distance forward. It is essential that a slot shall be formed 
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when the aerofoil moves forward, so that the requisite lift con- 
ditions are present at the wing tips when the rest of the wing 
is stalled. 

In the application of the automatic slot for control purposes 
the forward aerofoil is used for a portion of the wing span only. 
It need also be fitted to the upper plane only in a biplane arrange- 
ment. 
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high angles of incidence will be reached at which the lower plane 
stalls, the use of the slot on the lower plane does not appear to 
be warranted in the ordinary type of biplane arrangement. 

As with the fitting of the slot to a portion only of the wing span, 
it by no means follows that what is correct for an auxiliary aero- 
foil of length equal to the wing span is correct when only a portion 
is used. Questions are immediately raised in designers’ minds 
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Figs. 44-49 


It is well known that the lower plane continues lifting to a 
considerably larger angle than the top plane, particularly in the 
case of a biplane with forward stagger or where there is a sesqui- 
plane arrangement. Thus in Fig. 32 the difference in the stalling 
angle of a wing section is shown to be greatly different according 
to whether it is the upper or lower plane that is under consider- 
ation. As it is improbable that even in an involuntary stall the 

7N.A.C.A. Report No, 279, Figs. 6 and 7. 


as to the proper chord, span, and position of the forward aerofoil 
for best results. 

To obtain some data on these problems a series of tests were 
carried out in our wind tunnel on a model 36 by 6 in. of R.A.F. 28 
section. For the purposes of this test, three sets of forward 
aerofoils were taken, as follows (Fig. 33): 

1 Chord of aerofoil '/s of main plane chord; span of aero- 
foil 1/. of the span 
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2 Chord of aerofoil 1/s of the main chord; span of aerofoil 


1/4.5 of the main span 
3 Chord of aerofoil 1/. of the main chord; span of aerofoil 
1/4.5 of the main span. - 


With the first two arrangements, rolling and yawing moments 
were measured with the ailerons set at +10 deg. and +20 deg., 


Yawing Moment Coefficient  Yawing Moment Coefficient 


slot closed, the last case being that in which a controlled type of 
forward aerofoil is used. 

The object of these tests was to determine whether improved 
results would follow from a larger size forward aerofoil than 
that now used, whether and how much increased control would 
be obtained from a controlled slot, and further whether by 


Yawing Moment Coefficient Yawing Moment Coefficient 
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and these moments were measured for three positions of the 
forward aerofoil as follows: 

(a) At the wing tips 

(b) With the outer edge 2'/2 in. from the wing tips 

(c) With the outer edge 5 in. from the wing tips. 

These arrangements of forward aerofoil are shown diagram- 
matically in Fig. 33. 

Measurements of lift coefficient gave little indication of the 
relative value of the different arrangements (Fig. 34), but there 
were great differences in the values of rolling and yawing moments 
with different aileron settings. 

In the case of the large-span, large-chord forward aerofoil, the 
rolling and yawing moments were measured only at the midway 
position; namely, with the outer end of the forward aerofoil 
2'/, in. from the wing tip. In each case, measurements were 
taken (1) with slots closed, (2) both slots open, and (3) with one 


placing the aerofoil more toward the center of the wing improved 
control would result. It may be argued that as the breakdown 
of air flow starts at the central portion of the wing and proceeds 
outward to the tips, an aerofoil placed inboard from the tips 
would prevent the breakdown of the flow over a larger area of 
wing. 

The results of these tests are shown diagrammatically in Figs. 
35 to 56. 

Full details of each set of measurements are given in the 
curves, and these have been collected for comparison purposes in 
Figs. 49 to 56. 

The test results in detail are in Table 1. 

If we compare the results of Figs. 35 to 37 and Figs. 41 to 43 
we see that as forward aerofoil is moved inboard from the tips so 
do the rolling and yawing movements improve from a control 
point of view and show at the 5-in. inboard position almost as 
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AILERON UP 
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AILERON NORMAL 


AILERON DOWN 


AILERON UP 


Fie. 58 AILERON AND INTERCEPTOR CONNECTION, SLOT OPEN 


TABLE 1 RESULTS OF TESTS 


Position of aerofoil 

At extreme tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
At extreme tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
At extreme tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
At extreme tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
21/2” inboard from wing tips 
21/2” inboard from wing tips 


Comparison between 
Short and long span aerofoils of small chord 
Short and long span aerofoils of small chord 
Short and long span aerofoils of small chord 
Short and long span aerofoils of small chord 
Short and long span aerofoils of small chord 
Short and long span aerofoils of small chord 
Small and large chord aerofoils of long span 
Small and large chord aerofoils of long span 


Aerofoil span 

wing span 

1/¢ wing span 

wing span 

1/45 wing span 

1/4.5 wing span 

1/4.5 wing span 

1/6 wing span 

1/¢ wing span 

wing span 

1/4.5 wing span 

wing span 

1/45 wing span 

wing span 

wing span 

Aerofoil position 

At wing tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
At wing tips 

21/2” inboard from wing tips 
5” inboard from wing tips 
21/2” inboard from wing tips 
21/2” inboard from wing tips 


Aerofoil chord 


Slot position 


Both open 
Both open 
Both open 


° 


Starboard slot open only 
Starboard slot open only 
Starboard slot open only 


Both open 


Starboard slot open only 


Aileron setting 
+10 


Aileron setting 
+10° 
+10° +20° 
+10° *+20° 
+10° +20° 
+10° *+20° 
+10° +20° 
+10° 20° 
+10° & +20° 


RP RP Re RP RP RE Re 
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37 1/3 wing chord +10 "4 
38 1/5 wing chord +10 Pe, 
39 1/3 wing chord +10 
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41 wing chord +20 
42 1/3 wing chord +20 ve 
43 wing chord +20 
44 wing chord +20 
45 1/s wing chord +20 
46 wing chord +20 
47 wing chord +10 
48 1/6 wing chord +20 
Fig. 
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55 
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(Interceptor length = 1/9 of span = 4” depth = 0.045 X main chord. 


from part tip.) 


good a result as the mechanically operated auto slot control 
where the one slot is closed by the upward movement of the aile- 


ron. Particularly is this the case in Fig. 
43, where the results are given for ailerons 
at +20 deg. with the tip of the forward 
aerofoil 5 in. or, say, ‘/; span inboard from 
the main wing tips. 

With the long span front aerofoil the 
same comparison does not hold good (see 
Figs. 38 to 40 and 44 to 46), the controlled 
slot showing a marked advantage. 

When the long span aerofoils are directly 
compared with those of the short span (Figs. 
49 to 54) the control seems worse with the 
larger span with both slots open, and there 
seems little to recommend the longer span 
with the mechanically operated auto slot 
with one slot closed (see Figs. 52 to 54). 

With the larger chord aerofoil there is, as 
was to be expected, again an increase in roll- 
ing moment with the ailerons at +20 deg., 
but none with ailerons at +10 deg. Fig. 
55 shows the comparison between the small 
and large chord aerofoil results. The im- 
provement in yawing moment at high angles 
of incidence is particularly to be noted with 
the controlled slot. Here again the com- 
parison must be qualified by referring to 
the changed conditions which occur in a 
roll. 

The actual size of aerofoil chord decided 
upon, for any given design, will depend very 
largely upon the tail controls of the aero- 
plane for which the slot is required. Ob- 


(see Fig. 58). 


Position = 4 in. 
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viously, a machine which has much quicker 
controls and can be put into a much smaller 
circle will require more slot effect than one 
in which the machine can only be moved 
slowly. The foregoing curves show the 
magnitude of the variations which will be 
obtained by change in size and position of 
the forward aerofoil. 

The main feature of these tests with both 
slots open is the improvement which results 
from fitting the forward aerofoil inboard 
from the main wing tips and in this position 
the remarkable increase in rolling moment 
as compared with the unslotted section. 

It is obvious that the best improvement 
in control will in all cases be obtained with 
the arrangement in which the slot is closed 
or its effect neutralized on one side of the 
wings by the upward movement of the 
aileron. Such an arrangement gives at large 
angles of incidence a yawing moment of the 
right sign. 

An arrangement for interlinking the slot 
and aileron is shown in Fig. 57, but many 
variations are possible, notably by the 
movement of the link hinge point so that 
a closing torque is brought into action on 
the forward aerofoil. 

The objections to moving the forward 
aerofoil by hand and the complication of 
interconnected mechanism can be overcome 
by the use of an “interceptor” or “spoiler” 


The action of this small vertical plate is to cause 
burbling in the same manner as if the slot were closed. 


Yawing Moment Coefficient 
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Fie. 60 IntTeRcEPToR Tests, SHowING INCREASE IN ROLLING MoMENT 
(Ailerons, port, —5'/2°; starboard, +26°.) 
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A comparison is given in Fig. 59 of the rolling and yawing 
moments on a R.A.F. 28 section for (a) both wing tip slots open 
without interceptor, (b) both wing tip slots open with an inter- 
ceptor fitted on one side, and (c) one wing tip slot closed and no 
interceptor fitted. 

The dimensions of the interceptor are given in the illustration. 
The moments were measured 
for the ailerons at +10 and 
+20. 

There is with the interceptor 
a great improvement in con- 
trol over the case of both slots 
open and at the smaller angles 
(say up to 20 deg. angle of in- 
cidence) over the case of one 
slot closed. Beyond this angle 
the rolling moments are not 
quite so large as with the one 
slot closed. 

A similar arrangement of in- 
Fic. 61 Mvtt-Storrep terceptor has been tested for 
a complete model 
biplane fitted with 
slots along its 
whole span. The 
increase in rolling 
moment by its 
use is shown in 
Fig. 60. Tested 
in full scale in free 
flight the model 
results are fully 
borne out in prac- 
tice, and the con- 
trol is no different 
in feel to the or- 


dinary aileron and 
no heavier to 
operate. 


In the tests 
which have been 
described and the 
results which have 
been given the 
forward aerofoil 
has been shown 
Fic. 62 Arr Firow on Mutti-Storrep Arro- 8 part of the 

FOIL, AT +42° INCIDENCE original wing sec- 

tion when the slot 

is closed. It is somewhat easier in construction to fit an addi- 
‘tional forward aerofoil on the top of a normal section, in the 
‘way in which a plaster is fitted. Such a slot is somewhat 
easier to construct for a wing section already in being, and it 
is easier to adapt wings that are already made to this type. 
‘This variation has been developed by Mr. Bruce of the West- 
land Company and has been shown to be equally advantageous 
to the type of forward aerofoil forming part of the wing itself. 

From an aesthetic point of view it would appear preferable 
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to adhere to the same wing section throughout the plane, which 
has been chosen for its aerodynamic qualities, but if practical 
use shows that the same results can be obtained in a cheaper 
manner by varying the wing section, it only shows how little we 
know about wing sections, and the remark sometimes made may 
be true that any one wing section is almost as good as another. 
Perhaps this may be so when the section is slotted. 

In the research work detailed certain salient features may be 
summarized: 

1 With thick wing sections an increase in lift coefficient can 
be obtained by the use of the slot equal in magnitude to that 
with thin wings. 

2 As the use of the slot for control purposes is dependent on 
the lift increase obtained a similar result in stalled flight can be 
obtained with both thick and thin sections. 

3 Where the aerofoil is used for a portion of the span only 
the best result for control is obtained when the auxiliary aerofoil 
is fitted in an intermediate position between the tip and the 
center of the wing. 

4 With a correctly designed and positioned auxiliary aerofoil 
opening ahd closing automatically a very good control at and 
beyond the stall can be obtained without the added complication 
of control by the forward aerofoil. 

5 If increased control is required at and beyond the stall 
particularly at very high angle of incidence the controlled slot 
or interceptor should be used. 

In making a survey of the results it must be remembered that 
these tests show rolling and yawing moments on an aerofoil 
proceeding on a level keel and do not show righting moments in 
aroll. It is obvious that it would be impossible to use the un- 
slotted control in free flight at the large angles measured without 
setting up auto rotation, whereas the damping in roll with the 
slotted tips permits of the use of the controls in the normal 
way. 

In the perfecting of the slotted wing, a wide field is open to 
those who delight in the exploration of new avenues of scientific 
research and engineering development. To such the multi- 
slotted aerofoil (Fig. 61) with its steady air flow up to large 
angles of incidence (Fig. 62) offers every inducement and every 
possibility. 

The test results which have been given in this lecture have 
been prepared mainly to aid in the best application of the slotted 
wing for control purposes, so that with the extension of the 
angular range in which it is safe to fly and the provision of ade- 
quate control throughout, the main source of air accidents and 
the chief bar to the wider use of flying may be removed. 

It is particularly fitting that we should deal with such problems 
of control for in so doing we continue to develop that branch of 
the flying art of which the foundations were so well and truly 
laid by the pioneer work of Orville and Wilbur Wright. 

I would express my grateful thanks to my assistant, Mr. 
Russell, under whose direction in my company’s wind channel 
the results here given and where not otherwise indicated were 
obtained and by whom the arrangements were made for and the 
photos taken of the stream flow around the wing section. I 
would also once again refer to the many contributions to this 
subject by Mr. McKinnon Wood, the staff of the R.A.E., and by 
Mr. Irving and others of the N.P.L. 
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Heavy-Oil Engines for Aircraft 


By D. R. PYE,! LONDON, ENGLAND 


In this paper the author first points out that the heavy-oil engine 
will probably provide a satisfactory practical power unit for air- 
ships long before it reaches the airplane stage. He then briefly de- 
scribes early experimental work with a single-cylinder research unit 
to explore the possibilities of compression-ignition operation. Feol- 
lowing this he discusses alternative designs which offer possible solu- 
tions of the main problem, and then gives results obtained in single- 
cylinder experiments showing the effect of maximum cylinder 
pressure upon brake m.e.p. and fuel consumption. Fuel-valve and 
nozzle design are then taken up, followed by sections dealing briefly 
with air swirl, value mechanism, possibilities of the two-stroke cycle, 
and performance at altitude. 


HE two main reasons why the heavy-oil engine is not in 

universal use for aircraft today are the difficulties of build- 

ing a reliable engine at a weight per horsepower to compete 
with the gasoline engine, and the difficulties of starting. As 
regards the weight-per-hp. limitation, it may be as well to note 
here that since the effective weight of a power plant for any air- 
craft, which has to leave the ground fully equipped with fuel, is 
the total weight of engine and fuel, any reduction in the fuel 
weight necessary for a given journey may be set off against an 
increase of weight in the engine itself: the longer the journey the 
more will high fuel economy compensate for a heavier engine. 


Use or Heavy-O1n ENGINES IN AIRSHIPS PROBABLE 


It must be generally accepted that as a means of transport 
the lighter-than-air craft, which for brevity will be referred to 
as the airship, is at a less advanced stage than the airplane. It 
is still an experiment, the success of which will turn very largely 
on its being provided with a power unit of very high economy and 
safety from fire risk. Owing to its great rarge of flight, fuel 
economy in an airship becomes of greater importance than it is for 
an airplane. In other words, provided really high fuel economy 
is maintained, the airship designer is much more ready to put up 
with a relatively heavy engine than the airplane builder. Fur- 
thermore, every advantage of the heavy-oil engine in regard to the 
airplane is equally important in regard to the airship. The al- 
most complete elimination of fire hazard with the use of the heavy- 
oil engine is doubly important in a vessel depending upon hydro- 
gen for its bouyancy. 

It is the airship, therefore, which stands to benefit most by the 
successful development of the heavy-oil engine, and fortunately 
it is in a position to benefit from the new power unit at an earlier 
stage of the latter’s development. We are led to the conclusion, 
therefore, that although the airship is at present itself an experi- 
ment, from the point of view of the heavy-oil engine it may be of 
enormous value as a laboratory. It is fairly certain that the 
heavy-oil engine will provide a satisfactory practical power unit 
for airships long before it reaches the airplane stage, and its 
application in this way will provide the necessary conditions for 
developing and trying it out, under other than ground-level con- 
ditions, until the more exacting requirements of heavier-than-air 
craft can be met. 


Earty ENGLISH EXPERIMENTAL WORK 


_ This prior utility of the heavy-oil engine for airships has 
influenced the lines along which experimental work in England 


1 Deputy Director of Scientific Research, British Air Ministry. 
Presented at a meeting of the Metropolitan Section of the A.S.M.E., 
New York, November 22, 1927. 
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has been carried on. Soon after the war, the question was 
discussed of building a large-cylindered, comparatively slow- 
running engine of the simplest possible design, for airship work. 
The intention was that such an engine should be so designed 
that it could be modified later to work with heavy oil and com- 
pression ignition, if this proved to be practicable. In 1921 
all airship development was suspended on the ground of economy. 
It was recognized, however, that the needs of the airship today 
are the airplane needs of the future, so that although the building 
of a complete engine was postponed, single-cylinder engines were 
built for research purposes, to explore the possibilities of com- 
pression-ignition working. Deriving as it did from the plans for a 
slow-speed engine, the first single-cylinder research unit was 
of fairly large size: 8 in. bore X 11 in. stroke, i.e., of a size to de- 
velop about 100 b.hp. per cylinder at 1000 r.p.m. with a brake 
mean effective pressure of 100 Ib. per sq. in. With this unit a 
cupped piston and central fuel-injection valve were employed. 
The admission of fuel to the cylinder was controlled by the open- 
ing and closing of this valve by a cam and spring in the usual 
manner. A great, deal of successful experimental work was 
carried out with this unit at the Royal Aircraft Establishment, 
Farnborough, employing different compression ratios, different 
types of fuel nozzle, and at speeds from 600 to 1200 r.p.m. 


ALTERNATIVE CYLINDER DESIGNS 


Before giving the results of this particular line of work, it will be 
well to consider the various alternative designs of cylinder which 
offer possible solutions of the main problem of compression- 
ignition operation; that is, of the problem of burning the whole 
of the injected fuel in an exceedingly short time by bringing it, 
in a finely divided condition, into intimate association with its 
proper quantity of oxygen. At the same time adequate control 
of the fuel injection must be maintained to prevent the formation 
of excessive peak pressures before expansion begins. For the 
proper mixing of the fuel and air we may rely upon either 


a Direct penetration of the fuel jet throughout the com- 
bustion space in an adequately “pulverized” condition 
b An organized air swirl in the cylinder which will bring 
all the air into association with the fuel, which in this 
case need not be fully distributed nor very finely divided 
c A form of cylinder head incorporating a small “precom- 
bustion” chamber into which the fuel is injected in a 
partially atomized condition and from which a mixture 
of burning and unburnt fuel is projected violently into 
the remainder of the combustion space through a num- 
ber of small holes. 


The actual injection of fuel into the cylinder may, in any of 
these three types, be controlled either by mechanically operated 
valves or by a system in which the mechanically operated valve 
is replaced by one which is opened automatically by the pressure 
of the fuel oil delivered by the jerk pump. In the work carried 
out in England for the Air Ministry both methods have been 
employed for engines of type a, but only the jerk pump on the 
several engines of type b. In the latter it has been found 
possible, when adequate air swirl is combined with successful 
jerk-pump operation, to dispense with the automatic spring- 
loaded valve at the cylinder head and to inject direct from the 
pump in the form of a coarse spray through a single orifice. 
Experience with the dual-combustion engine (type c) has been 
neither extensive nor particularly encouraging. A single-cylinder 
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unit 120 mm. X 180 mm., tested at the Air Ministry Laboratory, 
South Kensington, gave a maximum b.hp. of 9.1 at 700 r.p.m. 
(b.m.e.p. 80 Ib. sq. in.) with a fuel consumption of 0.62 lb. per 
b.hp-hr. This comparatively poor performance is no doubt 
largely accounted for by the low mechanical efficiency (estimatéd 
at 66 per cent) of the unit, but on the whole it seems probable that 
this combustion system necessarily involves a heavy heat loss 
in the passages connecting the ignition chamber to the cylinder. 
This system, although it may have certain advantages from the 
point of view of ease of starting and of control, in the applica- 
tion of the heavy-oil engine in small sizes to road transport when 
extreme lightness and high efficiency are not required, cannot 
be regarded as more than a temporary expedient in the pro- 
duction of a heavy-oil engine of high efficiency. 


EXPERIMENTAL WitH SINGLE CYLINDERS 


All the single-cylinder experiments have been aimed at securing 
the best possible power output and economy which can be com- 
bined with such a limitation of the maximum cylinder pressure as 
will allow of nearly as light construction as in the gasoline engine. 
Both power output and economy are increased if the maximum 
pressure is raised by injecting the fuel earlier, but this would en- 
tail an undesirable increase in weight to get the necessary strength. 

With the 8-in. X 11-in. cylinder and mechanically operated 
fuel valve—type a—the maximum speed at which satisfactory 
burning and good economy have been obtained is 1200 r.p.m., 
corresponding with a mean piston speed at 2200 ft. per min. 
The main results are summarized in the following table, from 
which the dependence of b.m.e.p. and economy upon the maxi- 
mum cylinder pressure allowed can be clearly seen: 


Errect oF Maximum CYLINDER PressuRE Upon B.M.E.P. AND 


CoNSUMPTION 
Maximum Corresponding 
cylinder fuel 
pressure, consumption, 
R.p.m. lb. per sq. in. B.m.e.p. lb. per b.hp-hr. 
800 800 123.2 0.392 
800 650 117.0 0.415 
1200 800 114.8 0.421 
1200 650 107.0 0.45 


For light-load running a considerable advantage is to be gained 
by injecting the fuel earlier in proportion as the amount of fuel 
injected is decreased. Under these circumstances, of course, 
an earlier injection is possible without increasing the maximum 
pressure, and a continuous increase of thermal efficiency is ob- 
tained down to approximately half torque. The highest recorded 
efficiency with the maximum pressure limited to 800 lb. per sq. 
in. was obtained at 1000 r.p.m., when the b.m.e.p. was 78 lb. 
per sq. in. and the fuel consumption 0.358 lb. per b.hp-hr., which 
corresponds to a brake thermal efficiency of 38.8 per cent. 

The success with which complete mixing and combustion of 
the fuel and air have been achieved can be gaged by the fraction 
of the total air in the cylinder which is burned when the engine is 
giving its maximum torque. It was found that under these 
conditions, and therefore with maximum fuel charge, the air 
in the cylinder was approximately 30 per cent in excess of that 
required for complete combustion. As the load was reduced 
at constant speed by reduction of fuel, this excess air was increased 
to about 150 per cent at the point of maximum economy. 


FuEL-VALVE DESIGN 


In the four-cylinder engines built by Messrs. Beardmore as a 
rail-car power unit and the six- and eight-cylinder types designed 
for airships, a cylinder of about the same size is employed as in 
these experiments at the Royal Aircraft Establishment. The 
cylinders also employ a similarly placed central injection valve, 
but this valve, instead of being mechanically operated, is only 


spring controlled and is opened and allowed to close by the rise 
and fall of pressure in the fuel system. A very sharp rise of pres- 
sure is produced in the oil by the sudden closing of a bypass valve 
at the moment when the fuel-pump plunger is moving at or near 
its maximum velocity. The instant of reopening the bypass, 
which is adjustable, controls the duration of the lift of the fuel 
valve and the quantity of fuel injected. 

From the point of view of satisfactory jet formation, the me- 
chanically operated valve appears to offer advantages over the 
jerk-pump system. The constancy of fuel pressure and positive 
control of admission might be expected to afford better control 
of what happens inside the cylinder. A great deal of further 
research with the jerk pump is needed to place the designer in a 
position to know what are the characteristics of the jet he is pro- 
ducing. He may set his fuel valve to lift when the pressure 
in the fuel oil is 2000 lb. per sq. in., but how does the pressure, 
and so his jet form, vary thereafter? Is the pressure which ac- 
tually forces the oil through the fine holes of the spraying nozzle 
higher or lower than that at which the fuel valve lifts? The tim 
ing, again, is fixed by the closing of a bypass valve at the pump, 
and this for design reasons, may be some distance from the 
cylinder head and fuel valve. When the bypass valve closes, 
a pressure wave will travel along the oil delivery pipe, and will 
open the fuel valve when it reaches the far end. The actual tim- 
ing of the fuel injection will lag behind the closing and opening 
of the bypass by a certain amount, depending upon circumstances. 
The sharpness of the pressure rise in the system will depend on the 
compressibility of the oil and the elasticity of the delivery pipes. 
The form and penetration of the jet will depend upon the un- 
known pressure-time relation for the fuel immediately behind the 
spraying nozzle. There are therefore a variety of problems 
involved in the jerk-pump injection, which only long and careful 
research can solve sufficiently to place the designer on firm ground 
in judging the characteristics of his jet. 

At the time when the foregoing results were obtained with 
a mechanically operated fuel valve, no results approaching 
these had been obtained with a jerk pump. Research was then 
started to see whether equally good results could not be obtained 
with the latter, and quite recently, in spite of large gaps which 
still exist in our knowledge of the details of what happens when a 
jerk pump is used, results in regard to power output and economy 
have been achieved probably as good as any with the mechani- 
cally operated valve. 


Nozz_e DESIGN 


Success or failure will always depend mainly upon details 
of design in the fuel pump, bypass arrangement, and automatic 
valve, for upon these will depend the degree of control over timing 
and jet formation, but there are a few general conclusions which 
have been arrived at as a result of this work upon cylinders 
with poppet-valves and normal air turbulence: 


1 The best fuel nozzle is one of the “pepper-caster’’ type 
with round holes drilled radially in a hollow spherical 
nipple. Any attempt to obtain a flat jet like a fishtail is 
a mistake as it is impossible to get sufficient penetration. 

2 The best size of hole is about 0.012 in. in diameter. 

3 Combustion-space shape and nozzle drilling must be 
coordinated so as to distribute the fuel as evenly as 
possible throughout the space without the jets impinging 
on piston or cylinder walls. 

4 Designs which aim at directing the fuel jet by making it 
impinge on a surface after leaving the nozzle are a mis- 
take. 


Arr 
The foregoing observations apply to cylinders employing 


poppet valves for air inlet and exhaust, in which air turbulence 
will be similar to that in a normal gasoline engine. It is possible 
either by using a sleeve valve or by adding air deflectors to the 
poppet valves, to generate an organized air “swirl,”’ or rotatory 
turbulence, in the cylinder which persists during the compression 
stroke. When this is done the necessary mixing of fuel and 
air is not dependent wholly, or even mainly, upon the distri- 
bution of fuel by the jet; the swirl serves to bring the air to the 
fuel instead of the fuel having to seek out the air. 

Most of the experiments employing an air swirl have been made 
with a smaller cylinder, 5'/2in. X 7in. The maximum b.m.e.p. 
obtained has been 113 lb. per sq. in., but to get this, economy 
had to be sacrificed. It was found that up to a b.m.e.p. of 90 
lb. per sq. in., which could be held with a fuel consumption of 
0.375 lb. per b.hp-hr., the engine ran with a perfectly clean ex- 
haust; but at higher torque values the exhaust became rather 
suddenly black and the economy fell off so that at 105 lb. per sq. 
in. in b.m.e.p., it had risen to 0.55 lb. per b.hp-hr. These 
mean pressures were obtained up to a speed of 1400 r.p.m., cor- 
responding to a mean piston speed of 1650 ft. permin. Maximum 
cylinder pressures throughout were limited to 800 Ib. per sq. in. 


LARGE CYLINDERS MorE PROMISING 


Single-cylinder work has shown that it is possible to obtain a 
cylinder output expressed as b.m.e.p. X piston speed, or, in 
other words, as horsepower per square inch of piston area, nearly 
on a level with that of a high-duty gasoline engine, and this 
can be done without going more than a little beyond the maxi- 
mum pressures customarily allowed for, and with a considerably 
lower fuel consumption. The best results have been obtained 
hitherto on large cylinders, and it is probable that with smaller 
sizes and higher revolutions all the difficulties of maintaining 
high economy will be increased. Large cylinders will involve 
some increase of weight in crankshaft and crankcase construction. 
But even allowing for this it should be possible, if the perform- 
ance obtained with a single cylinder could be reproduced on a com- 
plete engine, to keep the weight/power ratio within the limit of 
3 lb. per hp. 


VaALvE MEcHANISM 


For a multi-cylinder engine, the jerk-pump system has great 
advantages from a designer’s point of view, and from that of 
maintenance. The difficulties inherent in the otherwise ad- 
vantageous alternative, of opening and closing a valve which 
admits fuel under approximately constant pressure, arise from the 
necessarily very small and very rapid movement of a necessarily 
robust valve spindle. Since the normal lift of the valve is only 
about 0.020 in. and the period of opening corresponds to 15 deg. 
of camshaft rotation, it is clear that the cam is very small, and 
great rigidity of construction is essential. For this reason it is 
doubtful whether any method of operation, other than by an 
overhead camshaft acting direct on the valve spindle, would be 
as suceessful as the experiments so far made with this design have 
been. Less-direct methods of lifting the fuel valve, more easily 
incorporated on a multi-cylinder engine, have so far failed to pro- 
vide the necessary exactitude in the very small movement of the 
valve. Although the research engine has done many hours of 
successful running without overhaul, the problem of maintaining 
all the fuel valves of a multi-cylinder engine, each with its 0.020 in. 
lift, in proper adjustment, is a very serious one; and it seems 
fairly certain that it will prove more difficult to reproduce the 
results obtained from the single-cylinder research unit on a multi- 
cylinder engine than it would if the jerk-pump system were 
employed. With the latter the difficulties of maintaining the 
necessary adjustment will be less, and the points where this 
will be required can be made more easily accessible. 
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POssIBILITIES OF THE TwO-STROKE CyYcLE 


A possibility of future weight reduction lies in the develop- 
ment of the two-stroke cycle. Although the full advantage of 
having two working strokes instead of one at the same speed 
are not easy of realization, this is an advance which must surely 
come and seems to offer the most promising line of development. 
For aircraft work, an engine of the fixed radial type offers peculiar 
advantages for compression-ignition working, if this is combined 
with a two-stroke cycle. The reason is that the chief limiting 
factor in the design of radial engines is the heavy loading on the 
crank pin, due to piston and connecting-rod inertia at high 
speeds. With a two-stroke cycle, the inertia forces of the pistons 
would be counterbalanced every stroke, and, at the same time, 
the danger to the big ends from the possibility of exceptional 
peak pressures at the beginning of the stroke would be minimized 
by the inertia forces. 


PERFORMANCE AT ALTITUDE 


With the approach of the heavy-oil engine toward utility as 
an aircraft power unit, comes the necessity for investigating. 
performance with reduced air density and temperatures. These 
points have so far scarcely been touched upon, but research hence- 
forward will have to concern itself with establishing the necessary 
conditions for successful operation at altitude, as well as upon 
attempts to improve the attainable power/weight ratio by em- 
ploying a two-stroke cycle. Closely linked with the investigation 
of performance at altitude will be that of employing some degree 
of supercharging. In considering the utility of supercharging 
engines of this type it must be remembered that the chief practical 
difficulty in the way of reducing the weight of a compression- 
ignition engine is its unfavorable ratio of maximum to mean 
cylinder pressures. Anything like supercharging, which increases 
the maximum pressure, will be of no value from the point of 
view of improving the power/weight ratio near the ground, unless 
by its use the mean pressures can be increased in a substantially 
greater ratio. For the maintenance of steady combustion con- 
ditions at altitude it is probable that some degree of supercharging 
will be essential; and it is satisfactory to reflect that the inevitable 
warming of the air as it passes the superchargers, although it 
reduces volumetric efficiency, will have compensating advantages 
for engines of the compression-ignition type. 


Discussion 


Rosertson Matuews.? For those interested in the develop- 
ment of compression-ignition engines for such r.p.m. as com- 
monly occur in aircraft and automotive service, there are two 
statements by the author that arrest attention. One of these 
statements refers to present work being carried on to meet the 
less exacting of aircraft-engine requirements. The other state- 
ment refers to the introduction of a “precombustion” chamber 
as having so far proved somewhat unsatisfactory regarding the 
capacity and fuel consumption obtained. 

Since some form of auxiliary chamber has been and seems still 
to be the resort of many heavy-oil-engine developers, and since 
we hear considerable from Germany of supposed successes with 
compression-ignition engines, the statements from a scientific 
worker of the author’s standing deserve careful consideration. 
Statements reputed to him, but not given in this paper, lead us 
to believe that some day he will have some exact information 
available for engineers concerning the limitations of such com- 
bustion as has heretofore been provided for in compression- 
ignition engines. He may rest assured that when the time 


2 Research Development Engineer, Detroit, Mich. 
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comes for him to release such information we in this country shall 
welcome it wholeheartedly. 

It would have been of great interest could the author have felt 
at liberty to add to this paper representative indicator cards, 
taken with what he perhaps calls the Farnborough indicator, 
showing variations in the form of the pressure-volume card with 
such excellent operation as 107 to 123.2 b.m.e.p. and with the 
corresponding r.p.m. and economy as given in his paper. Com- 
prehensive data such as the author gives have been rare in printed 
statements regarding compression-ignition development. The 
b.m.e.p. quoted would suggest, unless the compression was lower 
than expected, that there had been at least some slight success in 
achieving dual combustion. Once again, the excellence of his 
data makes us wish for still more of it. 

Regarding fuel-valve design and jerk-pump operation, the 
writer’s experience prompts the question, why is the initial 
pressure rise supposed to require the closing of a valve? Is 
this chiefly of benefit at starting speeds? For a 5-in. X 7-in. 
engine a plunger 17/32 in. in diameter can show, both on paper 
targets and under observation by a modified Elverson oscillo- 
scope, such abrupt starting of injection as probably to satisfy 
the author. With this large plunger but a small rise on the 
pump cam was required. The length of stroke was adjustable 
with considerable refinement, and only one valve was used 


between the plunger and the combustion chamber. This valve 
was in the nozzle. 
Abrupt cessation of discharge is another matter. Here the 


fuel tends to adhere to the nozzle surfaces, to say nothing of 
rebounds in the line. The modified Elverson oscilloscope as 
developed at the Langley Memorial Aeronautical Laboratory 
will, to new acquaintances, prove a rather inexpensive yet ex- 
cellent means for observing spray characteristics when informa- 
tion on the exact performance within the engine is not demanded. 

The objection which the author raises against the fishtail or 
lipped nozzle might be modified. It is a bad offender in pro- 
viding surfaces to which the last portion of the jet tends to cling. 
As regards penetration of fuel from it, this can sometimes be 
made widely variable. Two conditions control this variation: 
the permissible angle of the lip with respect to the nozzle axis; 
and the obtainable angle between the lip and the axis of the orifice. 
As with other types of nozzle, fineness of atomization and ex- 
tent of penetration call for compromise. 

It would be of interest to learn by what means it was assured 
that a chosen maximum combustion pressure was not exceeded. 


P. H. Scuweirzer.* The writer will not try to present a sys- 
tematic discussion of the paper, but only give his opinions on a 
few of the problems involved in the high-speed aeronautical type 
of heavy-oil engine. 

The writer agrees with the author that the precombustion 
chamber is not very promising in high-speed engines—it cuts 
down the speed of flame propagation. But the alternative, 
direct spray injection, requires for good atomization and dis- 
tribution very small spray orifices and correspondingly very high 
injection pressures. To handle pressures as high as 10,000 lb. 
per sq. in. and orifices as small as 0.010 in. is a hard proposition. 
Yet it is in this direction that the writer looks for the solu- 
tion. 

Good and poor results have been obtained with both necks 
and unified combustion space. Combustion-chamber con- 
structions with a restricted neck are not so sensitive to poorer 
atomization and imperfect distribution, but the best engines 
will probably be built with unified combustion space. 

The advantage which can be obtained by directing the intake 


* Associate Professor of Engineering Research, Pennsylvania State 
College, State College, Pa. 


air by deflector shields is sufficiently established, and ignoring it 
in new construction is a grave mistake. 

The author asserts that any attempt to obtain a flat “fishtail 
jet” is a mistake, as it is impossible to get sufficient penetration. 

~What does he consider sufficient penetration, how many inches? 
What is insufficient in the 8-in. X 11-in. cylinder the British Air 
Ministry was experimenting with might be sufficient in the 
5-in. X 7-in. cylinders tried at Langley Field, and more than 
sufficient in still smaller cylinders. A frequent trouble with 
very small cylinders is that the penetration is too great, and the 
spray hits the piston or cylinder walls. With a 5'/2-in. stroke, 
which corresponds to the Wright whirlwind engine, and a 14 to 
1 compression ratio the height of the cylindrical combustion 
space is less than 7/j5 in. For such small cylinders fishtail jets 
or multi-jets might be just the thing. 

The writer favors the two-stroke principle not because of the 
increased number of power impulses but because of the fewer 
moving parts which makes a simpler cylinder head and simpler 
engine. I do not believe that the scavenging problem at high 
speed cannot be properly solved. Research will teach us how to 
scavenge and charge at 2000 r.p.m. The complication of an 
extra charging mechanism cannot be held against the two- 
stroke engine if we believe that the successful aero engine of the 
future will be supercharged, no matter whether it is of two stroke 
or four stroke. I believe in charging or supercharging with 
small high-speed turbo blowers. 

It is the ambition of designers to obtain mean indicated pres- 
sures of 150 lb. or more by cutting down the amount of excess 
air. I believe this is a mistake. Theoretically one can get as 
high as 185 lb. mean indicated pressure in a Diesel engine with 
14 to 1 compression ratio, and also a fuel consumption as low as 
0.25 lb. per hp-hr., but even theoretically not get both together. 
Having 185 lb. mean effective pressure the theoretically lowest 
fuel consumption is about 0.41 lb. Having 0.25 lb. consumption 
per hp-hr. the theoretically highest m.e.p. is 104 lb. The theory 
referred to considers the variation of the specific heats, disso- 
ciation and unavoidable after-burning, and shows that if we cut 
down the excess air below, say, 100 per cent, we sacrifice too much 
in efficiency. This is confirmed by the experience at Farnborough 
and Langley Field by observing the best thermal efficiency at 
half and quarter loads. With 100 per cent excess air the theo- 
retical limits for a non-supercharged engine are 145 lb. in m.e.p. 
and 0.266 lb. in fuel consumption, and the practical limits per- 
haps 25 per cent worse, i.e., 109 lb. m.e.p. and 0.33 lb. oil consump- 
tion. Since in aircraft application the weight of the fuel is as 
important as the weight of the engine, the attempt to get high 
mean effective pressures by cutting the excess air would be a 
failure even if we could burn all of the fuel with no, or very 
little, excess air. Less objectionable ways for increasing the out- 
put are increasing the speed and supercharging. 

Good fuel economy demands sharp-top (constant-volume) 
combustion; low engine weight demands, as the author pointed 
out, a high ratio of m.e.p. to maximum pressure, which means 
flat-top (constant-pressure) combustion. However, the safe 
thing is to design an aero engine for such high pressures as might 
occur by a sudden explosion with maximum fuel charge in the 
cylinder, which might take place after several misses or during 
starting, therefore the writer favors the use of high maximum 
pressures in the normal cycle also and selection of a design and 
materials able to withstand such high pressures. 

We all know of the troubles that go with the direct pump in- 
jection. Pre-dripping and after-dripping, misses caused by air 
bubbles, secondary discharges, destructive jerks of the pump 
plunger, water-hammer action of the liquid in the line, injection 
lags, etc., due to the “breathing” of the pipes, etc. The constant- 
pressure system is free from all of these troubles, but there are 
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two things very undesirable in the constant pressure system: 
(1) To be effective the injection control has to be in the spray 
nozzle and a mechanically operated nozzle is always complicated. 
(2) The metering is not positive, therefore more or less erratic. 
Metering of minute quantities by time offers great difficulties. 
This is felt more in multi-cylinder engines where distribution 
becomes uneven as soon as the nozzle orifices of 
some cylinders become partly clogged or some others 
scored and widened. 

The predicted solution is either a direct pump- 
injection system in which both the beginning and the 
end of injection are controlled and the injection is 
limited to the period of maximum pressures in the 
line, or an intermediate system in which the injec- 
tion pressure is accumulated but the metering is 
positive. 

The writer agrees with the author that ‘“a great 
deal of further research with the jerk pump is needed 
to place the designer in a position to know what 
are the characteristics of the jet he is producing.” 
One of the most important phases of such an in- 
vestigation is to ascertain the pressure variations 
in the nozzle during the injection. At the Engi- 
neering Experiment Station of The Pennsylvania 
State College an indicator has been developed which 
is capable of recording oil-pressure variations upto & 
10,000 Ib. per sq. in. in a few thousandths of second. 
The assembly of the indicator is shown in Fig. 1 and 
its main part A is visible in the middle foreground. 

The main principle of the indicator is the use of a number of 
pressure-registering elements instead of a single one. Each of 
the six diaphragms is set for a different pressure, and at the 
instant the pressure reaches a predetermined pressure, electric 
contact is made which is recorded on a rotating drum. The con- 
tact is maintained as long as the pressure exceeds the pressure for 
which the diaphragm is set and during that time the corresponding 
spark needle on the drum punctures the paper at each spark, 
producing a row of holes. In this way a number of lines are 
pioduced, the length of each corresponding to the time interval 
during which the pressure exceeds the pressure for which 
the respective diaphragm is set. Using six diaphragms, 
which deflect at, say, 200, 400, 750, 1200, 2000, and 3000 lb. 
per sq. in. pressure, respectively, we obtain 12 points, 6 for the 
ascending and 6 for the descending curve, indicating the time 
at which these pressures were passed during the injection. The 
connection of these twelve points into a continuous curve, giving 
a time-pressure diagram, offers no difficulty. The electrical 
recording is practically instantaneous, and since the movement 
of the diaphragm is but a few thousandths of an inch, the inertia 
effect is negligible. 

With this indicator, pressure variations of several thousand 
pounds have been recorded within less than one-hundredth of a 
second, and time-pressure diagrams obtained. 

The writer considers the question of water cooling vs. air cool- 
ing unimportant as long as major problems regarding fuel in- 
jection are unsolved. 


AUTHOR’s CLOSURE 


The author will endeavor to deal briefly with a few of the 
interesting points raised in this discussion. Mr. Robertson 
Mathews regrets the absence of representative indicator cards. 
Such cards are of doubtful value unless reproduced on a large 
scale, and this was the reason for their omission. The author, 
however, is herein including two cards taken from the 8 in. X 
11 in. research unit which are typical of these when maximum 
pressures were limited to 800 to 600 Ib. per sq. in. respectively 
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(Fig. 2). These are exactly as recorded by the Farnborough 
indicator and are given to a crank angle base, since this shows 
more clearly the sequence of events in the cylinder. Limita- 
tion of the maximum pressure was assured by the taking of dia- 
grams such as this or by a simplified form of maximum-pressure 
indicator employing a similar principle. 


Fie. 1 Recorpine O11-PREsSURE INDICATOR USED AT ENGINEEPING EXPERIMENT 


Station oF THE PENNSYLVANIA STATE COLLEGE 


As regards the value of the fishtail jet and the lipped nozzle, 
this is a matter which each designer and experimenter must 
settle for himself. The author quite agrees with Professor 
Schweitzer that for small cylinders one might at first sight ex- 
pect the fishtail jet to be the more suitable. In his paper, how- 
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ever, the author confined himself to recording his experience in 
attempts to obtain good combustion with this type of jet, and 
these have been always less successful than with jets from a 
plain round nozzle. Any attempt to distribute the fuel by de- 
flecting the jet from a lip is always likely, in the author’s view, to 
suffer from clinging of the fuel to the lip surface and inefficient 
combustion. 

Referring to lack of enthusiasm for the “pre-combustion”’ 
type of cylinder, Mr. Mathews points to the extensive develop- 
ment of this type as reported from Germany. The author 
recognizes that many designers prefer this type of combustion 
head, but the significance of this can only be gaged by reference 
to what is aimed at. If we are to be content with anything 
but the highest possible economy and mean pressure, then it 
may very well be that the “pre-combustion” type of cylinder 
will prove the best solution. For the very highest economy, 
however, the author believes there are fundamental reasons why 
it will always be at a disadvantage compared with the direct- 
injection type, and since nothing but the very highest economy 
is worth pursuing for aircraft work, it seems that research hav- 
ing for its aim an aero engine burning heavy oil will do well to 
concentrate on direct injection and leave the development of the 
“pre-combustion” type of cylinder to those whose aim is ground 


or sea transport. 


The great mechanical simplicity of the two-stroke cycle engine 
is of course an immense point in its favor, but the crucial thing, 
after all, if a compression-ignition engine is to fly, is that it should 
be light enough and economical enough. No amount of sim- 
plicity per se will do away with this necessity, and although the 
scavenging problem is no doubt not unsolvable, nevertheless: 
the difficulty of replacing a burned charge by fresh air in the 
comparatively few degrees of crank angle available will always: 
be great, if it is to be done without uncomfortably high air pres- 
sure and the power wastage which this involves. The author 


“notices in this connection that Professor Schweitzer advocates 


the use of a small high-speed turbo blower and would ask the- 
latter whether a positive displacement blower would not be more 
satisfactory for the purpose of scavenging, which necessitates. 
an adequate displacement of air through the cylinder ports, 
even at the lowest speeds. 

In the development of his indicator for measuring oil-pressure 
variation during the injection period, Professor Schweitzer has: 
put a powerful instrument into the hands of the investigator. 
Research upon these lines appears to be needed more than any- 
thing else at the present time, and all interested in the success 
of the direct-injection heavy-oil engine will look forward with the: 
greatest interest to the results of the research which he fore- 
shadows. 
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Items From Aeronautics Classification 


AERIAL PHOTOGRAPHY 


Power-Plant Surveys. Aerial Photography 
in the Power Plant Industry. Power Plant Eng., 
vol. 32, no. 22, Nov. 15, 1928, pp. 1188-1191, 7 
-. Successfully applied to preliminary surveys 
of power-plant sites and transmission line loca- 
tion; cameras have been developed for this ser- 
vice; map as small as 1 in. equal 2000 ft. are 
possible; uneven country causes some distortion 
on flat plate. 


AERODYNAMICS 


Research. Present Problems of Aerodynam- 
ics (Gegenwartsfragen der Aerodynamik), H. 
Blenk. V.D.I. Zeit. (Berlin), vol. 72, no. 40, 
Oct. 6, 1928, pp. 1395-1401, 14 figs. _ Author re- 
views results of recent research on airfoils; dis- 
tribution of pressure on wings; aerodynamics 
airfoils at speeds greater than velocity of sound; 
vibration phenomena, such as wing flutter, etc. 
oo lists of works in German and in 
English. 


AIRCRAFT ENGINES 


Air Cooling. Designs and Experimental 
Studies for Controlling the Heat and Increasing 
the Efficiency of Air-Cooled Aircraft Engines 
(Rechnerische und experimentelle Untersuchun- 
gen ueber Waermebeherrschung und Leisteungs- 
steigerung in luftgekuehlten 
ern), F. Gosslau. Zeit. fuer Flugtechnik und 
Motorluftschiffahrt (Berlin), vol. 19, no. 19-20, 
Oct. 7, 1928, pp. 461-466, 26 figs. Results of 
theoretical and experimental studies at Siemens 
and Halske aeronautical research laboratory, in- 
dicating defects in design of aircraft-engine cyl- 
inders. 

Air Cooling of. Air Cooling of Aircraft En- 
gines (Luftkuehlung bei Flugmotoren), F. Gos- 
slau. V.D.I. Zeit. (Berlin), vol. 72, no. 38, Sept. 
22, 1928, pp. 1335-1340, 26 figs. Paper read at 
1928 annual meeting of Society of German Engi- 
neers (V.D.I.), reporting experiments made at 
Siemens and Halske laboratories; obtained quan- 
titative relationship between wind velocity, cyl- 
inder-wall temperature, and construction type 
and dimensions of cylinders, aiding in design of 
air-cooling system for engines; critical review of 
various types of cylinder construction. 

Berlin Exhibition. New German Aero En- 
gines, E. P. A. Heinze. Aero Digest, vol. 13, no. 
6, Dec. 1928, pp. 1168, 1170, and 1172, 8 figs. 
New German engines exhibited at International 
Aircraft Show in Berlin are described; B.M.W. 
leading with Junkers second, and Siemens and 
Halske third. Details of one new water-cooled 
12-cylinder and two 6-cylinder B.M.W. engines, 
6-cylinder and 12-cylinder V water-cooled Junkers 
engines, Siemens-Halske air-cooled radial engines, 
Daimler-Benz 12-cylinder V water-cooled and 3- 
cylinder water-cooled engines, and Argus two 12- 
cylinder inverted V engines. 


Compression-Ignition Research. High- 
Compression-Ignition Engine Research, 
. B. Taylor. Royal Aeronautical Soc.—Jl. 
(Lond.), vol, 32, no. 211, July 1928, pp. 555-570 
and (discussion) 571-595, 18 figs. Tests of high- 
speed compression-ignition engines at Royal Air- 
craft Establishment described and prospects of 
such engines for aeronautical use shown; main 
problem in development was that of fuel-injection 
system; tests of various sprayers; as torque ts re- 
duced so is specific fuel consumption; utilization 
of cheap fuels having high flash point. Paper 
——_ at joint meeting of Inst. of Automo- 
ile Engrs. and Royal Aeronautical Soc. 


Cowling. Drag and Cooling With Various 
Forms of Cowling for a ‘“‘Whirlwind” Engine in a 
Cabin Fuselage, F. E. Weick. Nat. Advisory 
Committee for Aeronautics—Tech. Notes, no. 
301, Nov. 1928, 25 pp., 35 figs. on supp. plates. 
Results of investigation in 20-ft. propeller tunnel 
on engines entirely exposed up to completely 
cowled types; cooling tests made and cowling 
modified; drag tests; great drag in uncowled en- 
gine; effect on airplane performance; cowling 
entirely covering engine reduces drag 2.6 times 
conventional cowling; careful design for proper 
cooling with cabin fuselage its use should sub- 
stantially increase high speed. 


The New N.A.C.A. Low Drag Cowling, F. E. 
Weick. Aviation, vol. 25, no. 21, Nov. 17, 1928, 


p. 1556-1557, 1586, 1588, and 1590, 6 figs. 

ind-tunnel tests undertaken by National Ad- 
visory Committee for Aeronautics on different 
designs of cowling on air-cooled engines; enor- 
mous drag due to uncowled engine; conventional 
cowlings covering only central portion of engine 
only slightly reduced drag; new cowling of N.A.- 
C.A. design completely enclosed engine but pro- 
vided for cooling; great reduction in drag in wind- 
tunnel and flight tests; substantial increase in 
high speed and all-round performance. 

Cylinders—Nitridation. Nitralloy—A New 
Steel. Aero Digest, vol. 13, no. 3, Sept. 1928, pp. 
458 and 460. Manufacturing process developed 
by L. Gullet, employed for making aircraft-engine 
cylinders of nitrided steel is described; hardness 
of nitrided special steels can produce very remark- 
able polisn which changes entirely friction condi- 
tions. Process was described before French 
Academy of Sciences. 


Design and Construction. Aircraft Engines 
(Flugmotoren), F. Gosslau. V.D.I. Zeit. (Ber- 
lin), vol. 72, no. 40, Oct. 6, 1928, pp. 1417-1425, 
25 figs. General review of progress in design and 
construction since 1903; modern types of radial, 
V and W 9-cylinder, 12-cylinder, and 18-cylinder 
engines up to 1000 hp.; water cooling being suc- 
cessfully superseded by air cooling. 


Exhaust Silencers. Engine Exhaust Silen- 
cers. U. S. Naval Inst.—Proc., vol. , no. 8, 
Aug. 1928, pp. 701-706, 9 figs. Most American 
engine manufacturers do not supply exhaust 
manifolds; noises can be eliminated from engine 
exhaust by slowly reducing velocity of burned 
gases; standard on Fairchila planes; bayonet or 
cone type of exhaust-pipe opening developed by 
Curtiss Aeroplane and Motor Co.; tests made on 
Liberty engine; another type of muffler is whirl 
type; ultimate muffler will be of veaturi type or 
long exhaust-pipe fitted with special ends. 

Ignition. Airplane Engine Ignition, A. H. 
Packer. Aviation, vol. 25, no. 19, Nov. 3, 1928, 
PP. 1408 and 1432 and 1434, 3 figs. Advantages 
of both battery and magneto ignition systems for 
airplane engines; high-tension magneto superior 
as regards reliability; battery ignition has advan- 
tage from standpoint of locating trouble on plane; 
magneto cannot be readily tested without remov- 
ing from engine; battery ignition has easy start- 
ing without auxiliary devices; drawbacks of 
starting; question of cost; even with supercharg- 
ped od is doubtful it higher spark voltages will be 
n 


Oil Engines. Oil Engines for Aircraft and 
Railways, A. E. L. Chorlton. Engineering 
(Lond.), vol. 126, no. 3273, Oct. 5, 1928, pp. 
440-443, 15 figs. Application of quick-running 
oil engine to railway service; it is used as power 
unit for rail cars, motor trains, and full-sized loco- 
motives; fundamental problems in multi-cylinder, 
high-pressure, quick-running oil-engine design; 
supercharging, or two-stage compression, is re- 
ceiving more attention, and scavenging is being 
re-introduced. Paper read before Brit. Assn. 


The Determination of Several Spray Character- 
istics of a High-Speed Oil Engine Injection System 
With an Oscilloscope, C. W. Hicks and C. S. 
Moore. Nat. Advisory Committee for Aeronaut- 
ics—Technical Note, no. 298, Sept. 1928, 11 pp., 
5 figs. Investigation to determine injection lag, 
duration of injection, and spray start and cut-off 
characteristics of fuel-injection system operated 
on engine and injecting fuel into atmosphere; in- 
jection lag in crank degrees decreased with in- 
crease of engine speed at constant fuel quantity 
but remained constant for variable fuel quantities 
injected at constant speed. 


Oil Engines for Aircraft and Railways, A. E. 
L. Chorlton. Engineering (Lond.), vol. 126, 
no. 3271, Sept. 21, 1928, pp. 375-378 and 
(discussion) 369, 10 figs. Review of what has 
been accomplished in this field; main attraction 
of oil engine for aeronautical purposes is its safety; 
problems of successful design of quick-running oil 
engines are principally concerned with injection 
and combustion of fuel. Paper read before Brit. 

Manufacturers’ Specifications. Manufac- 
turers’ Specifications on Engines Available for 
Commercial Use as Compiled by Aviation. Avia- 
tion, vol. 25, no. 2, July 9, 1928, p. 122. One- 
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page table of manufacturers’ specifications for 
aircraft engines. 


Problems. Problems of Aircraft Engines 
(Flygmotorproblemet), E. Hubendick. Ingen- 
ioers Vetenskaps Akademien (Stockholm), no. 84, 
1928, 34 pp., 29 figs. Account of problems of air- 
craft engines; J. E. Cederblom’s research work 
on ideal aircraft engine; climatic conditions of 
Scandinavia call for special measures for cooling 
and starting; adaptation of Diesel engine for air- 
craft; possibilities in design conditioned by new 
material3, etc. 

Reduction Gear. Lorrain Develops Own Re- 
ducing Gear for Aircraft Engines. Automotive 
Industries, vol. 59, no. 12, Sept. 22, 1928, pp. 
418-419, 1 fig. Description of reducing gear of 
planetary type for aircraft engines which has been 
developed by Société Lorraine of Argenteuil, 
France, and which, in addition to being used on 
aircraft engines of that company, is also fitted by 
Armstrong-Siddeley Co. in England; with reduc- 
tion of 1.545:1, engine speed of 1900 r.p.m. corre- 
sponds to propeller speed of 1230 r.p.m. 

Supercharging. Aircraft Engine Superchar- 
gers, A. L. Berger. Aero Digest, vol. 13, no. 1, 
July 1928, pp. 98 and 100, 7 figs. Purpose of 
supercharger as applied to aircraft engines is to 
fully or partially restore sea level density before 
air enters engine cylinders; remarkable improve- 
ment in engine performance obtained; details of 
centrifugal type and Roots or rotary displace- 
ment type superchargers investigated and de- 
veloped by Army Air Corps; pressure ana suction 
methods of supercharging; controlling output; 
adapting supercharger to airplane. 

Testing (Wright). The Drag of A J-5 Air- 
Cooled Engine, F. E. Weick. Nat. Advisory 
Committee for Aeronautics—Tech. Notes, no. 
292, July 1928, 4 pp., 5 figs. Tests of drag due 
to Wright Whirlwind engine, mounted on cabin- 
type airplane, made in 20-ft. N.A.C.A. Propeller 
Research Tunnel; drag obtained with three differ- 
ent types of exhaust stacks; drag due to engine 
found to be 85 Ib. at 100 m.p.h. with individual 
stacks, and 83 lb. at 100 m.p.h. with each of col- 
lector rings. 


AIRCRAFT PROPELLERS 


_ Efficiency. Considerations on Propeller Effi- 
ciency, A. Betz. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandum, no. 481, Sept. 
1928, 20 pp., 12 figs. Mention is made of diffi- 
culties encountered in defining propeller efficiency 
when propeller is affected by mutual interference 
with vehicle and especially with wing; different 
ways of overcoming these difficulties to some 
degree, at least for practical requirements, are 
indicated, but none of these ways is found to 
be entirely satisfactory. Translated from Zeit. 
a u. Motorluftschiffahrt. April 

Thrust Calculation. Airplane Propeller 
Thrust, C. W. Rauch. Aviation Eng., vol. 1, no. 
1, Oct. 1928, pp. 13 and 19, 1 fig. Selection of 
ball thrust bearings for aircraft engines; thrust 
formulas derived from those used in boat- 
peller calculations of great aid; formula for pro- 
peller thrust in climb; tentative table of ball bear- 
ings to be used with different horse-power motors. 


Variable-Pitch. The Hele-Shaw-Beacham 
Variable Pitch Airscrew. Aeroplane (Lond.), 
vol. 35, no. 15, Oct. 10, 1928, p. 602. Results of 
tests with variable-pitch propeller on Gloster 
Grebe with Bristol Jupiter VI engine; under fly- 
ing conditions control gear showed no noticeable 
time lag, and engine r.p.m. varied with movement 
of control practically instantaneously. 


AIRFOILS 

Lift Curves. Preliminary Report on the Flat- 
Top Lift Curve as a Factor in Control at Low 
Speed. M. Knight and M. J. Bamber. Nat. 
Advisory Committee for Aeronautics—Tech. 
Notes, no. 297, Sept. 1928, 10 pp., 5 figs. Im- 
portance of flat-top lift curve as contributing to 
safety and control at low speed; analysis of exist- 
ing airfoil data indicated definite relation between 
shape of lift curve and certain section dimensions; 
airfoil with this lift curve has reduced tendency 
to spin; owing to high moment coefficient and 
low aerodynamic efficiency, N.A.C.A. 84 section 
is not considered satisfactory. 
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AIRPLANES crease in proportion to full load. From Offer-  brations and air-propeller stresses, statics of me- 
Autogiro. The Autogiros of Cierva (L’auto- mann’s ‘‘Riesenflugzeuge” (1927) pp. 184-193. penn oe. factors of safety, and materials of 
construction. 


gire de la Cierva), M. Ducout. Aérophile (Paris), 
vol. 36, no. 19-20, Oct. 1928, pp. 295-298, 7 figs. 
Cierva autogiro has carrying surface of 11 sq. m.; 
total weight 1120 kg.; motor 220 hp.; theory of 
design; rotation of lifting screw; speed of air rela- 
tive to blade and forces applied; speed of auto- 
giro. 

The Cierva Autogiro, W. H. Sayers. Aviation, 
vol. 25, no. 18, Oct. 27, 1928, pp. 1320-1321, 
1340-1342, 1344, and 1350, 8 figs. Aerodynamic 
principles involved in design and operation of this 
craft are discussed; all autogiros so far have 
standard airplane fuselage, landing gear and tail 
unit; rotating system of supporting surfaces in 
place of wings; ailerons are separate organs car- 
ried on each side of fuselage; blades in addition 
to rotating, move up and down; speed of vane 
system constant; auxiliary drive being developed 
will allow spinning up of rotating wings directly 
by main engine. 

The Cierva Type C, 17 Autogiro, Aeroplane 
(Lond.), vol. 35, no. 18, Oct. 31, 1928, p. 746. 
Few details of Autogiro which is Avro Avian fitted 
with four-bladed Autogiro 33-ft. 31!/s-in. diam. 
windmill, undercarriage of widened track, and 
small lower wing carrying ailerons. 

Biplanes, Lift Calculation. On the Lift of 
Biplanes, T. Moriya. Tokyo Imperial Univer- 
sity—Jl. (Tokyo), vol. 17, no. 10, Aug. 1928, pp. 
191-200, 12 figs. Amount of interference on lift 
of staggered biplanes is computed by Munk’s 
theory, considering motion of air to be two- 
dimensional; using Prandtl’s theoretical correc- 
tion, simple and accurate method of prediction of 
biplane lift from monoplane experiments has been 
developed; comparison between some biplane ex- 
perimental curves and corrected ones from mono- 
plane experiments. (In English.) 

Control. Research on the Control of Air- 
lanes, B. M. Jones. Nat. Advisory Committee 
or Aeronautics—Tech. Memorandum, no. 485, 
Oct. 1928, 23 pp., 9 figs. on supp. plates. Con- 
troversy between theory of airplane with control 
organs and uncontrolled stable airplane; pro- 
vision of good control qualities is more a question 
of proportioning airplane and adjusting its load 
than of new control organs; motions of stalled 
airplanes studied by Cambridge University Air 
Squadron; great influence of yaw.ing motions on 
rolling couples; ailerons positive source of danger; 
rudder provides control difficult to use; solutions 
offered. From Nature (Lond.), May 12, 1928. 
Lecture delivered at Royal Inst. 

Design Stresses. Design Stresses, C. D. Hol- 
land. Flight (Lond.), vol. 20, no. 43, Oct. 25, 
1928, (Aircraft Engr.), pp. 936f-936g, 3 figs. 
Design stress defined as maximum stress material 
will be subjected to when structure is loaded to 
amount of load factor times normal load; deter- 
mining tension, pure compression, compression 
for long struts, shear, bearing, Young’s modulus, 
modulus of rigidity, and Poisson’s ratio; effect of 
workshop processes on normal design stresses of 
materials; effect on design-stress value due to 
different types of loading. 

Design Stresses, C. D. Holland. Flight (Lond.), 
vol. 20, no. 39, Sept. 27, 1928 (Aircraft Eng. 
Supp.), pp. 834d-834e. Load factor and design 
stresses of materials of construction are defined 
and discussed; reliability of material; disadvan- 
tages in use of yield-point stress as suitable design 
stress; stress produced under normal maneuvers 
shall not exceed yield (or proof) stress. 

Frames, Design of. Design of Three-Dimen- 
sional Lattice Systems of Airplane Frames (Ueber 
raeumliche Flugzeugfachwerke-Die Laegnsstab- 
kraftmethode), H. Wagner. Zeit. fuer Flugtech- 
nik und Motorluftschiffahrt (Muenchen), vol. 19, 
no. 15, Aug. 14, 1928, pp. 337-347, 17 figs. 
Methods of design of statically determinate and 
statically indeterminate three-dimensional lattice 
work for frames of various types with straight and 
buckled cross beams. 

Giant, Design of. The Cells of Giant Air- 
lanes, E. Offermann. Nat. Advisory Committee 
or Aeronautics—Tech. Memorandum, no. 478, 
Sept. 1928, 16 pp., 4 figs. Factors to be consid- 
ered in increasing size of airplanes; enlarging is 
probably limited by fact that empty weight in- 
creases disproportionately with enlargement; 
views of Lanchester and Everling are taken up; 
in Rohrbach enlargement method no geometric 
enlargement can properly be assumed, and due to 
increased wing loading, wing area does not in- 


Magnus Effect. Magnus Force Applied to 
Airplanes, A. A. Kucher. Aviation ee vol. 1, 
no. 1, Oct. 1928, pp. 7-8, 5 figs. Principles and 
factors of forces created by relatively cylindrical 
rotating members in path of fluid flow are dis- 
cussed; applications of Flettner and Savonius 
rotors to aircraft; number of wings giving great- 
est torsional power and Magnus pressure found 
to be two; wing rotors compared with airplane 
wing; lift reactions. 

Maneuverability. The Span as a Fundamen- 
tal Factor in Airplane Design, G. Lachmann. 
Nat. Advisory Committee for Aeronautics—Tech. 
Memorandum, no. 479, Sept. 1928, 40 pp., 21 figs. 
Effect of span on climbing ability of biplanes; 
study of maneuverability mj airplane of great im- 
portance for judging combat, sport, and stunt- 
flyin planes; for given wing area monoplane is 
inferior to biplane as regards maneuverability; 
speed of rotation is reduced by ‘“‘good’’ aspect 
ratio; airplane with smallest span requires short- 
est time to accomplish complete turn of 180 deg. 
Bibliography. Translated from Zeit. fuer Flug- 
technik u. Motorluftschiffahrt, May 14, 1928. 


Metal, Manufacture of. Problems of Metal 
Construction. Soc. Automotive Engrs.—Jl., vol. 
23, no. 4, Oct. 1928, pp. 342-344. Review of 
Production Session of Los Angeles meeting with 
brief abstracts of paper; corrosion of aluminum 
alloys greatest difficulty; determinate materials, 
indeterminate forms favored; maintenance of 
duralumin for Naval aircraft structure discussed 
by L. B. Richardson; plane should be designed to 
avoid corrosion; all-duralumin airplane as now 
constructed in United States is quite unsuitable 
for seaplane service; H. V. Thaden set forth de- 
velopments in and his idea of metal construction. 


Performance Testing. The Reduction or 
Performance Tests, H. L. Stevens. Roy Aero- 
nautical Soc.—Jl. (Lond.), vol. 32, no. 215, Nov. 
1928, pp. 934-957, 11 figs. and (discussion) 957- 

Computing work necessary between re- 
ceipt of performance figures from pilots and issue 
of complete report; method adopted for all but 
supercharged engines assumes power depends on 
pressure only; affects of atmospheric tempera- 
ture on altimeters and air-speed indicators; cor- 
rection of air-speed readings for propeller- 
efficiency correction; density method for cor- 
recting performance tests of supercharged en- 
gines; pressure methods explained. 

Polar Diagrams. Experimental Determina- 
tion of the Polar Diagram of an Airplane and of 
a Bird in Flight (Sur une détermination expéri- 
mentale de la polaire d’um avion et d’un oiseau 
en vol), E. Huguenard, A. Magnan and A. Sainte- 
Lague. Académie des Sciences—Comptes Ren- 
dus (Paris), vol. 187, no. 14, Oct. 1, 1928, pp. 
559-561, 2 figs. Describes method of obtaining 

lar diagram for pursuit plane from various tra- 
jectories of varying slope without wind and pro- 
peller at rest; use of moving film. 

Sesquiplane (Gates-Day). The New Stand- 
ard, L. E. Neville. Aviation, vol. 25, no. 12, 
Sept. 15, 1928, pp. 864-865, 892, 894, 896, and 
898, 9 figs. Five-passenger open-cockpit sesqui- 
plane powered with 180-hp. Wright Hispano en- 
gine; wing span 45 ft.; maximum speed 115 
m.p.h. plane characterized by its large gap, great 
stagger and tapered wings; fuselage entirely of 
heat-treated duralumin members of standard sec- 
tion riveted or bolted together; V-type landing 
gear has 8-ft. tread; wood wings. 

Spinning Characteristics. The Spinning of 
Airplane, M. Watter. Aero Digest, vol. 13, no. 
5, Nov. 1928, pp. 912, 914, and 916, 2 figs. Spin- 
ning and efforts directed toward explaining it; 
spinning sometimes considered desirable man- 
euver in combat; aerodynamical and dynamical 
causes of spinning; mastery lies in reliable means 
of recovery and not in prevention; increase in 
size of stabilizing and controlling surfaces only 
temporary remedy; possibility of using automatic 
leading edge slots on horizontal tail surfaces; 
rudder action is of utmost importance in spinning 
and efforts should be directed to increase its effi- 
ciency by preventing its shielding; inclination of 
rudder axis suggested. 

Structural Design. Recent Problems in 
Structural Design of Airplanes (Neuere Festig- 
keitsfragen im Flugzeugbau), K. H. Ruehl. 
V.D.I. Zeit. (Berlin), vol. 72, no. 40, Oct. 6, 1928, 
pp. 1403-1408, 17 figs. Review of recent prog- 
ress, discussing load factors, calculations of vi- 


_ Wings. Measurements of Airfoil Resistance 
in Flight (Profilwiderstandmessungen im Fluge), 
M. Schrenk. V.D.I. Zeit. (Berlin), vol. 72, no. 
40, Oct. 6, 1928, p. 1402, 3 figs. Abstract of paper 
“Ueber Profilwiderstands-Messung in Fluge 
Nach dem Impulsverfahren,’’ published in report 
of German aeronautic experiment station; re- 
sistance of plywood wings of Junkers plane 


treated with various coatings. 

Wings, Movable. The Movable-Wing Bi- 
plane, A. Merrill. West. Flying, vol. 3, no. 10, 
Oct. 1928, pp. 49 and 64, 2 figs. Merrill CIT9 
biplane is described by its designer; pitch control 
is obtained by altering angle of biplane cellule 
relative to fuselage; opinion expressed that ele- 
vator-control ship is properly designed for acro- 
batic work but badly designed for safe commer- 
cial flying; absence of stabilizer; fallacy of idea 
that longitudinal stability is dependent on long 
fuselage and stabilizer; height of tail from 
grouna. 

Wing Design. A New Method of Stress Cal- 
culation of Monoplane Wings, S. Kaneko. Tokyo 
Imperial Univ.—Jl. (Tokyo), vol. 17, no. 12, Oct. 
1928, pp. 213-244, 22 figs. General equations 
for deflection and torsion of wing and expressions 
for stresses in its structure; actual strength of 
monoplane wing is widely different from results 
obtained by conventional method of stress calcu- 
lation; it must be calculated from combined con- 
siderations of deflection and torsion of wing as 
whole; problems solved for special cases; com- 
parison of numerical results obtained by present 
method and by conventional one. (In English.) 

Stall-Proof. The Merrill Airplane. Science, 
vol. 68, no. 1760, Sept. 21, 1928 (Supp.) p.x. _De- 
tails of new airplane which differs radically from 
previous models and completely eliminates possi- 
bility of stalling; product of newly organized 
Daniel Guggenheim School of Aeronautics at 
California Inst. of Technology; short stubby tail, 
no stabilizer but large vertical rudder; angle, of 
wings with fuselage controlled by pilot; shorter 
landing space. 

AIRCRAFT 

Ornithopters. Is the Ornithopter Possible? 
W. O. Manning. Airways (Lond.), vol. 4, no. 11, 
July 1928, pp. 397-398, 3 figs. Helicopters, 
Autogiro, and ornithopter are compared with 
airplanes; opinion expressed that exact copies of 
nature are nearly always failures; as no flapping- 
wing machine has ever yet been produced which 
can be compared as to efficiency with airplane, 
conclusion is that man-power flight on former 
type is possible. 

Protective Coatings. Finishing Modern Air- 
craft, R. C. Martin. Chem. and Met. Eng., vol. 
35, no. 7, July 1928, pp. 404-405, 3 figs. Two 
distinct types of materials used on wings and 
fuselage of airplanes are known as acetate and 
nitrate dope; word, dope, generally refers to 
combination of cellulose derivative blended with 
common esters and solvents such as acetone and 
benzol; on all-metal plane ultimate type of pro- 
tective coating will probably be compounded on 
nitrocellulose base; dopes for gas bags and air 
ships. 
AIRSHIPS 

Rigid. AirshipR. 101. Flight (Lond.), vol. 
20, no. 47, Nov. 22, 1928, pp. 997-998. Single- 
line diagrams stressed by Royal Airship Works 
and geometry and load used by Boulton and Paul 
to convert line diagram into actual structure; 
airship is compromise between perfect aerody- 
namic shape and practical manufacturing possi- 
bilities; very fundamental differences between 
R. 101 form of construction and that of Zeppelin; 
accuracies to which manufacturers had to work; 
some dimensions show magnitude of task. 

Zeppelin. The “Graf Zeppelin.” Aviation, 
vol. 25, no. 17, Oct. 20, 1928, pp. 1261 and 1275- 
1276, 3 figs. New German dirigible is largest 
ever constructed, having overall length of 778 ft. 
and maximum diameter of 100 ft.; hull structure 
described; accommodations for passengers and 
navigating and control cabins are provided in 
main, or forward gondola, which is rigidly at- 
tached to keel framing; radio equipment; five 
specially developed Maybach-Zeppelin VL-2 12- 
cylinder water-cooled Vee-type engines, each de- 
veloping 550 hp.; gaseous fuel and fuel lines 
discussed. 
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Preparation of an Airline for Commercial 
Operations 


Selection of Line, Equipment, and Personnel—Operating Divisions—Equipment of Division 
Points—Test Flying of Line—Training of Pilots 
By J. G. RAY,! PHILADELPHIA, PA. 


HE Air Commerce Act has divided the work necessary to 

prepare an airway for operation between the operator, 

Department of Commerce, and the cities along the line. 
For the purpose of this paper it will not be necessary to discuss 
in detail the preparatory work that has to be done by the De- 
partment of Commerce along the airway or by the cities in 
providing suitable terminals. Instead a few of the problems 
encountered by the operating company will be considered. 
However, many of these problems have to be worked out jointly 
with the Department of Commerce or with the cities. 

In the original selection of a line, the determining factor is 
the volume of possible business. This volume is proportional 
to the actual service rendered. A very careful survey should 
be made to determine the amount of this service. 


PROCEDURE IN SELECTION OF A LINE 


The usual method of procedure is to visit each city that 
is to be a stop on the proposed airline. From the local Chambers 
of Commerce information can be obtained about the general 
business conditions, the various kinds of business transacted, 
and the extent of trade between that city and other cities along 
the line. The postmaster can give the volume of first-class 
mail going to the other cities, which is a good index of trade. 
This information, together with the amount of time actually 
saved over rail connections, will indicate the amount of service. 
Of course, any estimate based on enthusiasm or local patriotism 
is false and cannot be depended upon. 

At the time of original contact with the cities, this local 
enthusiasm should be directed toward the promotion of extra 
traffic. Generally the cities will express a willingness to do 
many things to cooperate with the operator. Often a guarantee 
is suggested. However, guarantees generally do not work out 
advantageously for the operator and should be avoided. Their 
offers of assistance should usually be turned down with the idea 
of saving this desire to be of service until the line is operating 
and there is something that they can do that will be of real value. 

It will be necessary to advise and direct the cities in the 
preparation of their airports. They know very little about what 
they should have, and there will often be a number of vexatious 
local political problems to work out. If any one city wastes 
too much time, the opening of the airline will probably be 
delayed. 

A desirable thing to do as an early preliminary preparation 
is to fly over the proposed line with a camera, making a picture 
every five or ten miles. These obliques will show the general 
terrain and will be of assistance in determining the exact route 
of the airway, as well as be of value to the operations manager 
after operations are begun. 

The determination of the course the airway will take, as well 
as the selection of the emergency fields, is attended to by the 
Department of Commerce. Because of the Department’s 
efficiency it is not necessary for the operator to give much time 


1 Operations Manager, Pitcairn Aviations, Inc. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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to this work. The route should follow a straight line where 
possible, but should detour around areas of bad flying country 
if this can be done without too great an increase in mileage. 
Also, where possible, main lines of ground transportation should 
be followed. 


SELECTION OF EQUIPMENT AND PERSONNEL 


The selection of equipment is a matter of great importance, 
and possibly operating companies have made more mistakes 
by selecting the wrong type of ship than they have in regard to 
any other detail of this preparation. The selection of the 
equipment should be based on the results of the preliminary 
business survey and should be influenced but little by optimism. 
If the work is carrying mail and the estimated load is 200 lb., 
a 500-lb. capacity is enough to start with. Using a 1000-lb.- 
capacity ship to carry such a small load increases the operating 
costs unnecessarily. This increase is not only in the extra cost 
of the ship and the extra amount of gasoline and oil necessary 
to pull it through the air, for the handling facilities and per- 
sonnel will all be more expensive. 

The flying characteristics of the plane should be considered 
as well as its general adaptability, and if the line is to be flown 
at night a very stable ship should be selected. An airplane today, 
a properly designed airplane, should be able to fly ‘“‘blind”’ and to 
right itself from any position to which it might be turned. 
For “blind” flying a pilot needs this inherent stability to supple- 
ment his feel and his instruments. For ordinary good-weather 
flying a pilot should be relieved of the necessity of continually 
operating his controls to maintain balance. 

It has been determined that an airline will need a pilot for 
approximately every hundred miles where a single schedule is 
maintained. If the schedule can be arranged so that every pilot 
can have his own ship, this is very desirable. Every airplane 
feels different, and every set of instruments will function differ- 
ently. After a pilot becomes familiar with a particular plane 
and set of instruments he can do better flying than he can in 
another one. However, where large planes are used it becomes 
very expensive to assign each pilot to his own craft because 
normally the present-day airplane can be flown more miles per 
day than the pilot can stand. 

The size of the operating organization depends upon the 
number of stops to be made along the line, the size of the equip- 
ment to be flown, and, inversely, on the number of ships available 
per hundred miles of airline. If there is very little reserve 
equipment then the regular equipment must be ready to go on 
schedule, and to do this will require a large reserve of personnel 
to take care of the emergencies that will arise. 

If small planes are operated it is cheaper to provide this 
reserve strength in airplanes than in personnel, but as the cost 
of the craft increases it becomes more feasible to carry the 
reserve strength in personnel. 


OpERATING Divisions oF LINE 


An airline should be divided into operating divisions which 
are between 300 and 500 miles long. Two divisions can be 
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grouped under an operating superintendent who will be sta- 
tioned at the connecting terminal. Inspection and maintenance 
work, if possible, should be concentrated at this station. Pilots 
should be changed and, if each pilot has his own craft, planes 
will be changed at this station. 

The other division points are not so important, especially 
if they are the ends of the line. The personnel needed there, if 
small planes are operated, comprises only a field manager and a 
mechanical crew consisting of an expert and an assistant me- 
chanic. The intermediate stops ordinarily require only a field 
manager. At the operating base a much larger personnel will 
be needed. The operations crew will probably consist of two 
expert mechanics with two or three assistants, a parachute 
man, an instrument man, a clerk, and an overhaul crew of 
approximately three men. This will vary, of course, with the 
size and type of planes operated and with the schedule to be 
maintained. If it is a night schedule, a night crew of two or 
three men will be needed. The foregoing estimate is all based 
on a single schedule of operation. 

At the intermediate stops very little fixed equipment is needed. 
A small office of some kind to house the field manager and his 
telephone is all that is required. Servicing of the planes should 
not be necessary at these stops. At the ends of the division 
other than the operating base a hangar is necessary, with a 
certain amount of office space for the field manager and shop 
space for such mechanical work as is done. Gasoline and oil 
storage will be needed, as well as a stock room for supplies. 

At the operating base approximately twice as much storage 
space is needed as at the other two division terminals. The 
shops and office will be much larger. A parachute loft should 
be provided, as well as an instrument room completely equipped 
to test all instruments. The overhaul shop should be very 
complete and should include a stand for testing motors after 
overhaul. An adequate supply of spares should be carried, 
with trucks to haul them to the location of such ships as need 
repairs; or, if necessary, to haul the “crack-ups”’ into the operat- 
ing base to be rebuilt. 

The instrument repair room is a very important part of the 
operating base. It should not only be equipped to repair in- 
struments but should have the necessary apparatus for testing 
each type of instrument used against a master instrument that 
is known to be accurate. Especially should the navigating 
instruments, the bank and turn, and air speed and compass, 
be checked often and kept in perfect condition. The altimeters 
and tachometers should also be tested periodically. 

A most vital part of an airline is its communication system. 
This is provided by the Department of Commerce by its radio 
system. Arrivals and departures must be reported all along 
the line, as well as any delays or troubles causing the schedule 
to vary from normal. Also the Weather Bureau’s information 
regarding weather must be transmitted where and when needed, 
as speed in transmission is a chief essential. Where radio is 
not provided a system of telephone and telegraph transmission 
must be worked out. The telephone is generally used because 
of its speed. 


Test FLYING 


After the layout of the organization is completed and the 
personnel have been employed, everything should be assembled 


in its place for test flying. This flying will give a good check-up 
on whether or not the organization is ready to function. During 
this time the pilots will become familiar with their planes and 
with the geography of the country over which they are to fly, 
as well as with the weather they will encounter. The ground 
personnel will become familiar with their jobs and the com- 
municating system will be tried out. 

For a daytime run about a month of test flying should be 
completed before regular scheduled operations are attempted. 
For a night run two months of flying is not too much, about six 
weeks of which should be in the daytime and the other two 
weeks at night. This of course will vary on different lines in 
proportion to the natural difficulties that will be encountered. 


TRAINING OF PILoTs 


The pilots’ training is exceptionally important because at 
the present time there is not available a sufficient supply of 
pilots capable of scheduled flying. Those pilots who are quali- 
fied are already employed, and it is necessary to fill one’s organi- 
zation with new men and train them for their jobs. A pilot 
should have something like a thousand hours of experience to 
begin with. Then he should fly the type of plane to be operated 
enough to become thoroughly familiar with its feel. He should 
practice “blind” flying with instruments for many hours when 
there is a ceiling several thousand feet from the ground until 
he is capable of flying “blind” indefinitely and of navigating 
a course while so flying. He should become familiar with the 
geography of his course, not only along the route itself but for 
from twenty-five or thirty miles on each side of his course. 
He should also familiarize himself with all of the emergency fields 
by landing on them and taxiing around over them several times. 

The qualification in which the average available pilot is 
most deficient is his ability to judge weather and read weather 
maps. He should know about what changes to expect during 
the time he is in the air between stations, and if a storm area is 
encountered he should know which way this area is probably 
moving and how best to get around it. In case he should 
get caught above a very low ceiling, he should know which part 
of the country within his cruising radius will be most likely 
to have better weather. 

This training is very hard to give pilots, and is generally 
obtained by their maintaining a very close liaison with the 
weather men along the line. 

Schedules have to be worked out to meet the needs of each 
line, and are arrived at by considering the fastest schedule 
time possible with the type of plane used in relation to the service 
to be rendered. The scheduled airspeed should generally 
not be faster than 80 per cent of the maximum speed. Very 
often it is desirable to have a much faster schedule on the first 
part of the run than on the latter part in order to allow the plane 
to run ahead of what would normally be its schedule. 

As with everything else, the problems of preparing an airline 
for operation are becoming more complicated as time goes on. 
In the very near future radio will have to be provided as an 
additional aid. It will be one more thing that must be provided 
for, and one more thing that the pilots will have to learn how 
to use. However, these additional aids will make scheduled 
operations much easier after the preliminary preparations are 
completed. 
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Technical Development of the Reed Metal 
Propeller 


By S. ALBERT REED,' NEW YORK, N. Y. 


and almost knifelike blades of forged or rolled duralumin or 

other aluminum alloys of similar type, which, as is well 
known, has about the same lightness as aluminum and the 
strength of mild steel. 


‘i Reed propeller is an aircraft propeller with solid, thin, 


DEVELOPMENT OF THE METAL PROPELLER 


With the exception of an English propeller, which has hollow 
blades with overlapping steel sheets, and which is much used 
abroad, propellers of the Reed type are the only metal ones in 
general use, all others being made of laminated wooden boards 
glued together and carved into shape. There are also some 
Micarta propellers in successful use in the United States. 

Propellers with blades of the Reed type, usually in a single 
piece, have been made in the United States since 1921 by the 
author and his licensee, the Curtiss Aeroplane and Motor Co., 
Inc., also since 1923 propellers of the same type have been made 
by two other manufacturers in a style having detachable blades 
anchored in a steel hub. 

The effective part of a propeller is the outer four-fifths of blade 
length, the inner one-fifth having only a minor share in the 
performance, and this central part is often covered by a cone or 
spinner. Therefore, as the blades of all the three makers above 
named are essentially the same in the outer four-fifths of blade 
radius, they may be technically bracketed as the representatives 
of this new type, and as such will be so considered in this paper. 

Since 1923, Reed propellers have been made by five aircraft 
and metal concerns in Europe, where also the detachable-blade 
style is beginning to be used. 

In the United States this type of propeller, in both styles, has 
almost entirely displaced the wooden type, and abroad it is stead- 
ily making progress in that direction, in spite of the fact that the 
cost is several times greater than that of the wooden propeller. 
At this date there are probably more than 7000 propellers of this 
type in service; many have been flown more than 1000 hours and 
some more than 1500 hours. All the straight speed records since 
1923 have been won by planes using propellers of this type, and 
many of the famous planes used in long-distance and transatlantic 
flights have been equipped with them. 

The propellers used by the Wright Brothers in 1909 were of 
wood. In 1910 the favorite propellers were those used by Blériot 
and Voisin, made of sheets of metal riveted to steel stems radiat- 
ing from a steel hub. In 1912, however, the wooden propeller 
came in and these early metal propellers disappeared, so that no 
other metal propellers were found in regular service again until 
1921 and 1922, when the Reed type and the English steel type 
previously mentioned appeared. The advantage of metal over 
wood was obvious, and many unsuccessful attempts at metal pro- 
pellers were made. Thrust-loads which propeller blades were 
called upon to sustain had increased from about 50 to 500 Ib. per 
blade, so that the Blériot type was out of the question. On 
August 30, 1921, the first full-scale Reed propeller was flown with 
complete success at Curtiss Field by Casey Jones. The first 
flight of the detachable-blade style of this type was in June, 1923. 

The outstanding achievement was not merely the substitution 

1 The Reed Propeller Company. 


Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


of metal for wood, but a substantial improvement in aerodynamic 
efficiency. The problem was to make a propeller with blades 
with thin sections which would not change their pitch, either 
permanently or in the character of oscillatory change or flutter, 
and this was worked out in 1920 after several years of experi- 
ments with models. 

For engineers not familiar with aircraft data the following 
elementary figures are given. 


THE PROPELLER AND ITs FUNCTION 


The purpose of an aircraft propeller is to pull or push the air- 
craft through the air; in the first case it is a tractor, in the second 
a pusher. Most modern propellers are tractors, but a consider- 
able number of modern seaplanes use pushers. 

Airplane propellers are generally from 8 to 10 ft. in diameter, 
although still greater diameters are now being used and occasion- 
ally some less than 8 ft. They are usually designed to run at 
speeds from 1500 to 2400 r.p.m. (25 to 40 r.p.s.). Blade weight 
from, say, one-fifth radius to tip of blade is from 15 to 30 lb., and 
the entire propeller weighs from 35 to 90 lb. A 10-ft. propeller 
at 1800 r.p.m. has a tip speed of about 1000 ft. per sec., a mid- 
blade speed of 500 ft. per sec., and a speed at one-fifth radius of 
200 ft. per sec. A tip speed of 950 ft. per sec. is considered high, 
except for straight speed racers, which fly at upward of 300 miles 
per hr., with propeller tip speeds up to 1200 ft. per sec., i.e., above 
the velocity of sound. Ordinary cruising speeds are 100 to 150 
miles per hr., and fast-flying planes make 150 to 200 miles per hr. 

The centrifugal force of each blade of a 10-ft. propeller at 1800 
r.p.m. is roughly about 15 tons at the hub. The thrust or pull of 
such a propeller driven by a 400-hp. engine is about 1000 lb. 
(i.e., 500 Ib. for each blade). On account of the inherent rigidity, 
together with the restoring component of centrifugal force, the 
forward tip deflection in flight, due to thrust, is usually less 
than one inch, either with a wood or a metal propeller. 

The distribution of useful thrust in a blade is such that most 
of the thrust is delivered by the outer three-fifths of blade length. 
The blade at one-fifth radius does less than 5 per cent, mainly 
because of its slow peripheral speed. In other words, the por- 
peller consists essentially of the blades beyond one-fifth of the 
radius, and therefore the central or hub portion may be varied in 
many ways, provided it has the necessary strength and stiffness. 
The pitch of the propeller is the advance in the direction of flight 
for one revolution, plus a figure calculated to give every element 
of the blade an angle of incidence or attack of about 2 deg. The 
angles to the plane of rotation at each part of the blade for a 
certain pitch decrease of course for each increase in radius of the 
part considered. 

The efficiency of a propeller is the relation of the amount of 
thrust or pull which it delivers to the impressed horsepower. 
This is figured by considering that a thrust of 100 per cent is that 
which would be due to a propeller operating like a frictionless 
screw in a nut, with no slip, and this obviously would be 


Hp. X 33,000 
Flight speed in ft. per min. 


Therefore, for 120 miles per hr. and 400 hp. the thrust at 100 
per cent efficiency would be 1250 lb. If the actual thrust is 1000 
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lb. the efficiency is 80 per cent. Actual efficiencies are from 75 to 
89 per cent. 

The thinness of the Reed type blade will vary with the intended 
duty of the propeller, but a typical case will be a thickness of 
about three-quarters of an inch at one-fifth blade radius tapering 
to '/s in. thickness at the tip. 

The aerodynamics of a propeller are based upon the blade- 
element formula of Dzrwiecki, in which the blade is divided from 
root to tip into short elements and each is regarded as a wing. 
This introduces the aerodynamics of wings, based upon the relative 
lift properties of airfoils or wing cross-sections of various shapes 
at various angles of incidence or attack. These have been thor- 
oughly investigated and standardized and the lift and drag co- 
efficients have been tabulated for reference. 

Aircraft engines are expected to be run on open throttle in 
level flight at sea level, and are then expected to develop their 
rated horsepower at a stated number of revolutions per minute. 
The propeller is relied upon to hold down the engine to this speed 
under the designated conditions. 

Designers of airchaft figure on a certain flight speed, with a 
certain weight, and provide an engine of a certain horsepower. 
They also determine the maximum permissible weight for the 
propeller and the maximum permissible diameter to assure proper 
clearance above the ground or above the floats of a seaplane. 
Therefore, the propeller designer has given to him five factors— 
horsepower, flight speed, propeller speed, maximum weight, and 
maximum diameter. It may also be necesary for him to con- 
sider the varying elements incident to take-off, climb, and alti- 
tude flight. 

The normal propeller has two blades. When three- and four- 
blade propellers are used it is usually because, figuring on the 
five factors given to him, the designer cannot provide a propeller 
which will absorb the engine power with two blades without 
exceeding the permitted diameter, or giving to the blades an 
unfavorable aspect ratio, i.e., ratio of width to length. 

Propellers are usually directly driven, but in some cases re- 
duction gears are used to allow a higher speed to the engine than 
is thought best for the proneller. 

An increase in propeller efficiency may be utilized to gain (a) 
flight speed, or (b) lifting qualities to permit increase of weight, 
or (c) fuel economy, or combinations of the three. Suppose 
a propeller of 82 per cent efficiency replaces one of 75 per cent 
efficiency on the same plane. Then, broadly speaking, if the 
only gain desired is to gain flight speed the designer will merely 
increase the pitch of the blades. If the only gain desired is to 
improve lifting qualities, no change is made. If the only gain 
desired is in full economy, no change is made, but the engine 
will maintain the desired flight speed while running on less than 
full throttle. 

The advantage of the Reed type over the wooden propeller 
is obviously its superior endurance and its ability to bend instead 
of break in bad landings. There is no gain in lightness, but 
a very material gain in efficiency, estimated at from 2 to 15 per 
cent. Previously an efficiency of 75 per cent was considered 
good. The new type gives from 75 to 89 per cent. 

This brings us now to the interesting feature of the develop- 
ment of the metal propeller. What aerodynamically unexplored 
field existed in 1921 which was invaded by this new type of 
blade? 


DEVELOPMENT OF THE METAL PROPELLER 


The retarded development of propellers up to 1921 was due 
to overlooking the advantage of thinner sections in those parts 
of the blade where the peripheral speeds exceeded about 600 ft. 
per sec., and overlooking also the fact that duralumin, although 


known and used for ten years past, provided just the combination 


of physical properties needed to make a solid thin blade prac- 
ticable. 

Tables for lift and drag of various airfoils had long since shown 
a superiority of low camber ratios at most angles of attack, but 
the literature of the art nowhere indicates the development of 
this element of superiority as a prime object. But what most 
attracted the author’s attention and induced him to direct re- 
searches to this unappreciated feature was the conviction, on 
investigation of the experimental bases of these tabulations 
of airfoil qualities, that too much had been taken for granted 
in scaling up. It was found that while the actual peripheral 
speeds of the parts of blades giving at least 50 per cent of the 
thrust were from 600 to 950 ft. per sec., no reliable airfoil de- 
terminations had ever been made at speeds greater than 250 ft. 
per sec. Furthermore, although very complete propeller re- 
searches had been conducted in wind tunnels with 3-ft. models, 
none had ever exceeded a tip speed of 250 ft. persec. Finally, 
these model tests had never undertaken to try camber ratios 
below those customary in wooden propellers, where the lowest 
camber ratio was mainly about 0.08. Various considerations 
induced the author to doubt the conclusiveness of these ex- 
perimental data when scaled up to actual peripheral speed. 
Foremost was experience with high-speed rotation in a problem 
in sound which had been under his investigation for some time 
previous and where the impression was formed that smooth 
flow of air around a fair-shaped moving object fell off rapidly 
above a speed of 700 ft. per sec., and air compression rapidly 
became the prominent phenomenon. An interesting analogy 
was found in the various government experiments made on 
moving projectiles, and especially also in the classic work of 
Mach and Boys, who visualized and photographed the spreading 
compression wave generated by a bullet in flight as one which 
spread in all directions at the velocity of sound, irrespective of 
the velocity of the bullet. 

This does not mean that the aim was to copy the bullet sections 
in blade sections. However, it showed that data of air flow de- 
termined at 250 ft. per sec. could not be directly scaled up to 
950 ft. per sec., and that the reaction at 950 ft. per sec. was of a 
different type than that at 250 ft. per sec., not merely in degree 
but also in character. 

A striking illustration of this is shown when one explodes a 
charge of gunpowder on the open face of a rock. There is a 
flash, but the rock is not fractured. If instead of gunpowder one 
uses nitroglycerin, the rock is shattered; the air acts as a solid 
tamping to the high-velocity explosion but not the low-velocity 
explosion. 

The author has been quoted as claiming higher efficiencies for 
the superspeed propeller blade. This is an error. What he has 
said is that there need be no important depreciation in efficiency 
at superspeeds provided one uses the correct type of blade. 

Racing propellers of the Reed type demonstrated a gain in 
efficiency, but it was soon evident that if the new type of blade 
were to be introduced only in the field of superspeeds it might be 
used on a few racers, but it would have a limited general applica- 
tion. However, a material gain in efficiency was also obtained 
at blade speeds of from 500 to 950 ft. per sec. and justified the 
development of a propeller for ordinary speeds, one in which 
there was a gain of 2 to 5 per cent in efficiency. 

It is, however, the true superspeed propeller of the Reed type 
which will afford the most attractive field for further research. 
Encouragement to this idea is given by the latest and most re- 
markable speed demonstration ever made, that of di Bernardi’s 
3-kilometer world’s record at Venice in March, 1927, at 318 miles 
per hr. A few months ago it was hoped by several aspirants 
here and abroad that 300 miles per hr. might be reached and per- 
haps exceeded, but the famous Italian pilot suddenly shot up to 
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over 318 miles per hr. This flight was made on direct drive with 
a Reed propeller made in the United States by the Curtiss 
Company and remodeled in February last on a design by the 
Italian engineer Castoldi. 

Early in 1921, while the author was making the last of a series 
of researches with models, a 90-hp. OX engine was geared up to 
1 to 4 and a 4ft. propeller was used with a wind stream from 
another propeller in front (Fig. 1). The figures were probably 
within a 5 per cent margin of error, and this propeller model 
reached a tip speed of 1500 ft. per sec. and gave a thrust of 180 
Ib. with about 100 hp. The principal working part of this 
propeller had a width tapering from 1 in. to '/2 in. at the tip, 
and a thickness from '/, in. to 1/2 in. and with sharp edges, 
and yet this very slender blade delivered a 90-lb. thrust with only 
a slight forward deflection. Of course centrifugal force was the 
main factor in holding the blade up to its work, but the inherent 
rigidity of the metal was the only thing which maintained the pitch 
angles constant. This appears to be the only experiment on 
record giving quantitative data at these speeds with really thin 
sections. 

Noted engineers now on propeller research indicate, however, a 
growing appreciation of undeveloped factors in this field. Refer- 
ence is especially made to the following papers and reports: 

For the National Advisory Committee for Aeronautics (United 
States): Wieck, Technical Notes 235 and 244. Jacobs, Tech- 
nical Notes 259. Briggs, Hull, and Dryden, at Lynn, in 1925 
made preliminary tests with a high-velocity air stream from an 
air compressor, but did not use the thin section of the Reed type 
of metal propeller. 

Zahm, for the United States Navy, Report No. 247. 

Ackeret, at Goettingen, 1925. See N.A.C.A. translation. 

The fundamental formula for dynamic similitude was given in 
N.A.C.A. report No. 14 by Dr. Durand, as follows: 


velocity of sound in the medium 
viscosity of medium 

density of medium 

= density of blade material 

= force (thrust) 

= diameter 

= revolutions 

function 

coefficient of elasticity of blade material 
velocity of advance. 


In the practical development of the blades of the Reed pro- 
peller the cross-sections were made of the minimum camber ratio 
which would afford torsional stability of pitch against angle 
change or flutter. With duralumin these -sections always re- 
sulted in unit stresses having a very large margin of safety 
against fracture stresses. Stress analyses usually show not over 
one-tenth of the breaking strength, one-seventh of the elastic 
limit, and one-half of the fatigue limit. The blade outline or 
plan form which was arrived at early in 1922 is shown in Fig. 2, 
which shows a propeller designed and sent to England, where it 
successfully passed the ground and flight tests of the British Air 
Ministry. This general blade plan is now practically standard- 
ized for all styles of Reed propeller blades. Therefore, the line 
of technical development for six years past has been concerned 
mainly with central and hub details and with production methods. 


Types oF REED METAL PROPELLERS 


The first style was type D, Fig. 3, which has gone into extensive 
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use here and abroad, but in the United States is now being super- 
seded by type R, Fig. 4. The advantage of type D in the early 


stages was very great for rapid and cheap production of a variety 
of specifications. In the first place, it replaced the wooden pro- 


Fie. 1 Mopeu 4-Fr. Propetter GEARED To 90-Hp, OX ENGINE 


Figs. 2, 3, 4, anD 5 


(Reading from top to bottom: Fig. 2—A 9-Ft. 5'/2-In. Metal Propeller 
Made Early in 1922. Fig. 3—Type D Metal Propeller. Fig. 4—Type R 
Propeller Now Standardized in the United States. Fig. 5—Type A Metal 
Propeller, Just Coming into Use.) 


peller on the same steel hub, so that the cost of the steel hub and 
all problems of fitting to the engine were removed. Second, the 
propeller was made from ordinary rolled plates */; to 1 in. thick, 
which could be bought in the open market and then cut and 
twisted and shaped to the many and different designs called for; 
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therefore no expensive dies were needed. Third, all the work 
was done cold, and the heat-treating was done on the nearly 
finished propeller by the manufacturer of the material. 

But it was intended that the simple type D should be only 


Fie. 7 Four-BiapE PrRopELLER AWAITING TEST 


provisional, and that as soon as possible it should be superseded 
by type A, Fig. 5, in which the main advantage was avoiding the 
circle of bolt holes, which might weaken the propeller at its 
most heavily stressed part, unless the designer supplied at that 


region an ample surplus of cross-section to compensate for thsse 
holes. Type A, however, is only now beginning to come into 
use. This is largely due to the fact that from the earliest time 
in development it was the intention to make a single-piece pro- 
peller like type R, Fig. 4. This was introduced in 1926 and has 
made type A less important, though the latter has doubtless a 
future as it eliminates all the uncertainties of the die forging 
necessary in type R. 

Type A has also been further improved by making the central 
twist, while hot, between twisting dies, which need not be ex- 
pensive as in the case of forming dies. Even type A has five 
parts, whereas type R is in a single piece. The detachable- 
blade style now most in use has 14 parts. The author has always 


Fic. 8 Type K TanpeM DuRALUMIN PROPELLER 


Fig. 9 DerTACHABLE-BLADE PROPELLER ANCHORED IN STEEL Hus 


Fic. 10 DervTacHasBLe-BLADE PROPELLER WITH INTERHOOKED 
CONNECTIONS AND CHANGEABLE PITCH 


felt that the single-piece style will in the long run be found supe- 
rior to any style with multiple parts. 

Three-blade and four-blade propellers are in demand for special 
cases, and examples of each are shown in Figs. 6 and 7. The 
three-blade propeller has passed the Government whirling test and 
is now in production. 

Type K (tandem) is shown in Fig. 8 and is particularly inter- 
esting theoretically and may be of considerable practical im- 
portance. Wind-tunnel tests and trial flights on a Wright 
Whirlwind 200-hp. engine have shown it to have performance 
equivalent to that of the usual four-blade propeller with crossed 
blades. Anticipated blade interference seems not to occur, al- 
though the interspace is only 4in. The Reed propeller has also 
been flown as a four-blade propeller by crossing two blades, and 
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there has recently been constructed a different type with four 
blades, shown in Fig. 7, which is a photograph of a model made 
in 1922. This plan affords some advantages in construction and 
perhaps in performance. 

The detachable-blade propeller previously referred to and 
shown in Fig. 9, and which has come into extensive use, was de- 
signed by the engineers of the U. S. Army Air Corps at McCook 
Field. The blades have cylindrical roots anchored in a split- 
steel hub. For resistance to 10 to 20 tons of centrifugal force it 
depends upon flanges machined on the blade roots. 

In 1922 and 1923 the author constructed a detachable-blade 
propeller shown in Fig. 10. This was flown with success on a 
JN plane with OX5 engine. The blades are directly connected 
by interhooked extensions, and there also is provision for changing 
the pitch. 


MATERIALS OF CONSTRUCTION 


The material used so far has been of the duralumin type. In 
1925 a propeller was made of magnesium alloy which passed the 
Government whirling test at McCook Field and went into flying 
service at Coney Island in constant passenger-carrying use for 
several months. This is the only magnesium-alloy propeller ever 
in practical service, so far as the author knows. 

The aluminum alloys used for Reed propellers are the following: 
Baush duralumin; Vickers duralumin; Diiren duralumin; Alum- 
inum Company of America, 25 S; Schneider & Co. (France), 
Alferium; and Metallbank und M.G. (Germany), Aeron. 

These alloys have different formulas for heat treatment and 
aging, but all have given satisfactory results in many propellers 
for long periods. Where the propellers have to undergo a twisting 
or distorting process while cold, this must be done while in the 
annealed condition and afterward heat-treated or aged. Die- 
forging methods require hot metal. But even in the finished 
condition, heat-treated or aged, the duralumin-type metal will 
stand considerable distortion to a new set without serious injury, 
and may also while in that condition be hammered to modify its 
form. Hundreds of Reed propellers which have been bent and 
distorted in bad landings have been restored to serviceable form. 
If the distortion is considerable, the propeller or its blades are 
annealed before straightening and are afterwards again heat- 
treated or aged. 

Several of the propellers which were made in 1922 before pro- 
duction methods were perfected were made from rolled plates of 
duralumin which, while in the annealed condition, were hammered 
out cold, tapering in thinness toward the blade tips, with a gain 
in length of 6to8in. They were then formed, twisted, and heat- 
treated. At least three of these propellers have been in constant 
service ever since and appear to be perfectly good. 

The subject of metallurgical inspection of material has been 
seriously taken up in the last two years by manufacturers, 
under Government specifications, and all U. S. Army and 
Navy propellers of aluminum alloy are now periodically rein- 
spected. The author’s personal view, not shared by some good 
authorities, is that with the very large excess section provided by 
good design at every point of the blade, longitudinal streaks may 
be safely overlooked and that it is only transverse faults which 
are of importance. Serious metallurgical deficiencies are less 
likely to occur than faults due to injury during the fabrication or 
to some carelessness in the heat-treating or aging. The failures in 
flight of all styles of this type have been a minute percentage of 
the total number in service, and all of these have been at or near 
the hub, and all with propellers of earlier design, which has since 
been improved. 

The fatigue limit is usually given by the manufacturers of the 
alloy at about 15,000 lb. per sq. in. but propeller manufacturers 
use the figure about 10,000 lb. per sq. in., and usually try to avoid 
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unit stresses over 5000 lb., thus affording a 50 per cent safety mar- 
gin for uncertainties of quality or of internal integrity. Therefore, 
single-piece propellers of present design should have unlimited 
life, even under considerable vibration. With detachable blades, 
so much depends upon the root anchorage that one cannot speak 
so confidently. Flange stresses involve calculations in which are 
some factors of uncertainty, and the workmanship must be 
exact in order to avoid dangerous concentration of load. 

In 1925 the propeller branch of the Engineering Division of 
U.S. Army Air Service for the Armament Section made tests on a 
Curtiss-Reed aluminum-alloy propeller, shot with 30-caliber 
machine-gun bullets. These tests are embodied in Report DWT 
708, and were made to determine the seriousness of the damage 
caused by a certain number of perforations. The report states 


Fie. 11 Test on ALuminuM-ALLOY BLADE WITH NINE 30-CALIBER 
Macuine-Gun Butiet Hoies 


that in the condition shown in Fig. 11, with a line of nine shot 
holes across the blade, the propeller stood without failure a test 
of about 2'/, min. at an engine speed of 2400 r.p.m. and with an 
input of 1112 hp. The reduction of section by the holes is about 
80 per cent, which shows the very large margin of safety in the 
original blade. 

As an indication of the confidence in present designs of Reed 
propellers in the matter of endurance and safety, the Curtiss 
Aeroplane and Motor Company, Inc., has recently circularized 
a written guarantee of 1000 hours of service for Curtiss-Reed 
propellers. 

Stress analyses of Reed propellers, and others of that type of 
blade, as well as of wooden propellers, are based upon the blade- 
element theory, and in the United States the elements are taken 
at 6 in. radial intervals. The thrust and torque stresses are 
figured for each clement, and integrated for the cumulative stress 
at any section of the blade, in order to get the bending moments, 
which are of course at maximum at the hub. The centrifugal- 
force stress for each element is then figured. In this calculation 
the weight of each element is taken from its dimensions, allowing 
about !/10 lb. per cu. in. for duralumin. The peripheral velocity 
is figured from the number of revolutions and the radius of the 
element measured from the propeller axis, and the centrifugal 
stresses for each element are integrated for the centrifugal stress 
at any scetion. As previously stated, the cumulative centrifugal 


‘force at the hub for an ordinary propeller is from 10 to 30 tons. 


As the wooden propeller weighs only about 10 per cent less, the 
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TABLE 1 STRESS CALCULATIONS FOR PROPELLER Ex-33079 (SEE FIG. 12) 
(Horsepower, 425; miles per hour, 163; revolutions per minute, 1950) 
Station 6 12 18 24 30 36 42 48 51 
Blade angle...... 90.0 68.6 51.9 40.4 32.5 27.0 23.0 20.0 7.2 16.7 
Thickness...... 5.5 2.49 1.41 1.14 0.91 0.756 0.603 0.45 0.30 0.22 
Effective pitch... . eee étctees 49.5 38.0 30.4 25.1 21.3 18.5 16.3 15.4 
Cs 000 css 6.87 6.92 7.32 7.82 8.00 7.74 6.98 5.76 4.12 3.04 
Angle of attack... ...... chines 2.4 2.4 32.1 1.9 A 1.6 1.4 1.3 
MRR 0.465 0.370 0.300 0.255 0.225 0.200 0.185 0.180 
15.0 18.1 17.5 17. 16. 16.5 
Work absortred!. . 5900 8700 11,870 14,600 16,900 17,000 14,650 5920 
a ee 0.874 0. 0. 75 0.85 0.836 0. 0.806 
5160 7740 10,500 12,780 14,450 14,200 11,900 4770 
26.4 39.7 53. 74.4 72. 61.0 24.5 
35.4 34.8 35.6 35.0 33.8 29.2 21.9 8.35 
Thrust moment.... 14,282 11,728 9220 6886 4778 3016 1654 712 192 62.0 
Torque moment. . 6990 5475 4085 2905 1923 1166 614 260 68 22 
Se 2.045 2.14 2.26 2.37 2.48. 2.59 2.69 2.74 2.82 2.82 
Angle Mr........ 64.0 65.0 66.2 67.1 68 69.6 70.0 70.5 70.5 
eae 0.89 0. 0.915 0.921 0.9: 933 0.937 939 0.942 0.942 
12,950 10,100 7475 3230 1765 738 04 66 
Angle Mr (blade). —_........ 46. 61.9 72.5 79.4 8 87 0 88.2 2 
Sin My (blade). —_........ 0.7 0.882 0.9537 0.9829 0.9947 0.999 1.000 0.999 0.9988 
Normal moment.. _.......... 9380 900 30 3210 5 758 02 
5.03 0.96 0.548 0.283 0.161 0.0 0.0248 0.0051 0.00156 
ecwegeseakee)  asware 1.04 0.587 0.474 0.314 0.251 187 0.125 0.0915 
Sb=bending stress ...... 1940 5450 6160 60 6260 549) 5710 4950 3870 
Ps aes swine 15.0 14.30 7.75 6.48 5 4. 2.80 1.68 0.83 0.43 
AR.. 0 85.8 93.0 117.0 127 122 101 70.6 39.9 20.7 
JS ARdr 4623 4283 3759 3119 2393 1651 988 479 151 50 
sw, 0.101/386 X (2% X 32.5)? = 10.9 
Cent. force....... 50,400 46,600 40,900 33,950 26,1 18,000 10,880 . 5220 1650 545 
Stress (C. F.)... 3360 3260 5280 5240 4940 4440 3880 3110 1990 1270 
po eee . 5200 10,730 11,400 11,700 10,700 9370 8820 6940 5140 
1 Work delivered = Elemental efficiency X work absorbed 
95,540 X 2 
Horsepower absorbed = ——— 347 
Thrust and torque correction factor = iS = 1.225 


centrifugal-force stresses for a wooden propeller are about on the 
same order. 

Fig. 12 is reproduced from a drawing of a Curtiss-Reed type R 
propeller made in 1927 for U. S. Government service, and the 
official stress analysis for this propeller is given in Table 1. 

A wind-tunnel test was made by the National Advisory Com- 
mittee for Aeronautics, at the Aeronautical Laboratory at Stan- 
ford University, of a 3-ft. model of the Curtiss-Reed propeller type 
R, which was used on the winning plane in the Pulitzer Cup Race 
of 1925, flying 100 miles at 248.99 miles per hr. The efficiency 
was found to be 87.3 per cent, and a chart of the test is shown 
in Fig. 13. 

METHODS OF MANUFACTURE 


In the manufacture of metal propellers the detachable-blade 
style is made by stamping out the hot aluminum alloy between 
steel dies to the final shape, leaving only a little machining to be 
done principally on the blade roots. The hub is of steel and is 
split in halves, with a ring clamp. 
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Fic. 13 CHART oF WIND-TUNNEL TEST ON 3-FT. MopeEt or Tyre R 
PROPELLER 


Fic. 14 Hanp-OperaTep FIELD MACHINE FoR CHANGING PITCH 


The single-piece propellers of type R, made for the Curtiss 
Aeroplane and Motor Company, Inc., are stamped from the hot 
metal between steel dies, which, however, at present include only 
the hub portion and about one-quarter of the length of each blade, 
the remaining portions of the blades being left in the form of rough, 
flat slabs hammered out to a taper in thickness. At the propeller 
factory these blades are then sawed and machined into shape, 
and while in the annealed condition are twisted cold to the de- 
sired pitch angles, and are then heat-treated or aged. The 
twisting machine is on the same principle as that shown in Fig. 14, 
but is operated by a 2-hp. motor. The machine in Fig. 14 is a 
hand-operated field machine for changing pitch. 

U. S. Government tests of propellers are made at Dayton, 
Ohio, formerly on the whirling stand at McCook Field, but since 
a recent date, at Wright Field. For metal propellers the test 
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requires 10 hours of whirling at 100 per cent overload. After 
the tests the propellers are carefully remeasured to see if changes 
have occurred or defects developed. An official report with 
photographs is then issued under the denomination D.W.T., 
and large number of those are on file. 

A very live question now before propeller designers is that of 


“body interference,” especially relating to the radial air-cooled 
engine which offers a larger frontal area than the V type. 
Another live question is that of overlap of blades, occurring 
in tri-motor planes, where the engines are rather closely spaced. 
The questign of direct drive compared to geared drive is an 
old one, dating as far back as 1916, but is still a subject of debate. 
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Modern Airports and Airport Planning 


Early Landing Gear and Methods of Launchir.g Planes—Development of Present Methods— 
Airport Development—Landing Surfaces—Drainage—Possible Future Launching 
Methods—Terminal Facilities—Illumination 


By B. RUSSELL SHAW,! ST. LOUIS, MO. 


‘ N 7 ITH the coming of air transportation, a need developed 
for proper air terminals. In the early days of flying 
in this country, airplanes were launched by means 
of a catapult comprising a rail which was laid into what little 
wind was blowing, and the airplane was placed upon a small 
monorail car consisting of a horizontal timber supported on two 
double-flanged wheels resting upon the track. The skids of the 
plane were supported on each end of the horizontal timber. 
At the rear end of the track, at the starting point, was erected 
a tower with a pulley at the top. A rope extended from the 
plane to the forward end of the track, around a pulley at that 
point, back under the plane, and through pulleys to the top of 
the tower. At this point it passed over another pulley and 
carried a very heavy weight. The airplane itself was held fast 
to the rear end of the track by two pieces of piano wire. After 
the engine was started and warmed up, the pilot released a catch, 
and the plane was pulled forward along the monorail, and took 
the air just before the end of the track was reached. In order to 
keep the plane balanced laterally before flying speed was obtained, 
an assistant would run alongside, holding on to one wing tip 
until sufficient speed was attained for the pilot to balance the 
plane by warping the wings. As these early planes were not 
equipped with wheels, landings were made in a very short space, 
the plane coming down on the skids, which acted as brakes, and 
which therefore slowed the plane up very quickly. 

A little later on the dropping weight was abandoned, although 
the monorail was still used. Following that, wheels were placed 
on each side of the skids with very flexible rubber shock ab- 
sorbers so arranged as to allow the skids to scrape along the 
ground upon the first impact of landing. At the time of this 
later development, other planes were being built with wheel 
landing gears. With the addition of wheels to an airplane, there 
automatically came the increase in length of run necessary for 
landings and take-offs. In the early planes of the Curtiss type, 
having two wheels in the rear of the center of gravity and one 
considerably forward of this point, a steel-hook brake was added 
between the rear wheels, and this was dug into the ground upon 
landing to slow up the plane. 

The Blériot monoplane, which was really one of our first trac- 
tors, was equipped with two caster wheels, slightly forward of 
the center of gravity, and a third wheel mounted under the 
fuselage, just ahead of the horizontal stabilizer. It was im- 
possible to add brakes to this plane because of the position of the 
two forward wheels with relation to the center of gravity. If 
friction was applied to the wheels, the plane would somersault 
forward. The next step was to remove the rear wheel and re- 
place it with a skid constructed of two loops of rattan with sheet- 
iron shoes underneath. This slowed down the plane upon 
landing. From that time until recently the tail skids gradually 
changed, particularly on the smaller planes, until they formed 
a knife edge, or drag, and at the same time the front wheels 
were moved forward with increases in horsepower, thus adding 


1 Aeronautic Construction Engineer. 

Contributed by the Aeronautic Division and presented at the 
Summer Meeting, St. Paul-Minneapolis, Minn., August 27. to 30, 
1928, of THe AMERICAN SocreTy oF MECHANICAL ENGINEERS. 
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additional weight at the tail when resting on the ground and, 
consequently, increasing the braking effect of the tail skid. 
This has been very detrimental to the surface of flying fields, 
particularly in wet weather, and the present trend is to place 
brakes on the two front wheels and replace the tail skid with a 
third wheel. 

The foregoing is for the purpose of enlightenment as to the de- 
velopment of the landing gear of an airplane, for primarily an 
airport is an area of sufficient size with suitable surroundings 
and equipment to provide the proper facilities for taking off and 
landing airplanes under all weather conditions. 


AIRPORT DEVELOPMENT 


As airplanes have increased in size and in load-carrying ability, 
so has it been necessary to increase the size of the airports to 
accommodate them. At this point it is well to differentiate 
between commercial air transportation and military aviation. 
The difference with which we are concerned with respect to com- 
mercial airports is that a military airplane sacrifices load-carrying 
ability for certain other military necessities, such as climb, 
maneuverability, and speed. In other words, the military 
craft is not financially concerned with the amount of pay Joad it 
can carry per horsepower. On the other hand, a commercial 
airplane is very much concerned with the amount of pay load it 
can carry per horsepower. The result is that military planes 
are designed to carry less load per horsepower than commercial 
aircraft. It therefore stands that military craft do not need 
as much space for take-off because of their surplus horsepower, 
whereas a commercial plane, having very little surplus horse- 
power, necessarily requires a greater take-off distance. 

In discussing airports the commercial problems will entirely 
be kept in mind. If these are solved the operation of military 
craft from these airports in times of war is automatically 
covered. 

Commercial airline operation requires that each plane carry 
its full capacity load under any and all weather and field con- 
ditions. This is greatly different from the commercial operation 
of small planes carrying passengers on short hops. 

In the operation of a commercial airline, if a plane will carry 
fourteen pay passengers and the seats are sold for this number of 
passengers, the airport from which the airplane operates must 
be of sufficient size and have the proper surface to allow the plane 
to take off safely with its entire load. On the other hand, the 
operator of a small plane may reduce his load, particularly on 
short flights, without inconveniencing passengers; provided it 
is necessary to do this because of improper field and weather 
conditions. Experience shows that a commercial airplane which 
may normally require 1000 or 1500 ft. for take-off, may at times 
require two or even three times this length of run under ab- 
normal conditions, such as hot, muggy weather when the atmos- 
pheric density is reduced. Also, the field may be soft, or in the 
wintertime when other conditions may be good the frost may 
be coming out of the ground or the field may be covered with 
snow. In any of these events the airport must be of sufficient 
size to allow the airline operator to take off with his full load on 
a definite schedule. 


4 
4 
a 
> 
= 
{| 
. 


64 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Small planes may be easily handled in side winds, but large 
airliners should take off and land as nearly as possible directly 
into the wind. This makes it necessary for an airport to be 
designed to allow take-offs and landings from all directions. 


LANDING SURFACES 


The proper surface for an airport has received a great amount 
of attention and criticism. There are those who argue that sod 
is the best, but others advocate cinders, gravel, crushed rock, or 
iron slag. The latest surface to be used is concrete. An airplane 
when rolling slowly on the ground may be treated as any other 
vehicle of similar weight presenting to the surface of the ground 
the flattened area of the tires. The surface must be sufficiently 
hard to withstand this weight under all conditions, and the 
author will touch upon some of the advantages and disadvantages 
of the various types of surfacing just mentioned. 

Grass or sod comes first, as it is the natural result of a properly 
maintained piece of ground. In dry weather, or even in mod- 
erately wet weather, a good sod with an adequate system of sub- 
surface drainage is quite satisfactory. In very wet weather, or 
in the spring when the frost is coming out of the ground, the 
surface condition is very bad, despite the fact that there is a 
heavy growth of grass. Wheels and tail skids of planes will cut 
deeply into the sod, causing furrows which are very injurious to 
landing gears, and therefore to the plane in general. In many 
instances where these furrows or ridges have frozen overnight, 
planes have been wrecked or wheels torn off or broken by be- 
coming caught in the furrows when taxiing or taking off. 

Cinders provide the next and seemingly best alternative to 
sod. They are dry even in wet weather, and may be easily 
underdrained. Cinders produce a sort of capillary action, so 
that when they are placed on loam or clay soils it will be found 
that the soil gradually works to the top and the cinders eventually 
disappear. One of the greatest drawbacks to cinders is the 
ease with which they are torn up by tail skids and picked up 
by the propellers, resulting in much damage to the tips of the 
blades and the sides of the fuselage and tail surfaces. 

Gravel and crushed rock have been tried. Gravel is naturally 
ball-bearing in its action, while crushed rock, on the other hand, 
keys itself together and is not so easily disturbed. Each of 
these, however, must have some type of binder to hold it in 
place. Clay cannot be used because it will wash away in rainy 
weather. Attempts have been made to treat the gravel or 
crushed rock with a bituminous compound, but when this is 
done we begin to approach a waterproof surface which, when 
constructed without sufficient base, easily breaks through; 
therefore it is necessary to build such a runway in the same 
manner as a macadam road. Disadvantages of this surface are 
the ease with which it may be cut by tail skids in landing and the 
fact that it is quite slippery in wet weather. Both gravel and 
crushed rock are easily picked up by the propellers, resulting in 
the same type of damage as that experienced with cinders, or even 
a worse one. 

Iron slag has been tried, but conditions similar to those ac- 
companying the use of crushed rock are encountered. 

Concrete is now being installed at the Ford Airport at Detroit 
as the first real experiment with this type of surfacing. Con- 
crete presents a surface not easily scratched by tail skids and is 
not slippery in wet weather; however, the cost is almost pro- 
hibitive, except in the case of large municipal airports handling a 
considerable amount of traffic. 

With the return of three-wheel landing gears, it is becoming 
even more practical than before to use hard-surfaced runways. 
Planes not equipped with the third wheel may land on the grass 
near the runways. 

Summing up the foregoing, it appears that on flying fields and 


airports having a relatively small amount of traffic, sod should 
be used with a very careful and extensive sub-surface drainage 
system. The only alternative to sod, in the author’s estimation, 
is concrete, and this is justified on very large airports only. 


DRAINAGE 


The use of hard-surfaced, waterproof runways also necessi- 
tates very complete drainage systems paralleling the sides of 
such runways. These drainage systems must be of such char- 
acter as to readily and quickly handle the run-off of water falling 
on the runways, in order to keep the sod at their edges from be- 
coming soggy, which would result in serious damage to planes 
should they run off the hard surface during a take-off or landing. 
The concrete runways at Ford Airport are proving beyond a 
question of a doubt that this is the most practical and logical 
solution to our problem in so far as we are acquainted with it at 
this stage of aviation development. 


CATAPULTS AND BRAKES 


It is the author’s prediction that later on, if our present design 
of airplanes continues—that is, if there are no radical departures, 
which does not at present seem possible—some system of cata- 
pults will be used for the starting of planes. This of course 
would not be as severe and abrupt as that now in use in the Navy; 
and a special type of arresting gear or very effective brakes 
would slow up the landings. In this way it may be possible in 
the future to reduce the size of the field required. 


TERMINAL FACILITIES 


Commercial airline operation requires proper terminal facili- 
ties not only with respect to the field area itself but also 
to the proper accommodations afforded passengers in the way 
of terminal buildings, passenger depots, etc. Passengers must 
not be allowed to ramble about on a flying field, for this is 
particularly dangerous, to say nothing of being an uncomfortable 
and careless method of handling travelers. Terminal buildings 
must be erected at our principal airports so that airplanes may be 
brought under cover before departure and after arrival. In 
this way passengers may be handled with dispatch and without 
inconvenience to them. 

Air travel is primarily one of speed. It is foolish to save 
an hour or so traveling between certain cities and then lose the 
time thus saved in transportation from the airport to the city of 
destination. At the present stage of development, with the 
large acreage needed as well as suitable surroundings and an ab- 
sence of obstructions, the airport must be located away from the 
built-up section of the city, or additional acreage must be pro- 
vided to make surrounding obstructions of no consequence. 
The ultimate airport will undoubtedly be constructed over the 
down-town section of the large city; however, with the areas 
necessary at present for take-offs and landings, such a structure 
would represent an immense expenditure. Furthermore, with 
the present development of the art, flying at low altitudes over 
the business section of a city is hazardous and landings on a 
structure would be very difficult, due to the rising heat waves 
and the general air disturbances. 


ILLUMINATION 


The illumination of an airport is a problem that is far from be- 
ing solved. In most instances to date, merely the accepted means 
of illuminating large areas have been applied. These have been 
improved upon by the use of certain lenses giving a sharp cut-off 
not higher than the light source and providing an even distribu- 
tion over the entire landing area. The pilot, however, is always 
faced with the problem of descending through the darkness and 
entering the lighted area at an altitude of approximately fifteen 
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feet. With the pupils of the eyes dilated to a great extent, 
the pilot, due to reflection, or in some instances to the direc- 
tion of landing, is more or less blinded when coming into the 
light. It seems to the author that there is a great field for the 
development of proper airport illuminating methods, not neces- 
sarily by the application of the present-day equipment, but by 
beginning at the ground and endeavoring to provide the proper 
type of light to illuminate the ground surface without making it 
necessary for the pilot at any time to face the source or to have 
reflections cast into his eyes from the wings or other parts of the 
plane. These lights must also be so designed and located that 
the shadow of the plane itself will not be an added interference 
to ground visibility. 
CoNCLUSION 


In conclusion, let it be remembered that an airport is a flying 
field, but that a flying field is not necessarily an airport. There 
are many flying fields throughout the country capable of handling 
local planes. In other words, they have docking facilities for 
small craft, or for military planes, but commercial air transporta- 
tion, in so far as airlines of any consequence are concerned, re- 
quires an airport with docking facilities capable of handling 
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large air transports under all weather and field conditions. Air- 
ports must be equipped with terminal facilities for the handling 
of passengers, suitable hangars, shops, pilots’ quarters, rest rooms, 
restaurants, and adequate night illumination. If flying fields 
are to be airports, they must have these things, all properly 
located. 


+ * * * 


In reply to questions asked, W. B. Stout,? who presented the 
paper in the author’s absence, said that a concrete runway was 
not suitable for the older type of plane with the skid:in the rear, 
but with planes having the landing gear forward, such a runway, 
say, 75 ft. wide, was well adapted. As to large and small fields, 
he would consider one of 20 acres a small one. A real airport 
should have a radius of about 1500 ft., with possibly another 
100 ft. before wires or trees were encountered. In the case of 
large planes equipped with their own wing-tipped flood lights, 
a field would be better if it did not have flood lighting. For 
small planes, of course, flood lighting was advantageous, but it 
should be of a type that did not throw a disturbing shadow. 


2 President, Stout Metal Airplane Co., Dearborn, Mich. 


| | 
4 
on 
i 
¢ 
¥ 
) 
4 


4 
4 


AER-50-27 


Some Economic Features Affecting 
Commercial Aviation 


By CARL E. TRUBE,' NEW YORK, N. Y. 


This paper is a discussion of the value of speed in saving trans- 
portation time, the ideal and most desired range of airplanes, the 
earning abilities of different airplanes operating at different air- 
port-to-airport scheduled speeds, and the influence of power, size, 
and scheduled speed of airplanes on the profit-making possibilities 
of a passenger-transport enterprise. 


that its best commercial-service appeal so far has been in 

the direction of express and mail carrying instead of trans- 
portation of passengers. While the reasons for this are obvious 
to those who operate aircraft, the public naturally takes less 
cognizance of a vehicle which has not so far been designed for its 
individual, personal service at low rates than it would of a ve- 
hicle with which it can become acquainted individually as a user. 
All commercial aviation may be expected to grow by leaps and 
bounds as soon as passenger air transport becomes available to 
the public at economically justifiable rates. It is obvious that a 
transportation service grows not only by reason of the economic 
service which it renders, but also by the degree of prominence 
as a worth-while service which it receives in the minds of its 
prospective users. 


Te airplane is a singular transportation development in 


RELATIVE MAGNITUDES OF TRANSPORT SERVICES 


In addition to the psychological aspect of the advantages 
accruing to commercial aviation from the inauguration of passen- 
ger air services, stands the fact that carrying passengers in this 
country is a much greater industry than carrying mail or express. 
Gross railroad statistics in this country show the following totals: 
The public paid the Class 1 railroads in 1925:? 


For freight transportation................. $4,552,756,017 
For passenger transportation............... 1,057,704,681 
For express transportation.................. 145,377,429 


Thus it will be seen that the volume of business from passenger 
carrying is 1089 per cent of that from mail carrying only, and is 
436 per cent of that from mail and express carrying combined. 

While it may be argued that the railroads of the country did 
not carry all the mail and express transported, it is also true 
that they did not carry all the passengers transported either, so 
that the most reasonable conclusion would appear to be that the 
ratios of 1089 per cent and 436 per cent are conservative. Ob- 
viously, increasing an industry’s potential market from at least 3 
to nearly 10 times is a step worth considering. 

It is the purpose of this paper to bring to light the actual 
possibilities of business usefulness of passenger air transportation 
in the near future, and to indicate in a general way a trend of 
development which will enable such possibilities to be realized to 
economic advantage for the public and for the aircraft operators. 


Factors AFFECTING FEASIBILITY OF PASSENGER AIR TRANSPORT 


Two important factors which affect the feasibility of passenger 
air services at this time are the safety of the service in the public 


1 Consulting Engineer. Jun. A.S.M.E. 

2? From a 1927 bulletin, ‘“Where Freight Rates and Passenger Fares 
Go,”’ of the Committee on Public Relations of the Eastern Railroads. 

Presented at a meeting of the Metropolitan Section of the 
A.S.M.E., November 22, 1928. Sponsored by the Aeronautic 
Division of the A.S.M.E. 
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mind, and the convenience and availability of the service to 
the traveling public. The safety of air transport has become 
apparent through the statistics compiled both here and abroad. 
It appears that continued good performance combined with 
continued engineering effort toward inherent safety, and the 
passage of time with public recognition of records achieved, offer 
the only methods of convincing the public that air transportation 
merits it widespread use. The matter of convenience of air 
service relates in a great measure to airport location. In so far 
as this matter affects the economic side of the industry of carrying 
passengers by air, it can be analyzed in detail, as will be shown. 

The primary advantage of air transport is speed beyond that of 
other means of transportation. At present, high speed and 
high cost are synonymous in the public mind. It can be shown 
that this relationship of ideas is subject to alteration. Air trans- 
port in this country must grow in a field already served by existing. 
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rail and highway facilities. Since the foundation of most of the 
business of passenger air-transport service is speed and its re- 
lation to time saving, it will be interesting to investigate the 
relative values of speeds in saving transportation time and to 
evaluate the benefits of speed in terms of justified fare per 
passenger-mile. 


TuE Economic VALUE OF SPEED TO THE USER 


It is most convenient to determine the speed of existing facil- 
ities, and to consider the improvement due to higher speed in 
terms of time per unit distance, or in terms of justified fare per 
passenger-mile, by valuing the traveling public’s time in terms 
of dollars per hour saved by the use of air service. The difference 
in time consumed per mile (i.e., the time saving) by two trans- 
portation services is given by the expression 


where 7’, = time saved in hours per mile 
Vo = average speed of existing service in miles per hour, 
and 
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V; = average speed of air service in miles per hour. 


Since time is valuable to the traveler, it is reasonable to charge 
him for the time made available to him by speed. In addition, 
a traveler has to pay for his transportation at the slower speed, 
so that it would appear that a proper basis for arriving at an idea 
of justifiable high-speed fare would be to add to the plain slow- 
speed transportation charge an extra fare based upon, but less 
than, the value to him of the time made available to him by 
speed. Railroads do this, and succeed in filling their extra-fare 
trains by valuing the traveler’s time at about a dollar an hour. 
With this plan, the justifiable high-speed fare is given by the 
expression 


or 
Vi— Vo 
F, [3] 
where 


F, = justifiable high-speed fare, cents per passenger-mile 

F. = present slower-speed fare, cents per passenger-mile 
and 

R = value of time to the traveler, cents per hour 


In order to adjust expressions [2] and [3] for the disparity of 
airway and existing rail or highway distances between the popu- 
lation centers served, expression [3] may be written 
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where Dy = distance between centers by slower service, in miles, 
and 
D, = airway distance between air ports of centers in miles. 


The matter of time consumed in getting to and from an airport 
as compared with that consumed in getting to and from a railroad 
or bus station is important in its effect upon justifiable fare per 
passenger-mile. The railroad, subway, street-car, or taxi fare 
should also be an item of consideration. These factors can be 
introduced as follows: 


Evaluating the difference in times consumed in completing a 
trip by either service, 


where 7.9 = time consumed in completing trip by slow service 
in hours, and 

time consumed in completing trip by air service 
in hours. 

Then expression [4] may be written 
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(171-mile airway; airport-to-city transportation, 8 cents mile. 
miles at 4 cents per mile by rail; average rail speed, 40 m.p.h.) 


188.1 


The cost of transportation to complete a trip may be reflected 
in the justifiable fare to be charged per passenger-mile. That is, 


' it is reasonable to spread the necessary reduction in passenger- 


mile fare over the cost of the entire trip. Thus, since the amount 
to be considered is 


where C, = transportation cost from center of city to airport 
in cents 
Cy) = transportation cost from center of city to slower- 
service terminal in cents, and 
C. = additional transportation cost due to location of 
airports in cents. 
Then 
Do 
V; Vo C. 
Do D, [8] 
1 0 + ViVo D, 


Tue Most DestraBLE AVERAGE BusINEss TRIP 


Expression [8] is complete for the economically justifiable 
fare in cents per passenger-mile for an air service. While it 
includes some factors which may appear negligible, it will be 
interesting to investigate the influence of average air-service 
flying speed (V:) between stops and the value of the traveler’s 
time (R) on the justifiable fare (F,). 


AERONAUTICS 


Since expression |8| takes account of all economic factors 
affecting justifiable rates of fare between any two cities, and since 
this can be only a general discussion of possibilities, it will be 
necessary to make some assumptions regarding the route to be 
flown in order to make an illustrative example. 

In the first place, air transportation must fit into the general 
scheme of business conduct in this country. With existing means 
of transportation it is usual to take trips longer than 4 hours by 
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(Average scheduled speed, 40 m.p.h. less than airplane maximum speed; 
200 Ib. per passenger.) 


night, but to make trips shorter than 4 hours by day or evening. 
Thus, until airplane “sleepers” are developed, there would seem 
to be a very limited use for an air trip requiring more than about 
4 working hours, as the distance to be covered in excess of such an 
air trip can be covered just as well without loss of more working 
hours by rail at night. There is no point in inaugurating an 
air service over a longer distance than that which the public 
most naturally wishes to travel. 

Probably the most accurate assumptions regarding average 
routes will be those derived from a study of the log of an airplane 
used exclusively for the business transportation of a business 
man,* and from a consideration of the ideal range of an airplane. 
In the course of about 17,100 miles of business travel in 75 flights 
on 51 out of 180 days, 32 cities in 21 states were visited. The 
average length of the flight between business stops was 228 miles; 
only 17 per cent of the flights were over 300 miles non-stop. The 


3 The data set forth are compiled from the log of an airplane used 
for business transportation as published in the bulletin, ‘“‘Six Months 
of Flying for Business,” A. W. Shaw Company, 1928. 
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average point-to-point ground speed was 90 m.p.h. The average 
flying distance per traveling day was 335 miles. The average 
airport-to-city distance of 26 of the 32 cities visited for 
which such data are given, was 6.5 miles, corresponding roughly 
to an average further time requirement at each end of the trip 
of 20 minutes. Thus the total average time spent in travel 
from office to office was about 3.2 hours. The average total 
time spent in transportation per traveling day was 4.7 hours, 
but of these only about 3.14 hours were taken out of the con- 
ventional 9:00 a.m. to 5:00 p.m. working hours of the business 
day—the remaining 1.56 hours of travel being either before 
9:00 a.m. or after 5:00 p.m. 


Tue THEORETICALLY IDEAL RANGE OF AN AIRPLANE 


In order to determine the most effective average range of an 
airplane to be used commercially, it will be necessary to assume 
some simple unit by which to judge the commercial effectiveness 
of the various ranges, although naturally the proper unit of 
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effectiveness of operating characteristics is the earning ability 
of the airplane in cents per mile or per day. It may be assumed 
in a preliminary simple way that since it is the function of the. 
airplane to carry pay weight at a certain speed, the unit of 
effectiveness may be taken as a pay-pound-mile per hour. If, 
then, the commercial object to be sought in airplane design and: 
operation is roughly the delivery of the greatest number of pay- 
pound-miles per hour, it is possible to compute readily but 
roughly the ideal range of present airplanes. If one brake 
horsepower delivered will carry a disposable load D made up of 
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a pay load P and fuel at a cruising speed V. with a fuel and oil 
consumption A at that speed, then on a long trip requiring re- 
fueling stops of one-half hour each, the effectiveness E in pay- 
pound-miles per hour, average speed Vi, and the range S are 
related by the expressions: 
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= (D—P)F [9] 
[10] 

[11] 


Inserting constants in expressions [9], [10], and [11] yields the 
information shown graphically in Fig. 1, where A = 0.568 lb. 
per hr. and D = 14.4 lb. with V. = 90 m.p.h., and D = 3.85 lb. 
with V. = 140 m.p.h. 

It will be seen from Fig. 1 that the theoretically ideal range of 
an airplane as a commercial carrier varies very little with the 
cruising speed for which the plane is designed, and it is signi- 
ficant that the effectiveness falls so greatly with higher cruising 
speeds. 


IpEAL RANGE AND PRACTICABLY DESIRED RANGE 
APPROXIMATELY COINCIDE 


It is indeed a fortunate coincidence that the ideal range of 
about 250 miles lies so close to the average distance between 


business stops desired by the traveling public. It is reasonable, 
then, to look forward to routes operated with more frequent 
stops than are at present generally considered, and to assume for 
further computations a route of the type indicated by the above 
investigations. 


Fark JUSTIFIED BY SPEED 


The assumptions which can then be justified in view of the 
foregoing data are an average route length of 228 miles to be 
covered during business working hours in as short a time as pos- 
sible consistent with economy, with one stop en route to take on or 
discharge passengers, and a time requirement of 20 minutes at 
each stop to allow a passenger to start or complete his trip to 
his destination in a city. 

The cost of transportation for the 20-minute average airport- 
to-city trip may be assumed to be 50 cents more than the cost of 
transportation from railroad station to destination. Assuming 
that one half of the traffic travels the full distance of the route 
and the other half travels half the route, and that the time lost to 
through passengers due to the stop is 10 minutes, then the average 
fare justified on the route can be based on an average distance 
traveled by passengers of 171 miles, with time lost en route 
amounting to 5 minutes. The average stopping time lost, that 
is, 0.0833 hr., can be lumped in with 7.4 for the purposes of this 
estimate. We may further assume that the rail distance is 10 
per cent greater than the airway distance. Two more general 
assumptions are necessary regarding the railroad average city-to- 
city speed (Vo) and fare (Fo). For the purposes of this ex- 
ample V» may be assumed to be 40 m.p.h. and the rail fare Fy 
to be 4 cents per mile. 
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Then we have for substitution in expression [8]: Do = 188.1; 
D,; = 171; Vo = 40; Tea = 0.75; and Ca = 100; so that 


1.1 V; — 40 


— 0.00439 | — 0.585. . . [12 
| 


Under the above assumptions, the justifiable fares per pas- 
enger-mile at different airplane airport-to-airport scheduled 
speeds and at different valuations of the public’s time are shown, 
as computed from expression [12], in Fig. 2. 


Tue Errect oF INACCESSIBILITY OF AIRPORTS 


The effect of inaccessibility of airports on justifiable fares is 
shown in Fig. 3, in which is plotted the justified fare to be 
charged in an airplane whose scheduled speed is 90 m.p.h., as it is 
influenced by different airport-to-city times of travel at each end 


= 
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of the average 171-mile flying route. It is assumed that the 
airport-to-city transportation moves at 20 m.p.h. and costs 8 
cents per mile. 


CONSIDERATIONS AFFECTING THE PossIBILITyY OF ACTUAL 
OPERATION AT JUSTIFIED Fares PER PAssENGER-MILE 


The fundamental question affecting passenger-carrying in com- 
mercial aviation is, ‘Will it pay?”’ The question can be decided 
only by comparing airplane earning ability and operating costs. 
The foregoing graphs indicate roughly what charges passenger 
traffic may be expected to bear. It is true that volume of 
traffic to be anticipated is not inversely proportional to the 
amount of fare charged. Thus a fare of 5 cents per passenger- 
mile will undoubtedly attract more than twice as many passengers 
as a fare of 10 cents per passenger-mile. It remains for the air- 
craft operator and equipment manufacturer to devise means of 
bringing costs down to a figure where the fares required will 
fall into some kind of line with what air service is really worth to 
some part of the general traveling public. It will be interesting 
to investigate what can be done toward this end by changes in 
equipment design and operation. 

In general, fuel and oil for a relatively short distance only 
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need be carried. It will be found that the load distribution for a 
non-refueling trip of about 230 miles, allowing for reserve fuel 
and oil and for weight of pilot, is such that the net pay load can 
be made equal to about 80 per cent of the total disposable load 
of the plane. Since modern airplanes of all sizes are surprisingly 
uniform in that their ratio of total disposable load to gross weight 
loaded lies quite close to 47.5 per cent, the total net pay load of 
a transport plane operating on a 230-mile route may be assumed 
to be about 38 per cent of its gross weight loaded. 
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According to the paper presented at a meeting of the Metro- 
politan Section of The American Society of Mechanical Engineers 
on February 10, 1928, by Harris M. Hanshue, of the Western 
Air Express, it is feasible to anticipate a pay-load factor of about 
60 per cent. Thus the average net pay load of a transport 
airplane may be considered to average 22.8 per cent of the total 
weight of the airplane loaded, if it is operated on a relatively 
short run, as has been indicated. 
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AIRPLANE EARNING ABILITY FIxED BY AERODYNAMIC 
RELATIONSHIPS UsgED IN DESIGN 


Since determination of airplane earning ability depends upon 
net pay load and speed as reflected in the justified fare per pas- 
senger-mile computed by expression [8], it will be necessary to 
arrive at some idea of the relationships between the net pay- 
load capacity, power, and speed of different airplanes. Secretary 
Warner, in his book “Airplane Design,” gives some rough approxi- 
mations of overall characteristics. These are: 


W 


and 
3 
P 
S 
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Vmax = maximum speed of level flight, miles per hour, 
and 
P = maximum engine horsepower (rated). 


If the minimum speed of flight be chosen to be 60 m.p.h., then 


Since a sufficient margin of speed to insure good maintenance 
of schedules should be chosen, a scheduled speed 40 m.p.h. less 


than the airplane high speed would appear reasonable. Then 
3 
11.72 P 
| 40 [16] 


V, = airplane average airport-to-airport scheduled 
speed, miles per hour. 


Rewriting [16] in terms of pay-passenger seats, allowing 200 lb. 
per passenger, and at a total net pay load equal to 38 per cent of 
the gross weight W, then 


where 


3 

/11.72 P 
= 17 
V; = 124 526 N 40 [17] 

or 
P 

V, = 35 [18] 
where N = total number of pay-passenger seats instal- 


lable on basis of pay-weight carrying ability. 


The average revenue-earning ability of an airplane may then 
be computed by taking 60 per cent of the product of N and F,, 
at the speed V; computed from expression [18]. A more compre- 
hensive method of determining revenue-earning ability is to 
combine [8] and [18] in one expression, but it is usually simpler 
to work out graphs of sets of variables and to combine them 
step by step, than to use such a cumbersome expression as this 
combination would be. 

First taking airplane units of 220, 410, 660, and 1230 rated hp., 
the relationship between average airport-to-airport scheduled 
speed and total number of pay-passenger seats may be computed 
from expression [18], as shown graphically in Fig. 4. 

In order to get some idea of the adaptability of different air- 
planes to actual service, expression [18] may be applied to the 
hypothetical run previously discussed. It may be assumed that 
the graphs of Fig. 2 are fairly representative as regards length 
of run, airport accessibility, and so on. Combining data from 
Figs. 2 and 4 and introducing a load factor of 60 per cent yields 
the information shown graphically in Figs. 5 and 6. 


Earnina ABILITY 


The graphs of Figs. 5 and 6 do not, however, tell the whole 
story of scheduled speed and its relation to airplane earning 
ability. Costs of airplane operation fall into two groups, those 
dependent upon miles traversed, and those due to fixed and over- 
head charges which are computed on a time basis. It is therefore 
important to consider the number of trips per day which an 
airplane is capable of making at different scheduled speeds, since 
the margin built up each day between earning ability and mileage 
costs is the amount available for contribution to charges accumu- 
lating on a time basis. 

If it be assumed that the time required to refuel a plane at 
the end of its run is H hours, then the miles which may be tra- 
versed per working day of B hours on a run G miles long at differ- 
ent scheduled speeds V; are given by the expression 


BGV; 
1 
where J = miles traveled per day. 


Substituting in expression [19] the following constants: 
B = 8; G = 228; H =0.5 


yields the information shown graphically in Fig. 7. 

The costs of airplane operation depending upon miles traversed 
are those of fuel, oil, depreciation, maintenance material, pilot, 
and pilot’s compensation insurance. That is, of course, taking 
the arrangement of insurance matters as it stands at present. 
Fuel and oil costs per mile depend on power; depreciation and 
maintenance material costs per mile depend on engine and air- 
plane first costs and obsolescence values, and all depend also on 
speed. 

In order to get some idea of mere flying costs of the airplanes 
whose revenue-earning ability has so far been discussed, it is 
necessary to evaluate depreciation carefully. This is a difficult 
problem, as so little precedent of comparable equipment has been 
set. However, it is not difficult to get an approximation of the 
first cost of a new airplane from consideration of its power and the 
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number of pay-passenger seats installed in it. Airplane engines 
cost about $22 per rated hp. 

It has been found that the first cost of a modern airplane is 
given with surprising accuracy by the empirical expression 


K = SP + [20] 


where K = first cost of the airplane in dollars 
P = rated horsepower, and 
N = number of pay-passenger seats installed. 


Information derived from expression [20] is shown graphically in 
Fig. 8. 

Basing computations on Fig. 8 and on full depreciation of 
engines in 1500 hours, full depreciation of airplane without en- 
gine in 3000 hours, pilot pay and compensation insurance at 
$10 per flying hour, gasoline at 25 cents per gallon, oil at 30 cents . 
per quart, and maintenance materials at 0.87 cent per rated hp- 
hr., information is secured which is shown graphically in the 
flying-cost graphs of Figs. 5 and 6. These cost curves represent 
only the costs of mere flying. The margin between revenue and 
flying cost per mile for each case is shown graphically in Figs. 9 . 


Vinx = 124 
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and 10, and these latter curves represent the amount of revenue 
per mile which may be contributed by the airplane to the pay- 
ment of fixed and overhead charges. Combining the information 
of Figs. 9 and 10 with that of Fig. 7 yields information regarding 
the maximum contribution per day of 8 operating hours made 
possible by the specified airplane. This information is shown 
graphically in Figs. 11 and 12. 

It should be remembered that the daily contribution to over- 
head expense shown above is the most which each airplane can 
deliver for each day of 8 operating hours, while flying on the 


/ 


360 


w 
8 


PASSENGER FARES BASED 
ON $5 PER HOUR VALUE 
OF NET TIME SAVED 


S 


V4 


np 


S 
Ss 


Amount Contributed Toward Overhead, Dollars per Airplane -Day 


40 


220 Hp. 


70 80 “30 100 0 120 130 
Airplane Average Airport-to-Airport Scheduled Speed, M.ph. 


Fic. 11 INFLUENCE oF SCHEDULED SPEED ON THE Darty CONTRIBU- 
TION OF AIRPLANES OF Fig. 4, OPERATING AT FarEs OF Fia. 2, TowarD 
OVERHEAD EXPENSES OF THE TRANSPORT ENTERPRISE 


hypothetical ideal average route chosen above, at passenger-mile 
fares justified by the indicated scheduled speeds and indicated 
value of the public’s time per hour. 

The ratio of maximum daily contribution to overhead at 75 
m.p.h. airport-to-airport scheduled speed to capital initially 
invested in airplanes of different powers, and the daily interest 
requirement at 8 per cent per year on the same corresponding 
capital, are shown graphically in Fig. 13. 


CONCLUSIONS 


Certain conclusions become apparent from all the figures shown 
in the foregoing. 

1 Itis evident that the most desirable airport-to-airport sched- 
uled speed is not high—if it were, the air line would not pay 
while charging fares justified by the higher speed. 

2 It is evident that no great increase in scheduled speeds is 
desirable. 


It will better serve the industry to let speed alone 
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and improve the weight-carrying ability of aircraft at the desirable 
high speeds indicated in the neighborhood of 115 m.p.h. 

3 It is unfortunate that cheaper, lower-powered equipment 
must necessarily have a much higher passenger-mile fare in 
order to pay for its operation than is necessary for larger, more 
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costly equipment, and that the necessary low-powered fare to be 
charged must find excuse in a very high valuation of the public’s 
time. This situation is unfortunate because larger equipment is 
unwarranted until a volume of traffic exists, and the only traffic 
available to smaller equipment is the small volume of high-priced 
service. 

4 In general, since the investment in flying equipment itself 
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is only a fraction of the total investment necessary to inaugurate 
an air-transport passenger service, it would appear to be ad- 
visable to use larger planes rather than small, and to take advan- 
tage of the possibility of operating at a more reasonable and en- 
tirely justified fare per passenger-mile, with the attendant likeli- 
hood of building up substantial traffic quickly. 

5 With increasing size and power of equipment the ratio of 
overhead contribution per day (assuming sufficient traffic to 
warrant operating the same number of hours per day throughout) 
to capital invested in flying equipment rapidly increases, so that 
the service using proper, larger, more powerful equipment has 


the peculiar opportunity of making greater profits at a lower 
fare than its lower-powered competitor. 

It is to be borne in mind that the foregoing relates to a specific 
but average set of hypotheses, and that it is not intended to apply 
verbatim but to one particular case. It appears that much 
remains to be done By the aircraft operator or prospective oper- 
ator toward the indicating of desirable designs of aircraft which 
will properly and efficiently allow him to perform an economic 
service at a profit. It is possible to profitably operate certain as 
yet unbuilt aircraft at fares economically justified for a large part 
of our population. It will be done, and soon. 
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Applications of Balsa Wood in Aircraft 


By G. L. WEEKS, JR.,1 NEW YORK, N. Y. 


natives in tropical countries. During the Great War it 

was brought into this country in quantities, and the 
Government used it in making rafts that were placed on all the 
transports, and also to make life preservers, and that is when the 
Government began to test out balsa wood as to its different 
merits. 

Balsa wood grows in the West Indies and in Central and South 
America. The trees grow at a very rapid rate, records showing 
that they attain their height in one year, which is approximately 
36 ft., and that for the first five years there is an annual growth 
in diameter of 5 in., resulting in a tree at the end of the fifth year 
of 36 ft. height and 25 in. diameter. 

The tree in appearance resembles the North American cotton- 
wood, the bark being fairly smooth, but the wood looks quite 
like pine. The leaves are very large on a young plant, often 2 
and 3 ft. across, growing smaller as the tree grows older. The 
wood is made up of very thin barrel-shaped cells filled with air 
which are sealed by nature, giving it an extremely spongy texture. 
Two interesting and important properties are its flexibility and 
elasticity. The strength of the wood is derived from the cellular 
structure, as there is almost no lignification in the tissues, but 
the wood is practically cellulose. Approximately 92 per cent of 
the volume of the wood consists of these air-filled cells and the 
remainder, 8 per cent, of woody substance. 

All balsa wood used in airplane construction should be kiln- 
dried. This method is necessary, as air-drying is a very slow 
process, requiring about three months to remove the unnecessary 
moisture from the material and leave the 8 to 12 per cent water 
content which is desired for practical purposes. Kiln drying 
on the other hand obtains the same result in a more efficient and 
satisfactory manner in the much shorter time of ten days to 
two weeks. 

For some purposes, such as insulation and waterproofing, 
balsa wood can be and is very easily impregnated with paraffin. 
This is done to seal the air cells. Impregnation is the most 
efficient method of treating the wood and achieving the desired 
result, but it also may be coated with paraffin, as this process also 
does the work. 


Boe: WOOD up to a few years ago was known only to 


CoMPARISON W1TH OTHER Woops 


Balsa is a most interesting wood because of its extremely 
light weight. In fact, so far as known, there is but one other 
wood, the pond-apple (Anona), that weighs less, but this is of 
little value to the commercial world. In commercial use, balsa 
is the lightest wood, as the following comparison will show: 

Balsa, 7.3 lb. per cu. ft.; cork, 13.7; Missouri corkwood, 18.1; 
white pine, 23.7; spruce, 25.5; poplar, 27.4; cypress, 28; maple, 
43; mahogany, 45; white oak, 46.8; lignum vitae, 71; ebony, 
73.6. 

Tests have shown that even though balsa is very light in weight, 
its strength is about one-half of that of spruce. Therefore balsa 
may be used in certain places where strength is not the all-im- 
portant factor, but where lightness is. A comparison with spruce 
is given in the table in the adjoining column. 

The specific gravity of balsa when free from moisture is from 
0.11 to 0.12. 


1 Fleischmann Transportation Co. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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Use or Batsa Woop IN AIRPLANES 


The use of balsa wood in the construction of airplanes is 
beyond the experimental stage. The many severe tests, such 
as Colonel Lindbergh’s New York-to-Paris flight, Chamberlin’s 
New York-to-Germany flight, and many other exploits, as well 
as Army, Navy, and air-route machines, have proved beyond a 
doubt that balsa wood is used as efficiently as spruce or other 
woods where it is an important part of the machine and lightness 
as well as an average amount of strength is required. 

Balsa wood is used in all types of airplanes, in such parts as 
the outboard struts, fillets, fuselage for streamlining, wing ribs, 
wing tips, strut fairings, and shaping fuselage. From personal 
observation in various calls to the aero factories we have seen 
that balsa wood is used for all streamline purposes. 

To quote from Aviation of June 20, 1927, ‘The Spirit of 
St. Louis’ fuselage is exceptionally well streamlined, longitudinal 
sections of the fuselage in any direction giving smooth curves 
from the propeller spinner to the tail. There is a fillet stream- 
line between the bottom of the wing and the fuselage. An 
exceptional amount of balsa wood was used in the NYP in the 
outboard struts, fillets, and in the fuselage for streamlining.” 

Spruce: 


red, white, 
and Sitka Balsa 


3850-5820 2357 
1800-2920 2317 


Strength in bending—modulus of rupture, Ib. per sq. in.. . 
Maximum crushing strength in compression—parallel to 

Fiber stress at elastic limit—strength in compression 


rpendicular to grain, lb. per sq. in.............+4. 279-368 202 
Stiffness, modulus 4 elasticity in bending, thousands 

Shearing strength oontiel to grain, lb. per sq. in....... 569-777 351 


Where steel tubing is used on landing gear, balsa is used suc- 
cessfully. It is machined easily, thus a material saving in spruce 
is obtained. By using balsa as fairing, the saving in spruce is 
equivalent to the amount required to make three wing spars. 
It is therefore worthy of consideration by the designers and 
engineers when constructing new types of airplanes to give serious 
thought to balsa wood. 

Another feature may be considered, and that is balsa wood 
veneered. Wing braces so constructed and cut as to form a lattice 
web are now used in planes. Floor boards of balsa veneered, 
with thin layers of composition material are also used in the 
construction of present-day planes. In the wing-rib construc- 
tion of the Bellanca planes balsa wood is used as a filler. On 
the wing tips a strip of balsa is fixed to give the wing a rounded tip. 

On the landing gear, the “pants part” is all balsa fairing around, 
the metal construction in a graceful streamlined fashion. In the 
fuselage where steel tubing is the main structure, balsa wood is 
faired and taped to the cross-members to give shape and stream- 
line. The best method of treating balsa wood for fairing and 
other exposed parts is taping and then using about five coats of 
dope. 

To the non-technical man it is easy to realize that the saving 
of 20 to 50 lb. in weight in an airplane is quite a vital factor and 
that the comparative strength and extreme light weight of balsa 
wood will make it an ideal material in the construction of air- 
planes. 

Use or Basa AS AN INSULATOR 
Balsa wood is now used in many industries as an insulator, 


both as to sound-proofing and an insulator against heat or cold. 
In view of the fact that airplanes are becoming more and more 
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a part of the” daily problems of transportation and having in 
mind the sections of a passenger or freight plane that need some 
material for insulation, balsa should be seriously considered. 
In the passenger plane it may be used as a sound-deadening par- 
tition to eliminate the hum of the motors, and in the freight- 
carrying type it may also be used to protect perishables from 
the elements. 


Future Prospects oF BAtsa IN TRANSPORTATION VIA AIR 


The commercial use of planes is increasing at a more rapid 
rate than was ever thought of a year ago. Is it not fair to 
assume that with the greater activities of the airplane in the 
industrial and transportation field the demand for improved 
service will increase. The airplane will be used for transporting 
the class of freight that requires the fastest service possible. 

One type of freight is perishable products, and in order to 
transport and deliver them, it is necessary to protect such 
products as butter, meats, and ice cream from sudden and extreme 
changes in temperature. By the use of balsa boxes weighing much 
less than any other container the products may be precooled 
before packing and delivered by air routes to any part of the 
United States within 48 to 60 hours with little increase in the 
temperature of the product so shipped. 

Some grades of balsa wood received in this country are very 
wet, and if put in a kiln with 100 lb. pressure the water oozes 
out of the wood. 

We mentioned balsa wood at 7.3 lb. per cu. ft., and one can 
get balsa wood that weighs as light as 6 lb. per cu. ft., but the 
average is around 7.5 lb. Some of it does weigh about 18 lb. 
per cu. ft. Cork is shown in the table as 13.7, but that is in 
commercial use. For cork to be used in the same way as balsa, 
for insulation and walls, there would have to be a binder of 
granulated cork, and that adds weight to the cork board. 

As for wood with metal glued on it, 1-in. balsa wood is now 
made into panels with an aluminum or a steel surface of 22 gage, 
and one can get just as good a panel with the metal glued to the 
balsa wood as can be had by gluing '/s or !/;. in. of metal to the 
balsa wood. The method of doing that is to take a very thin 
fabric and use it between the metal and the wood, and that will 
give the same surface as glued wood to wood. 


AUTHOR’s CLOSURE 


Answering the question of J. B. Stinson, of Detroit, as 
to how the insulation characteristics of balsa wood in large ice- 
boxes in refrigeration plants compares with cork, we have re- 
cently found that balsa wood in some cases is better than cork. 
As to this new refrigerant that is on the market known as Dry- 
Ice, which is compressed carbon dioxide having a temperature 
of 140 deg. below zero, in its shipping operations the Dry-Ice 
Corporation of America has approved balsa-wood boxes in prefer- 
ence to cork. 

Mr. Stinson asks also regarding the commercial possibilities 


of balsa in comparison with cork in the manufacture of large ice 
boxes. We have not gone very far into the manufacture of 
refrigerators as yet, but we are increasing every month the 
manufacture of balsa-wood panels for perishable products. 
The Horton Ice Cream Company and the Reid Ice Cream Com- 
pany are shipping ice cream by boat from New York to Cuba, 
and they are using a small quantity of Dry-Ice, all inside a balsa- 
wood container. As to the insulation qualities of balsa, in a 
General Electric refrigerator the balsa wood is used between 
the motor and the compartment where the food is kept. 

Mr. Stinson asks if the balsa wood is made into a wool, there 
being a product that is frequently referred to as “balsam wool.’ 
That is a product obtained from a tree in this country. Balsa 
wood is a tropical tree which grows in another country. They 
are not the same thing. That wool is made out of a pulpy wood. 
This balsa wood is not pulpy; it is not a fibrous wood; it is more 
or less dead air, sealed up by nature. In fact, the balsa wood is 
8 per cent substance and 92 per cent air by weight. 

Replying to Mr. Stinson’s question if for an insulator, both as 
to heat and sound, we would use boards of balsa wood, we re- 
cently constructed four large refrigerator boxes for the Southern 
Bureau of Washington, D. C., made out of 4-in. material. One 
could get inside the box and hammer on it, and hardly any sound 
could be heard out in the room. It is one of the best insulators 
known because it is a natural growth. This air as sealed up by 
nature would of course be better than anything one might at- 
tempt to do in sealing up dead air. 

B. H. Taylor, of the Taylor Airport, Detroit, asks if the 
value of the insulator is in inverse proportion to the specific 
gravity. That is true. Balsa is used to quite an extent in the 
manufacture of automobile-truck bodies. The Sharpless Cheese 
Company of Philadelphia has eight trucks in operation whose 
panels are made up of balsa wood with hardwood veneer. The 
Maryland Ice Cream Company in Baltimore uses a dozen trucks 
made up that way. The Eskimo Pie Corporation has in service 
600 boxes of balsa wood, some of them veneered on the outside 
with hardwood from 4/s to 7/3 in. 

A peculiar thing about it is that one cannot use any hardware, 
any nails or screws, as the balsa wood will not hold it. The 
Fleischmann Company has 10,000 boxes in use in the trans- 
portation of yeast, and all those are tongued and grooved; and 
also where the wood is not wide enough to make a panel, the 
boards are put through a machine where the panels are tongued 
and grooved and glued together. 

We have boxes of 2-in. material without any outside protection 
that have been in service three years, making anywhere from 100 
to 150 round trips. The distance they would go would be from 
24 to 48 hours on the road. They carry a load of 50 lb. And 
we have a 3-in.-thick balsa box that carries 80 lb. Some of these 
have lasted four years in service, say, between Chicago and Dallas, 
Chicago and Denver, San Francisco and Los Angeles, Peekskill 
and Washington, being 24 to 48 hours on the road. 
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An Investigation of 


APM-50-1 
the Performance of 


Waste-Packed Armature Bearings 


By G. B. KARELITZ,! EAST PITTSBURGH, PA. 


Some of the observations made while experimenting with full-size 
armature bearings are recorded in this paper. The importance 
of taking care in the packing of bearings is brought forth. The 
advantages of a constant oil lift are pointed out, while the effect of 
grooving is discussed. Bearing-shell temperatures for varying 
loads and speeds are given. The data collected may be of interest 
to designers as well as to engineers in charge of maintenance of 
railway motors. 


T IS A FACT that during recent years an undue amount of 
[ teat has been caused by bearing failures in railway motors. 

The cause of this is not well known; in some cases new motors 
which duplicated previous orders have had bearings fail in 
service, while previous lots have proved to be a complete success. 
Nevertheless the workmanship and care in assembly are 
now superior to what they used to be. The explanation of the 
bearing troubles may be found probably in the fact that the equip- 
ment on railroads is now worked considerably harder than several 
years ago; inspection periods are made longer; and the waste 
and oil used in the motors have gradually deteriorated in quality. 
On the other hand, the size and power of motors continue to 
grow at a rapid rate, the space available on cars and locomotives 
being naturally limited by the track gage; consequently the 
pressures on the armature bearings reach high limits, and the 
rubbing speed is increased to figures which would very recently 
have been considered prohibitive. This development is in line 
with the general trend met with in machine construction to 
work with smaller factors of safety, as a result of the better 
understanding of mechanical phenomena and a better knowl- 
edge of the danger lines. 

To obtain this information, the Westinghouse Electric and 
Manufacturing Company undertook an investigation of the 
operation of armature bearings. The following is a description 
of tests made on full-size bearings of this type. The conclusions 
obtained support those made during the test on axle bearings 
which were reported in 1926 before the Society.2,_ There may be 
occasional repetitions in the present notes of points discussed in 
the said paper on waste-packed bearings, but these are included 
for the sake of continuity. 


Forces AcTING ON ARMATURE BEARINGS OF RAILWAY 
Morors 


Waste-packed armature bearings consist as a rule of a tubular 
shell pressed into the motor housing. The shell has a window 
of nearly rectangular shape which matches with a corresponding 
opening in the housing. This window opens into a waste cham- 
ber into which the waste is packed (Fig. 1). This packing rubs 
against the journal, and, since the waste extends to the bottom 
of the housing which is in connection with the oil chamber, 
oil is lifted to the window by capillarity of the waste, thereby 
lubricating the journal. The shells are provided on the inside 


“ 1 Research Department, Westinghouse Electric & Manufacturing 
0. 

2 Lubrication of Waste-Packed Bearings, G. B. Karelitz, Trans. 
A.S.M.E., vol. 48 (1926), p. 1165, or Mechanical Engineering, 
June, 1926, p. 663. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, December 5 to 8, 1927, of THE 
AMERICAN SoOciETY OF MECHANICAL ENGINEERS. 


ends with collars which take up the thrust of the armature 
against the housing on curves or on uneven track,:as well as 
the axial load on the pinion when helical gears are used. The 
location of the window in the shell is dictated by the direction 
of the forces acting on the journal, the window being placed al- 
ways on the unloaded side of the bearing. 

With few exceptions the wheels of electric cars or locomotives 
are driven by the motors through reduction gearing, the motor 
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shafts having pinions either on one or on both ends. The arm- 
ature bearings are therefore loaded by forces which result from 
the composition of the weight of the armature and of the tooth 
load. Since the tooth load is generally considerably larger than 
the weight of the armature, it is natural that in single-geared 
motors the bearing nearest to the pinion, the so-called “pinion 
end” bearing, works under conditions more severe than the 
other bearing. Experience shows that in the single-geared 


POWER SERVICE 


C; 
Fig. 2 Loapinc Diagram ror Prnton-END BEARING 


units bearing failures occur invariably on the pinion end of the 
armature. 

A loading diagram for a pinion-end bearing is shown in Fig. 2, 
for both power and regenerative service of the motor. The tooth 
load acts at an angle to the tangent NN to the pitch circles 
at M. The bearing-load components are: OB, caused by the 
weight of the armature, and OA, or OA: due to the tooth load, 
depending on the direction of motion. The resultants OC, 
and OC, are therefore acting, under any conditions of service, 
in a direction away from the gear. The window being located as 
a rule toward the gear as shown in Fig. 2, there is always an ample 
angle between the “entering” edge of the window and the load 
line. This angle is of the order of 180 deg. when the motor 
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is driving the car, and of 45 to 60 deg. under regenerative service. 
This is important for the upbuilding of a load-carrying oil film, 
as will be shown in the discussion of the test results. 


Test EQUIPMENT 


The conditions of loading as discussed above were used in 
the test, the bearing testing machine previously described being 
used. A 4.000-in. journal sleeve was mounted on the tapered 
end of the test shaft and was held in place by a cap washer and 
bolt as shown in Fig. 4. Four-inch by seven-inch standard shells 
were used for test; these were pressed into a partly machined 
motor housing and mounted on the journal in the position shown 
in Fig. 3, the housing being at an angle of about 30 deg. to its 
normal position on the motor. The load was applied vertically 
downward by means of a loading bar and dynamometer, as shown 
in Fig. 5. The total load on the bearing was equal to the double 
reading of the dynamometer plus the weight cf the housing with 
bearing. The direction of the load with respect to the shell 
corresponded to the direction of the load line in service. 


Fig. Brartnc MounteD IN TESTING MACHINE 


Temperatures were measured by means of thermometers 
placed against the shell in micarta-lined wells drilled into 
the housing, and by means of thermocouples introduced into 
3/,-in. holes drilled half-length into the shell itself. A ther- 
mometer was also placed in a well drilled in the shaft (Fig. 3), 
the bottom of this well being in the geometrical center of the 
bearing. The oil lifts were measured by a gage through the 
filling hole, while the oil consumption was measured by col- 
lecting the oil leaking out from both ends of the shell into con- 
tainers and weighing this periodically. The friction in the bear- 
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ing was measured and graphically recorded by the torsiometer 
through which the test journal was driven. 

The loading bar (Fig. 5) transferred the load to the housing 
through a 11/2. X 1'/2-in. shoe placed at the midlength of the 
bearing. This almost completely eliminated any misalignment 
effects from the tests. 

The bearing shells were of bronze lined with babbitt, the 
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Fig. 4 Position oF HousinG 1n Testing MACHINE 


thickness of the lining being from '/j in. to 1/3 in. Westing- 
house alloy No. 14 (85 per cent tin, 10 per cent antimony, 
5 per cent copper) was used in the bearing, the journal being 
made of chrome-nickel steel. A long-strand waste of mixed 
cotton and wool and a summer grade electric car oil were 
used in these tests. 


Tue O1 Fitm IN WaASTE-PACKED BEARINGS 


Pressure gages were installed while testing one of the shells 
at points A and B in the middle plane of the bearing as shown 
in Fig. 4. Small holes were drilled through the shell and tubes 
tapped into them. The hydrostatic pressures of the oil film 
observed on the gages mounted on the tubes showed a slight 
increase with load and speed. The hole A registered from 8 
to 12 lb. per sq. in., and the pressure at hole B varied from 
20 to 40 lb. per sq. in. These pressures were far below the ones 
observed during the previous tests on bronze axle bearings, when 
pressures as high as several hundred pounds per square inch were 
recorded. 

The difference is easily explained by the fact that the present 
measurements were made on a bearing run in very thoroughly, 
the contact area covering nearly 90 deg. of the circumference 
of the bearing, as shown by the heavy line in Fig. 4. 

Fig. 6 illustrates, in exaggerated form, the difference between 
the conditions of the two tests. Case I, with slightly worn 
bronze shell, can be compared with Case I., when two planes, 
one immovable and the other moving at high velocity, form 
a small angle; the shoes and collar of a Kingsbury thrust bearing 
form such planes. The oil adhering tightly to the metal sur- 
faces of both planes suffers, due to its viscosity, high shearing 
stresses between layers shifting over each other, and high pres- 
sures are thereby caused in the wedge-shaped film. The approx- 
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imate pressure distribution in this case is shown in the curve Ia. 
The intensity of the hydrostatic pressure increases with the 
viscosity of the oil, with the relative velocity v, and with the 
decrease of the clearance between the planes. 

Case II, a worn-in shell, such as was used in the present 
series of tests, is analogous to IIa. The oil film is wedge shaped 
in the first half of the thrust shoe, and the surfaces of the metal 
are parallel in the other half. Pressure is created in the wedge- 
shaped film as shown in the pressure curve II,; at the outlet 
from the wedge the pressure is not zero as in Ia, but has a 
definite value, falling off along a straight line toward the end 
of the shoe. The pressures in the worn-in zone are therefore 
quite moderate. 

It should be noted that a distinct difference exists between 
waste-packed bearings and bearings with a large supply of oil, 
such as oil-ring lubrication or forced-feed types. In these bear- 
ings at high speed a comparatively thick oil film is maintained, 
completely separating the surfaces of journal and _ bearing; 
the journal really rides on an oil film, and only liquid friction 


Fig. 5 MeEtuop oF ApPpLyinG LoapD oN BEARING 


in the oil is present. The maintenance of such an oil film 
requires a definite minimum amount of oil to be passed through 
the bearing, which itself acts asa pump. Ina waste-packed bear- 
ing, however, the flow of oil through the shell is very small, and 
the journal and the bearing shell are therefore in contact, bound- 
ary lubrication existing in the contact area.’ 

Yet, since there is radial clearance and since the oil film has 
a wedge shape, hydrostatic pressure is created, carrying part 
of the load. Friction is considerably higher under conditions 
of boundary lubrication than in a load-carrying oil film. It 


3 Loc. cit., p. 1176. 
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is therefore essential for the proper operation of a railway- 
motor bearing that the oil film should not be destroyed. 
When properly operating, the clearance is fairly full of oil. 
Numerous observations have shown that vigorous squeezing 
of the waste with a packing tool while running the journal 
did not change materially the friction in the bearing, although 
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oil was pressed out at the bearing ends. Were the clearance not 
full before this experiment, a considerable increase in viscous 
friction would be observed. 

The hydrostatic pressure in the oil film causes endward flow 
of oil in the pressure zone. However, very little oil actually 
leaks out of the bearing. Instances were recorded of bearings 
running for hours with only several drops of oil discharged. This 
is partly caused by the fact that the pressure gradient at the ends 
of the bearing is nearly zero, and partly to the slight vacuum 
created on the unloaded side of the bearing. This vacuum holds 
the oil in the clearance, which will also be seen later from the 
discussion of oil-flow experiments. 

It appears that the vacuum zone is the most vulnerable area 
of the oil film. Penetration of air into it through the window 
is liable to partly break the load-carrying oil film, with the result 
that more load will be carried than necessary on the metal-to- 
metal contact area. This will bring higher friction and in- 
creased wear. It is therefore important that the window 
should be reasonably sealed with oil-saturated waste. In gen- 
eral, the method of application of waste and oil to waste-packed 
bearings is of extreme importance for their successful operation. 


PACKING AND OILING 


There seems to be a current misunderstanding in comparing 
the mechanism of operation of a waste-packed motor bearing 
with that of a car-axle bearing. It is true that both types 
rely upon the capillarity of waste for the oil supply, but they 
differ radically. The oil passed through a brass of a car-axle 
bearing remains practically in the box, falling back on the waste; 
the main requirement for the waste is therefore that it should 
keep the oil efficiently in suspension, i.e., that the waste in 
contact with the journal should be wet. On the other hand, 
the oil passed once through a motor bearing is lost, and lubri- 
cation of the bearing depends on the ability of the waste pack- 
ing to deliver oil from the oil well to the journal. It should be 
remembered that a waste able to hold a given oil in suspension 
better than another waste will not necessarily siphon over more 
oil. The question of interaction of oil and waste is very compli- 
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cated, and an investigation of it is now in progress. At present, 
long experience has worked out certain standards of waste and 
oil which will give satisfactory service in railway-motor bearings. 

The waste used in motor bearings should be of long-fiber 
wool or of a mixture of wool and cotton. It was mentioned that 
the packing must seal the window. This necessarily requires 
a degree of resilience in the packing, in order that it will not be 
shaken down from the journal by the jarring of the car on the 
track. Cotton itself carries over oil more efficiently than wool, 
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but it has no resilience and therefore is not suitable in itself for 
packing bearings. 

The method of packing the waste has much to do with proper 
operation of bearings. The window must be completely filled 
with waste. This practically cannot be done when a long 
skein of waste about three inches in diameter and several feet 
long is gradually fed and rammed down into the waste chamber, 
as is often the practice. A skein of long, straight strands should 
be introduced carefully into the waste chamber, extending to 
the bottom and spread over the whole width of the window. 


Balls of waste of medium size should be packed behind it, form- 
ing a resilient cushion pressing the skein against the journal. 
To insure a continuous tight seal of the window the packing 
should be made as tight as possible, not only at the top of the 
chamber but also on the bottom, where there is danger of shak- 
ing down the waste from the journal. In fact, tests have shown 
that it is impossible to pack a bearing too tightly when human 
force is applied, since no signs of impairing the oil flow by the 
tight packing could be detected. 

The necessity of a tight seal can be seen from the follow- 
ing experiment. During the series of laboratory tests, the 
waste in a perfectly operating bearing was disturbed and the 
upper corner of the window exposed at the end opposite the 
collar. Fig. 7 shows a graphic record of friction torque against 
time of the bearing after starting it. Normally, the friction 
drops gradually with increase of temperature as the bearing 
warms up, as shown by the dotted lines. Curve C-C is the 
temperature at the center of the bearing recorded by the rotat- 
ing thermometer (Fig. 3). With the window corner exposed, 
the friction became unstable, the chart showing sudden increases 
in friction. Vigorous shaking of the housing along the journal 
with a total motion of one inch approximately, brought the 
friction back to the normal level temporarily, as shown in A-A, 
Fig. 7. The thermometer against the shell at the end near the 
exposed corner registered an excessive temperature rise, show- 
ing thereby that the disturbance was on this end. The oil 
film could not be maintained with the window unsealed, and 
the bearing was “lame.” Shaking the housing temporarily 
established the oil film. At B the packing was restored and the 
housing was shaken as at A. The film was reestablished and 
no further disturbance was noticed. 

Tt does not follow from this experiment that imperfect packing 
leads necessarily to bearing failure. Increased friction merely 
causes higher running temperatures and increased wear. The 
probability of failure, however, is naturally higher, and in the 
case of heavily loaded high-speed bearings failure is invited. 

The importance of good packing brings forth the conclusion 
that the common practice of “pulling’’ the packing during inspec- 
tion, i.e., extracting it from the waste chamber and placing it back, 
while the truck is under the car cannot be recommended. It 
seems to be best not to disturb the waste until it is possible 
in the car shops to have easy access to the motor bearings. 
Moreover, it has been found that when the packing is carefully 
made and properly lubricated, waste may remain in the bearing 
for very long periods of time without injury. 
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Another cause of oil-film rup- 
ture is excessive “‘oil lift,” i.e., porn 
when the oil level in the oil 3,000 > 
chamber is too low. The verti- 2,000 TSR * 
cal distance h (Fig. 1) between 
the lower edge of the window and _'800 
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ratory as well as in motors in 
service. With higher oil lifts, the 
height to the upper part of the 
bearing window becomes too great, and the saturation of the waste 
is then insufficient to provide a seal for the window. The oil film 
ruptures and increased friction occurs. It is therefore important 
to maintain an oil lift inside the critical value. Fig. 8 shows a 
sketch of a so-called “oil sealed” housing for a railway motor 
where a predetermined oil level is kept constant in the waste 
chamber. The operation of the housing is illustrated by the 
sketch at (a). Lowering of the oil in the waste chamber B 
admits some air into the housing A, and a quantity of oil runs 
out into B till the level of C is reached again. 

The oil to be used for railway armature bearings must have 
both high viscosity and good oiliness conforming to the de- 
scribed mechanism of operation of such bearings, in order to form 
an efficient load-carrying oil film and to decrease the friction 
and wear in the contact area. The oil manufacturers employ 
two ways to obtain oiliness: they either prepare straight mineral 
oils using high fractions in mixing the car-motor oils, which frac- 
tions possess the oiliness property, or they admix a filler pro- 
viding the oiliness, mostly soap.5 Oils of both types have proved 
to give good service. The straight mineral oils have generally 
a higher viscosity due to the content of high fractions. It 


_is common practice to change the grade of oil used from summer 


to winter, the summer grade being heavier. Some manufac- 
turers recommend three grades—summer, winter, and an inter- 
mediate oil. The change of grade is dictated by the necessity 
of insuring a flow of oil through the packing at low winter tem- 
peratures, this flow depending greatly on the viscosity of the 
oil, as will be discussed later. Fig. 9 gives the range of viscos- 
ities of oils successfully used in armature bearings. With 
the present standard design of armature bearings and mainte- 
nance practice, large deviations from the limits may result in an 
excessive amount of failures. Winter-grade oils of viscosity lower 
than the indicated limit should be especially avoided. 


Om 
It has been mentioned above that the successful performance 


4 Loc. cit., Fig. 15. 
5 Attempts to use mineral fillers proved to be unsuccessful. 

D 6 Data obtained by Mr. W. C. Wilharm, W. E. & M. Co., Research 
ept. 
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of a waste-packed bearing depends largely on the maintenance 
of an efficient oil film. Its load-carrying capacity does not de- 
pend on the flow of oil through the bearing; since the velocities 
of the oil in the longitudinal direction are so insignificant in 
comparison with the peripheral speed that the effect of the axial 
velocities may be neglected, provided the clearance is full of 
oil. This explains why the friction and temperatures of bear- 
ings do not depend on the oil lift within its critical value, although 
the amount of oil leaking out from the ends varies considerably. 

In an ideal waste-packed bearing the supply of oil through 
the wick could be regulated in such a way that it would just 
compensate the unavoidable very slow loss of oil from the clear- 
ance due to leakage and evaporation. This, if accomplished, 
would provide a considerable saving of oil without harm to the 
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bearings. But ability of the wick to deliver oil is affected by 
the conditions in the bearing, namely, by the oil lift and the 
temperature of the oil. 

The relation between oil consumption and the oil lift for 
armature bearings has been found to be of the same character 
as previously shown.? The oil leaks out of the bearing ends at 
a rapid rate immediately after oiling, and slows down with increase 
of oil lift. It is clear that much oil is wasted during the first 
period and that the oil film is in danger when the oil level in the 
oil well is low, at the end of the oiling period. One step toward 
this ideal obtains the previously described oil-sealed housing where 
the oil lift is practically constant during the whole oiling period. 
Service observations on the performance of such housings on 


7 Loc. cit., Fig. 8. 
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fed to the journals with the present oil lift. 

Another experiment in the same direction was made on one 
property where an auxiliary oil chamber was installed on top 
of the pinion end housing of the motor, a small wick siphoning 
over the oil into the waste chamber on to the top of the waste 
packing. The dimensions of this auxiliary dripper were chosen 
to maintain a fairly uniform oil level in the oil well. The diagram 
of Fig. 10 shows the variation of oil level with time from one 
oiling to another, for motors with and without the auxiliary oiler. 
The data plotted are averages from observations on a number 
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10 of motors. The oil consumption was cut down considerably 
| when a constant level was maintained, the performance of the 
9 bearings being quite satisfactory. With a constant level the 
| bearings used 0.99 gill per 1000 miles, while without the aux- 
8 iliary oiler a consumption of 1.8 gills per 1000 miles was regis- 
2 / tered.’ 
x 7 However, the temperature of the oil in the bearing is the most 
i. EF important factor in defining the oil flow. The quantities of oil 
a6 siphoned over by a waste wick depend on several factors: the oil 
2 lift, the density of the oil, the size of the wick, the material 
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of the wick, the size of the capillary channels, the length of 
separate fibers, and the surface tension of the oil and its vis- 
cosity. A combination of a given waste and oil being considered, 
the viscosity of the oil decreases greatly with increase in tem- 


8 This information was submitted by G. H. Koch, W. E. & M. Co., 
East Pittsburgh. 
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perature, while the surface tension remains fairly constant, and 
the flow of oil through the wick grows correspondingly. The 
surface tension is the property which determines the up-suction 
produced on the oil by the waste, and the viscosity defines the 
frictional resistance of the oil to flow through the minute 
channels in the waste. Fig. 11 shows flow rates for various com- 
binations of oil and waste at different temperatures with round 
wicks 1/2 in. in diameter. No particulars are given here 
about the materials used, since the data were collected from 
single samples of oil and waste; only an average of several 
tests with the same oil and waste could be reliable for quanti- 
tative information. The viscosities of the oils for various 
temperatures being known, Fig. 12 shows the rate of flow plotted 
against the corresponding viscosity. The diagram is drawn 
on log paper, and the points fall on straight lines inclined at 
nearly 45 deg. This shows that the rate of flow is inversely 
proportional to the viscosity of the oil.® 

The temperature of the oil in railway motors is generally 
from 40 to 60 deg. cent., i.e., nearly equal to the temperature 
of the motor itself. At this temperature the waste is capable 
of carrying over, the oil lift being the same, several times as much 
oil as it would feed when the bearing is not heated up. This 
is especially true for the winter season when the oil may 
attain very low temperatures with the motor standing still. 
One of the most unfavorable features of waste lubrication is 
therefore the fact that very little oil is supplied to the journal 
until the bearing is fairly warm and the viscosity of the oil 
in the well drops sufficiently. It takes from 15 to 30 minutes 
to bring about such a condition, and during this period the 
bearing must rely for its lubrication on the residual oil held 
in the clearance by capillary action when the motor is not 
running. Naturally the oil film is easily interrupted during this 
period, and disturbances are observed in the operation of the 
bearings. Fig. 13 shows a typical graphic record of friction 
torque in the test armature bearings under conditions of heavy 
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® It should be noted that the high rate of oil flow through the waste 
at low viscosity is partly the cause of failures experienced by railway 
properties using oils lighter than the lower limit of Fig. 8; the oil 
has been fed into the bearing at a very rapid rate, using up the 
quantity in the oil well very quickly and causing the bearing to run 
dry toward the end of the oiling period. 
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loading during the first hour after start. The disturbance in 
the curve due to lack of lubrication is clearly seen. From the 
very start there is enough oil left in the clearance to provide for 
reasonable lubrication. When this initial amount is pressed 
out toward the ends, there is an interruption of the oil film until 
oil is fed from the oil well. 

It is the author’s opinion that most of the bearing failures occur 
during this period of faulty lubrication; i.e., the bearing may be 
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Fig. 15 Groovine Usep 1n TEstT BEARING 


injured some time before the oil started up, further destruction 
being an accumulative process. 

This is another reason why bearings should be started up 
carefully when new or when rebabbitted shells are being run 
in. The surface of the shell being comparatively rough, and 
the lubrication just after start being imperfect, there is the 
probability of scoring the bearing when run at high speed. 
If possible, the motors should be operated one hour at low speed 
and two or three hours at half-speed before entering heavy 
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motors coming back to the shop with bearing trouble just after 
their bearings have been repaired. 

Fig. 14 gives interesting information on oil flow in an armature 
bearing. The bearings were run at different loads—from 20 
to 175 lb. per sq. in. of the projected area. 

The bearings were run at 1500 r.p.m. for a certain time, then 
the speed was cut down to about 150 r.p.m. so that the shells 
could cool off for the next high-speed run. The rate of flow 
of the oil is drawn against time in Fig. 14. Oil starts to leak 
out a certain time after the start, as was discussed above, in- 
creasing in rate with the rise of temperature. After the housing 
is hot, the rate of flow is small at 1500 r.p.m., increasing suddenly 
with the reduction of speed. The temperature being reason- 
ably high, the oil-transferring ability of the waste increases con- 
siderably, but while the speed of rotation is great the partial 
vacuum created in the unloaded part of the bearing holds the 
oil effectively in the clearance. When the speed is cut down, 
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the vacuum is very slight and oil leaks out of the bearing ends, 
hot oil being supplied at a rapid rate by the waste. 


EFFect oF GROOVING 


It has been noticed by engineers on several occasions that 
no marked difference in performance could be seen when ex- , 
periments with different types of grooving were carried out. 
The observed variation in the flow of oil was within the experi- 
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mental error. A series of tests was therefore carried out by 
the author on the 4-in. X 7-in. armature bearings with the 
housing as in Figs. 3 and 5. A bearing was run first with the 
grooving made as in Fig. 15, showing the development of the 
bearing, a series of runs under different conditions being recorded. 
The grooves were then filled in very carefully with solder 
and the recorded runs reproduced approximately. Fig. 14 
shows the oil flow for the two bearings with varying load and 
at intermittent high and low speed. The rates of oil flow are of 
the same order and the character of the curve did not change 
after soldering in the grooves. 

Fig. 16 shows the oil-flow rate for two runs with and with- 
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out grooves under identical conditions. The effect of squeezing 
the waste is similar in both cases, as are the amounts of oil 
leaked out from the bearing ends. The following table gives 
the results of several comparative runs for the grooved and 
grooveless bearings. 
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Duration, hr........ 3 6 7.5 7 
420 420 630 1580 
3/4 7/3 1 and 15/16 
8 

Grooved......... Mi 122.4 
Oil consumed 0.5 57 82 139.5 
Final temp., §Grooved......... 49 45.5 71 105 

deg. cent. Grooveless....... 43.3 46.8 67 100 


1Qil level raised during run. 

2 Run shown in Fig. 14. 

It appears from these results that the presence or absence 
of grooves does not affect the performance of the shell so far as 
the bearing proper is concerned. The question remains whether 
the grooves assist in conveying oil to the thrust collar-flange 
when thrust is applied. The data on oil flow show that the 
chief supply of oil to the flange may be expected immediately 
after stopping the journal or when rotating at low speed. In 
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this instance a groove extending from the bottom of the window 
diagonally toward the collar (groove A, Fig. 15) may be useful. 
The author does not see any justification for cutting other 
grooves in the bearing. Naturally, abolishing grooves in waste- 
packed bearings should not be attempted at present without 
extensive service tests under favorable conditions. A railway 
property which has satisfactory bearing performance would 
contribute greatly to the art if it would undertake experiments 
with grooveless bearings in a number of motors in service, care- 
fully recording the results of the change. 


TEMPERATURES OF THE BEARINGS 


Among others, a series of progressive tests was made to deter- 
mine the ultimate temperatures of the bearings under conditions 
of different loads and speeds. The lubrication was good during 
all these tests; the oil lift was kept between !/2 in. and 11/, in. 

Figs. 17 and 18 show the relation between the ultimate tem- 
perature rise and the load and speed. The exceedingly high 
temperatures recorded are due to the fact that the housing 
was in still air, the cooling being very imperfect in comparison 
with service conditions, especially when air is forced through 
the motor. The charts in Figs. 17 and 18 refer to the temper- 
ature registered by the rotating thermometer sunk into the 
well in the shaft. This temperature may be considered to be 
equal to the average temperature of the oil film, the heat flow 
through the shaft being small. 

The temperature depends much more on speed than on load. 
This is quite natural since the temperature is an indication 
of the work per unit time lost in friction, this work being the 
product of the friction force by the peripheral velocity. When 
the bearing reaches a steady temperature the friction force 
does not vary much for different conditions, since the increase 
in temperature decreases the viscosity of the oil on which the 
liquid friction in the bearing depends, a certain self-balancing 
process being thus formed. Therefore the temperature curves 
at constant velocities and different loads are very flat. Only 
at high loads and high temperatures, when the load-carrying 
capacity of the oil film is impaired by the low viscosity of the oil, 
does the friction increase with the load. The shape of the tem- 
perature curves for constant loads and various velocities shows 
that the friction force decreases actually with higher velocities, 
the drop in viscosity counteracting the increase in viscous 
friction due to higher velocity. 

Results of an experiment with cooling, when a jet of air was 
blown on to the hot part of the housing, are shown in Fig. 19. 
The new temperature curves run parallel to the curves without 
cooling. Unfortunately the volume of air could not be measured, 
but it was not large. More extensive experiments on the effect 
of air cooling are in progress. 

It should be noted that the babbitt lining in the bearings 
was not damaged by the high temperature. The waste was in 
perfect shape when inspected after the tests, no glazing being 
present. It appears that when properly lubricated and with 
dirt kept reasonably out of the clearance, no glazing should 
occur in elastic woolen waste. 

The distribution of temperatures over the shell was inves- 
tigated by means of the thermocouples sunk into the shell 
and thermometers along the pressure zone, as shown in Figs. 
4 and 5. The difference in temperature between the mid- 
dle of the shell and its ends, on the top, was from 10 to 15 
deg. cent. when a constant state was reached. The temper- 
atures along the circumference of the shell vary as shown in 
Fig. 20. The temperature of the shell on the top, i.e., under 
the load line, is about 10 deg. cent. higher than the temperature 
registered by the thermometer at the center of the journal; 
the temperature of the lining proper at this point is probably 
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about 15 deg. cent. higher than the average temperature of the 
oil film registered by this thermometer. The difference in tem- 
perature between top and bottom of the shell reaches 30 deg. 
cent. at high speeds, which is important with respect to the 
distortion of the shell described in the previously-referred-to paper 
on waste-packed bearings. 


CONCLUSION 


The principles of operation of waste-packed armature bear- 
ings described in this paper show that although it is true that 
the waste and oil supplied at present are of a worse quality 
than they formerly were, it is yet possible to obtain good perform- 
ance from these bearings. The new designs of motor housings 
have to take into account the laws of operation of the waste- 
packed bearings in order to provide a higher safety margin. But 
it is also important that the operators of the motors should com- 
ply to a certain extent with the principles brought out in this 
discussion. Having in mind these principles, an engineer will be 
able to work out, with consideration of the particular con- 
ditions of the given railroad, reasonable rules for oiling, pack- 
ing, and general maintenance of the bearings in order to obtain 
the best results. 


Discussion 


Ronatp Butkiey.” Referring to Fig. 12, it is not clear 
what the purpose is in choosing logarithmic coordinates if, as 
the author states, the rate of flow is inversely proportional to 
the viscosity of the oil. 

In Fig. 21 here given we have transposed the curves of Fig. 
12 to uniform coordinates, using as abscissas the reciprocals 
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Fig. 21 Rate or Firow AGarinst Fiurpiry 


of absolute viscosity or fluidity. The resulting graphs depart 
considerably from the straight-line curves, passing through the 
origin which would be obtained if the logarithmic graphs of the 
author were actually inclined at 45 deg. as intimated. 

With sufficiently great hydrostatic heads the influence of 
surface tension upon the rate of flow in capillary tubes becomes 
negligible. Under these conditions the rule holds that for a 
given head the rate of flow is inversely proportional to the abso- 
lute viscosity. But the heads assisting to produce flow in the 
waste of an armature journal are admittedly small, and under 
these circumstances, as shown by Herschel,'! no such simple 
relation exists. 

An idea of the error introduced by the assumed simple propor- 


10 Junior Chemist, Bureau of Standards, Washington, D. C. 
11 Industrial & Engineering Chemistry, vol. 19, p. 837, 1927. 


| 
ity 
t 
j 
4 
ys 
q 
4 
& 
4 
\ 
4 
A 
is 


10 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


tionality may be obtained if we average with a straight line the 
two lower points of curve I plotted to uniform coordinates, and 
extrapolate to the fluidity represented by the topmost experi- 
mental point plotted. The result is an indicated rate of flow 
of only 6.5 grams per hour, whereas the.author actually mea- 


sured 9.5, a value nearly 50 per cent higher than called for by, 


his rule. ° 


ALLEN F. Brewer.!? Two points only of criticism occur to 
the writer: one, a constructive suggestion; the other, regretfully, 
of a destructive nature. 

It is noted that in his discussion of adequate fluidity and the 
selection of oils for service at low winter temperature, the author 
stresses viscosity alone. Undoubtedly, this is a vital character- 
istic, being, as it is, a measure of relative fluidity in any oil. 
Equal importance, however, should be attached to the pour test, 
or temperature of probable congealment, for the pour test may 
be regarded as a measure of the relative sluggishness. Low 
pour test in oils for cold-weather service is practically manda- 
tory. In certain cases the viscosity might easily be right, but 
by virtue of its wax content the oil in question might tend 
to congeal prematurely and cease to flow through the pack- 
ing. 

Of course, warming up a bearing will correct this, just as it 
will reduce the viscosity, but perhaps not until considerable 
wear has occurred. It is absolutely essential that the oil be 
capable of flowing when the system is cold, i.e., on starting. 
The pour test rather the viscosity will be indicative of this 
ability. 

The other point of discussion involves the author’s intro- 
ductory and concluding remarks as to waste and oil for waste- 
packed armature bearings being of worse quality than formerly. 
The writer must question this from the lubricating-oil viewpoint, 
in due justice to the reputable manufacturers of such products. 
The author should state the basis from which he draws this 
conclusion. 

The manufacturers of bearings, of transportation equipment, 
and of productive machinery have imposed severe requirements 
upon the manufacturers of lubricants during the past few years. 
Demands for increased production and range of operation have 
called for more highly developed coordination in machine de- 
sign, construction, and layout. Such production has naturally 
increased the load on the common carrier, be it of the freight 
or passenger variety. These loads have been met, car mileage 
has been extended, and production has increased, in very many 
instances, with reductions in unit power consumption. 

Could all this have been possible had lubricating oils de- 
creased in quality? The writer believes not, for we can virtually 
assume that machine output and operating efficiency today are 
contingent upon lubrication. The oil industry has realized 
this, and the fact that production is able to keep pace with de- 


12 Mechanical Engineer, The Texas Company, New York, N. Y. 
Mem. A.S.M.E. 


mand is indicative that lubricants of the reputable manufacturers 
are, if anything, increasing in quality. 


A. E. Firowers.'* The author has not sufficiently stressed 
the two different functions that must be performed by the waste 
in a waste-packed bearing. Most of us have thought only of 
the effect of the capillary lift in carrying the oil to the height 
required for use. Probably very few have thought of its next 
function, which is to deliver that oil to the running journal 
surface. An important contribution has been made in segre- 
gating those two. 


Tue AvutHor. Replying to the criticism of Mr. Bulkley, 
the author must state that he does not see any basic difference 
in the methods of plotting results, the one advantage of using 
logarithmic paper is that it is a labor-saving device. It would 
be difficult to definitely state that the inverse proportionality 
mentioned in the paper is an exact law, and consequently de- 
viation from a straight-line relation between the flow of oil and 
inverse of the viscosity is natural. 

The pour test, the importance of which has been pointed out 
by Mr. Brewer, is not mentioned in the present paper, since it 
deals mostly with the mechanism of a waste-packed bearing 
rather than with the proper qualities of oil. The author appre- 
ciates Mr. Brewer’s resentment at the statement concerning 
the deterioration of oils, but while he may be in error, he has the 
impression that with the growth of production the number of 
cracking processes has been increased and the oils have become 
more specialized. We are often told that the oils produced by 
the refineries give excellent service on rolling stock, which is no 
doubt true, but in several instances the author has observed that 
oil-company engineers do not always appreciate the difference 
between the conditions in a car-journal bearing and in a motor 
bearing. In the latter case the oil is siphoned over to the bear- 
ing, the used oil being lost. The author is therefore not con- 
vinced that the oil sold at present for waste-packed bearings 
is the right oil for the armature journals of railway motors. The 
main object, however, of the author’s remark was to call the 
attention of the oil producers to the importance of keeping the 
machine builders, such as the author’s company, informed better 
than they are at present on the recent developments in the pro- 
duction of lubricating oils. Cooperation between oil manufac- 
turers and manufacturers of electrical machinery will be of bene- 
fit to both, and to the industry as a whole. 

With regard to the remark of Mr. Flowers, it is true that in 
the present paper the difference between the capillary lift of 
oil in waste and the oil-delivering ability of the waste is not 
mentioned explicitly. This question, however, was treated in 
the author’s previous paper before the meeting of the Society 
in December, 1926, and more work on the subject is being done 
at present. 


13 Engineer in Charge of Development, DeLaval Separator Co., 
Poughkeepsie, N. Y. Mem. A.S.M.E. 
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Analysis of Strains and Stresses in a Wristpin 
An Application of the Mathematical Theory of Elasticity 


By GUY B. COLLIER,' NEW YORK, N. Y. 


elastic cylinder subjected to a bending-moment loading 
are integrated on the basis of knowing the form of the 
axial stress intensity. 

Complete expressions are obtained for the three orthogonal 
strain displacements and thence for the radial and tangential 
stresses at any point of the metallic member; these last two 
combined with the axial stress give the resultant intensity at 
points in question. 

The solution involves certain constants of integration which 
make it more general in character than the conditions involved 
in the wristpin application. The analysis can readily be ex- 
tended, as is indicated in part, to shafts subject to a twisting 
moment in addition to a bending moment and for other types of 
loading; this makes the analysis all the more important as it 
covers most practical cases of loading for cylindrical members. 

A numerical illustration of the solution is given for a wristpin 
1'/s-in. outside diameter and */3:-in. radial thickness, having 
outer and inner case-hardened shells ‘/e in. thick which are 
assumed to contribute nothing to the strength of the pin, 
thus leaving a tough core of metal '/i,in. thick to carry the load- 
ing. The motor has a 6-in. stroke and a 3°/,-in. bore; peak 
pressure is assumed at 334.7 lb. per sq. in. abs., making a static 
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load of 3534.3 lb. The connecting rod weighs 3.953 Ib. and the 
weight of piston is taken at 2.5 Ib. for cast iron, 1.015 lb. for 
lynite, and about 0.606 Ib. for magna metal. In previous work 
expressions were obtained for the thrust load upon the connecting 
rod for various angles in the shaft rotation, the thrust being the 
resultant of (1) static load minus the inertia load, and (2) the re- 
action from the cylinder wall. 

To get the maximum upper limit stress in the wristpin only the 
static loading was used and this was assumed to act impulsively 
and thus be equivalent to a quiescent load of 7068 Ib., or 7100 Ib. 
in round numbers, carried by the wristpin, which is, of course, an 
excessive value as compared with actual practice. 

On the foregoing basis calculations of the three stresses and the 
three mutually perpendicular shears are made at certain points 
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on the inner and outer surfaces of the '/,-in. shell, thus giving 
the extremes. The calculations show that the parts of wristpin 
within the connecting-rod sleeve and the piston bosses can be 
made less in thickness, while the part of pin in the gap between 
sleeve and boss needs to be reinforced or made thicker. 

It will be readily seen that wristpins can be made considerably 
lighter than in present-day practice and still have strength 
where required. Such construction, illustrated in exaggerated 
form in the accompanying drawings, among other things will 
reduce the inertia losses and lessen vibrations in motors. This 
type of wristpin, illustrated in Fig. 7, has been covered by a broad 


| | | | | 
m/in. | H | m/in. 

LA | | 

| 


Fie. 2 


and comprehensive U. 8. patent (No. 1,568,209) in which its 
features are fully described. 


LONGITUDINAL Stress INTENSITY AT ANY PorIntT WITHIN THE 
Pin, Dur To THE FLEXURAL LOADING ON THE MEMBER WHOSE 
Enps ARE FIxep 


Referring to Figs. 1 and 2, the wristpin must be regarded as a 
beam fixed at each end, and having a fixed load uniformly 
distributed over the length l’, while 21, + l’ is its clear span; 
l. being small compared with l’. The length of each fixed end is 
l’’. The fixed load is 7100 lb., and the fixing of the load to the 
pin is effected by means of the bushing and its enclosing sleeve 
at the upper end of the connecting rod. The mean effective outer 
radius of the connecting-rod sleeve is ram. 

In a vertical plane M = S; I’/c expresses the equality of ex- 
ternal and internal bending moment; S, is the fiber stress distant 
c from the neutral axis; J’ is the moment of inertia of the cross- 
section of the pin. For a hollow cylindrical pin, 


rot — 
c T2 


The stress at outer surface of the connecting-rod sleeve is 


S z z 
a[rsm* — ri‘] 


where M, is the bending moment at a section distant z from cen- 

ter of wristpin. This assumes no appreciable slipping of bound- 

ary surfaces of pin, bushing, and sleeve, to be caused by flexure. 
The stress on the surface of the pin in a vertical plane is 


Mi(x2) [A,-1] 


This equation expresses the fixation of the load; i.e., the pin 
cannot bend, within the J’ range, without the bushing and con- 
necting-rod sleeve bending therewith, 
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Consider a beam with overhanging ends, each of length l’’ 
and each loaded uniformly to an intensity m per unit length, 
the loading being of such a magnitude that the elastic curve is 
parallel to the Y = 0 axis at the end supports, which means that 
the ends are fixed. Then from the symmetry of the layout 


R, R, = wl’ 
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where 
wl? 


M;1 is the bending moment at the left support, and from this the 
loading intensity m to produce fixation of the ends may later 
be found. 
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and also by moments it is found that 
2 
The bending moment at section 2’ is 


” P 
M,' = Ry’ — ml” — (x’ — 1.) w (: 5 


which simplifies into 


= M, + (= 4 wt.) — Sa" 


d 
is the slope to the elastic curve. Now = = 0 when z’ = 0 


and therefore C = 0, since the pin is fixed at the origin, O’. 
Also dy/dx’ = 0 when x’ = 21, + 1’, and hence 
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and 
E (21. + l’)? | [A:-3] 


When x’ = 21, +1’, M = M,. That is, the bending moment at 
each fixed end is the same. 

For use in connection with the elasticity-analysis equations we 
need M;, where z is ec” from origin O, the center of the 


pin. Substituting xz’ = 1. +5 + z and simplifying, we get 


M: = +5 (2le — (Ole 
[Ar-4] 


This equation defines the bending moment at a section at dis- 
tance z from the center of the pin. 
At central section 


w 
Mo = (2h. + 


is the moment at the end section of the connecting-rod sleeve. 


w 
Me = Mi = — 


as already obtained, and is the moment at the connecting-rod 
sleeve end of the piston boss. 
In [A;-4], put Mz, = 0 and it is found that 


1 
z (2 +H) 
so that 


V3 \" +3 
defines the section where the moment vanishes. 
When x<%, M,>0; thai is, part of pin to right of section is 
subject to counterclockwise rotation. 
When z>2%, M.<0; that is, part of pin to rs of section is 


subject to a clockwise rotation. When z = — 5 + lL, Mz = 


— = (21. + l’)?; that is, piston-boss load subjects the l’’ part of 


pin to a clockwise rotation. Consequently there will be longitu- 
dinal tension on the bottom of the pin, over its central part; 
there will be compression over the remaining bottom part. 

Let Ni be the stress intensity parallel to the X-axis, its value 
depending upon the point of the pin in question. There are 
five conditional values of Ni. (See Fig. 3.) 


(1) Ny = 0 when = Oand 0 $ z $1'/2, and out to 
(2) = 0 when ¢ = x and 0 $ = $ and out to 5 


+l,n Sr Sm. 
(3) When ¢ = or the bending moment (in this’ vertical 
plane) is 
= = = 2 


and hence in this plane and atr = r,and0 S$zS > it has been 
shown that 
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a negative value being a compression and a positive value being a 
tension; 2» being the section where N; = 0. 


(4) Over the length /. and for ¢ = > 


Ni = (2le + 


— ri 4] 


(5) On the inner surface of the pin where r = r; and ¢ = 
3x 
: or — 3? , N; is obtained by putting r; in place of r. in the numer- 


ators of the above. 
4r 
= 
w(2l. + 1’)? 
— 


Obviously Ni = 


— sin where / = 


and J= 


is the simplest and lowest order expression which satisfies con- 
ditions (1) to (5) inclusive. 

Note that rz has its largest values for the piston boss and the 
connecting-rod sleeve parts; for the J, region of the pin rz = re. 

If there should be any terms of higher order in N; involving 
sin” ¢ or otherwise which satisfy the above five conditions and 
also constitute a solution of the elasticity system of equations, 
it is obvious that the numerical values of such terms could only 
be a small percentage of the value of N; as defined by [A;-5]. 
Therefore for practical purposes 


N,; =r[I —Jz’] sing 


is the longitudinal stress intensity at any point within the 
homogeneous core of the wristpin; this value results from flexural 
loading of the fixed-end wristpin. 

The upper figures of Fig. 3 are self-explanatory. The lower 
figure represents, highly magnified, an element of volume in 
cylindrical coordinates, and shows the forces and shears acting 
on this infinitesimal element. 

T., is the shear intensity in the surface x 
the element rdgdr, and directed parallel to r. 

T,¢ acts on dzrd@ in direction of ¢. 

Tz acts on dzdr in direction of zx. 


= const., acting on 


N; = intensity of normal stress in direction of x. 
R = intensity of normal stress in direction of r. 
N¢s = intensity of normal stress in direction of ¢. 


The intensities of normal stress and shear take on other values 
on the opposite faces, and are omitted from Fig. 3 for sake of 
clearness. There are also three other shears, 7,2, Tr, and T'2¢, 
which are not shown. 

Thirteen equations are involved in expressing the relations and 
magnitudes of the three orthogonal stress intensities, the three 
orthogonal shears, and the three orthogonal strain displacements 
called into existence by an external force, and this last requires 
three equations to represent its action. The foregoing constitute 
fundamental relations involved in the mathematical theory 
of elasticity.? 


2 See ‘‘Mathematical Theory of Elasticity,” by A. E. F. Love, 
pp. 41, 56, 83, 85, 89, 98, 123, 276-278,and elsewhere for oe 
and discussion of the "following system of Equations. See also Wm. 
H. Burr, “Elasticity and Resistance of Engineering Materials,” 
1915 Edition, pp. 880-886 for derivation of the above referred to 
equations. 


q 
4 
2w 
m[rz4 — 
| 
4 
| 
| 
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It is shown that = T:zr, = Tor, and Tgz = T2¢, 
since z, r, @ are rectangular. The strains or strain displacements 
in directions z, r, ¢, respectively, are u, p,andw. Xo, Ro, and ®p 
are the components of the external force per unit volume; i.e., 
the components of the body force. The density or mass per 
unit volume of the body is m, and the time element is ¢t. The 
general equations of motion (vibration) in cylindrical coordinates 
are shown to be: 


ON, OT 107 ¢z Tre + xX 

ox or r r dt? 

ox or r Oo + T ot? 

OT¢z . 1 2T o*w 

or «(Or r at? | 


These three simultaneous partial differential equations are not 
dependent upon the nature of the body. 


Let E = unit stress per unit strain = modulus of elasticity 
(modulus for tension and for compression are taken 
equal) 

= 1/; to tension 

= Poisson’s ratio, lateral strain divided by direct strain 

= 0.303 for steel. 


Eshear 


G a constant for a truly homogeneous body. 


_ 

21 +A) 
As we are concerned only with the equilibrium of the wristpin 
and not with possible vibrations, the right-hand sides of equa- 
tions [By] vanish; body forces such as gravity do not enter, 
and the system simplifies to 


re) Tvs 1 T oz T +s 


MO... B 
ox or (Od r 
OR 107 R—N 
«6........ [B:] 
ox or r %&% r 
OT 1 ON. QT, 
ox or r Oo 


which are the equations of a cylindrical body in equilibrium. 
These equations of equilibrium will be restricted to elastic 
cylinders only by expressing the six stress intensities in terms of 
the rates of variation of the strains, thus: 


ou p 
The cubical dilation 3 = start [Bs] 


is the rate of change of volume; i.e., it is the increment of volume 


per unit volume. 
Noo = i + 2G (2 + [Bz] 
Tx =G (2 + ~) [Bs] 


Equations [B;] to [Bio] inclusive express the normal intensities 
and also the shearing intensities in terms of the strain displace- 
ments u, p, and w. These equations together with [B,] to 
[B;] define the stress intensities for an elastic body in equilibrium. 

The constants of integration are determined by aid of the 
following surface-impressed loading: 

Let p, gq, r’ be the direction angles, which a normal to exterior 
surface makes with the z, y, and z axes, let P be the force intensity 
applied to exterior surface and let 7, x, p’ be the direction angles 
of P. It is shown that the exterior surface-condition relations 
are 

Nicos p + T., cosq + T:¢cosr’ = Pcosz....[Bu] 


T.,cosp + Reosq + 7T,¢cosr’ = Pcosx....... [Bi] 
cos p + T,¢ cosq + Nog cosr’ = Pcosp’....[Bis] 


For the wristpin problem, the law governing the exterior 
surface loading intensity P is unknown; the loading, due to the 
connecting-rod sleeve acts radially, the intensity distribution 
will later be found. The longitudinal stress intensity due to the 
flexural loading is ‘ 

it 
for which J and J have constant values for the respective regions 
of the wristpin. 

The foregoing system of equations will now be solved, subject 
only to the fact that the wristpin is subject to a bending moment, 
which results in the above value for Ni; the solution thus obtained 
will be very general and will apply to a cylinder having a more 
complicated external loading than is the case for the automobile 
wristpin. 

The simplest generalized functional representations of the 
strain displacements that satisfy Equations [B,] to [Bs] in so far 
as the trigonometric functions are concerned are 


N, = —ZJ2?) sing 


u = U(r,z) sin ¢; p = P(r,z) sind; w = W(r,x) cos @ 


There may possibly be some higher-order trigonometric- 
function terms involved in p, and w, but probably not in u, 
which would also satisfy Equations [B,] to [B;]._ Such terms, if 
any, could only add small percentage corrections to the numeri- 
cal values obtained on the above bases, consequently no en- 
deavor is made to investigate any higher order trigonometric 
terms. 

On the above basis of functional representation 


Also 
R= 9 sing [Bs-1] 
Noo = + 2G )sing. [B;-1] 
To =G (2 [B,-1] 


w 
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Substituting N, = r(J — Jz?) sin ¢ and the above functions 
into Equations [B,], [B2], and [B;], and simplifying, we get, 
respectively 


1/oU . oP 1/ow U 2rJ x 


1 OP 2—2\0°P 1 10W 


2—210P _3—4\W 3—4\P 


ew 1 12U 1 10P 
ox? or? 1—2vAr Or 1—2Ar Or 
10W 3—4AP 3—4\W 


Substituting N, in [B;-1] and simplifying, we get 


oU oP W 

(1 d= + rd —Jz*).....[Bs-2] 

o[B;-2 
Now ue — A{B-1] simplifies into the very important 
equation 


From this equation U can be determined as a function of x 
and r, so that u = U(z,r) sin ¢ strain displacement will thus be 
found. 

To solve [B,-2], put U =rX + <R, where X is a function of 
zx only, and RF is a function of r only. Substituting and simplify- 
ing, we get 

OX Jr AR 


ad? 
If z = 0, the equation becomes = = 0, and it follows that 
X = const. and hence U = r X constant. 
When zx + 0, the equation can be written 


10°X J rAOR dR 
1— A) - —+4+- =-— 4+ — 
( te r Or? r? Or r3 


As the sides of the equation are respectively functions of x only 
and of r only, these must each equal a constant a? in order to be 
equal to each other. 
Consider 
oR + 10R 
ror 
(See Forsyth, ‘Differential Equations,” p. 87.) Let R = wo 


where w and v are each functions of r. On substituting we have 
for determining a value of w, the equation 


dw idw 1 
dr? rdr_ fr? 


and hence w = r is the simplest solution; this is all that is 
necessary in order to obtain v from 


this greatly reduces to 
dr 1 a?r4 A 
where A and B are constants. Therefore 
A 
R = rB — 


is a part of the solution desired. The left-hand side of the equa- 
tion becomes 


ax dx? 


which reduces to 


1—A 
whence U = rX + 2R becomes 


and therefore 


xz? 
X = 6 + + 


U = i Cire + Cir + 
Therefore 
J 
U= + Cirz + Cor — C; + [B,-3] 


This is the strain displacement factor U(r,x) which enters into the 
strain displacement u = U sin ¢. 

It is readily seen that [B,-3] contains the solution for the 
case x = 0, for which U = Cor. The plane through the origin 
and perpendicular to X-axis is a plane of symmetry. The value 
of U on the surface and in the symmetrical plane is Up = C2r2. 
As this is the section of symmetry from which tension takes 
place along the bottom central region of the pin, we may take the 
displacement at this section (for certain cases) equal to 0, i.e., 
C, = 0. 

Obtaining the above value of U constitutes a long step forward 
in determining P and W. 

Substituting U in [B;-2] and simplifying and also making a 
partial differentiation with respect to r leads to the relations 


4. 
APM-50-2 5 | 
1 1 

ow dr — J-d 1 — J-d 

1 

=d 

a*r? 
ox 
| 
J 
im 
i | | 
| 

or r r ( ) { r + 8r 
1— 2d a’ J 
10W P 1 OP 1 — 2a 
a J C; a 
Re 
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Substituting U into Equation [B:-1] and simplifying, we get 


2— 2d 0°P 1 1 oW 2— 0P 
or 1—2 r Or 1—2\ ror 


3—4.W__3—4\P 1 G 
/2 


Substituting 0°P/dr? from above 


W 10W P 1—A 
Ou? + r? r or r? Gr 


= 0 [B.-2] 
Substituting U in [B;-1] and simplifying, gives 
ew 1 lop _3—4\P 
Ox? or? 1—2r or ror) 
J 
3— 4. W 1 G +O,— Cs 
=0 


re) 
Substituting - = from [B;-3] and simplifying we get 


2W I 


+ or? r? 2G) 


ow 

or 

+> GJ \n 
= 0....[Br2] 


Adding the last equation of [B;-3] to Equation [B:-2] we get 
the following important relations 


1 Cs; 3a?r? 
+ — 8 sen} =0....[B-3] 


Adding [B;-2] and [B,-3] we obtain the very important equation, 


ow oP ow oP 1/oW op 


+ ae} = 0....[Bu] 


This equation can be integrated, as will be shown, and leads to 
the determination of the functions W and P. 


Put W + P = Z, where Z is a function of rand z. The 
above equation can now be written 


102 Cs 3a*r? 
where 
1 J a 2 I 
=, (5-2): Nass; [Bu-1] 


Put Z = X + R, where X is a function of z only, and R is a 
function of r only; [By-1] now becomes 


oR 
(2 +P + at) 


Cs 3a%r?\] 
— N (2 = b?....[By-2] 


That is, each functional relation must have a common constant 
value; whence 


d*X 


7 (b P) — Mz 
and therefore 
M. 
= — P) = + Bir + =X, 
and also 
@R C3; . 3a*r? 
ort) 


dR 
To integrate this put u = - and the equation becomes 


(See Forsyth, p. 18.) The integral of this linear form becomes 


dr dr 
p = Be 


This reduces to 


Bs Cs 3a?r? br 


NC; N3a*r?_ dR 
Therefore 
R= B; log r 4 + NC; 2 128A + B, 
where B; and B, are constants. . 
Therefore, 
N3a?r4 
So that 
br? NC. N3a?r4 
W=X2:+ log r — (log + + & 
[Bu-3] 


J 
zx 
1 2(1—A)? C; 3a?r? 
| 
= - = — p? 
N + sr) dr 3 
| 
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Substituting this value of W in the first equation of [B;-3], we 
get 


t| 
r r 4 
1 (log r)? N8a?r? Bl 
( x ) {or 


3 
r + 
In this equation there are two independent variables z, r, 
whereas only the partial derivative with respect to r enters. 
(See Byerly, p. 346.) We therefore integrate regarding x as 


constant and then replace the constant of integration by an ar- 
ened function of z, whence 


2dr 2 dr 2 dr 
= Bee IF +e (right-hand side) JF dr 


this yields 
_ 
4 16 


N C3 1 2 1 1 N3a?r4 B, 


1—A Cyr? C3 


This important expression is the radial strain displacement 
factor in p = P(r,x) sin ¢, fo(x) being the arbitrary function. 
Substituting P in [By.-3] we obtain 


folz) ly 3 
NC; 5 N3a%t By 


Cir? Cs 


This important expression is the tangential strain displacement 
factor in w = W(r.x) cos ¢. 

Equations [By-5], [Bu-4], and [B,-3] constitute the solution 
of the simultaneous system of partial differential equations which 
govern the strain displacements in a cylindrical elastic body in 
equilibrium and subject to a bending-moment loading. 

The expressions for the three orthogonal normal-stress in- 
tensities and for the three orthogonal shearing-stress intensities 
are now readily obtained, as follows. 

Equation [B,-1] becomes on substituting the values of U, 
P, and W 


J 
Zz 3 


or seve [B-2] 
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These are the new expressions for the cubical dilation, i.e., 
the expressions for the increment of volume per unit volume. 
Substituting in 
2Gr du 


Ni; = 


and simplifying, we get the expression 
Ni = — Jz*) sind 


which is the longitudinal stress intensity originally obtained from 
the bending moment, see Equation [A:-5]; hence, obtaining this 
value for N; constitutes a positive check on the correctness of all 
of the intervening work. 

The longitudinal stress intensity is 


Ni = r(I — Jz*) sin ¢.............. [Bs’] 
Substituting in 


we get for the radial-stress intensity 


Ir @ (J 


2r 8 


128d x 2 
3 

sin ¢....[Be’) 
Substituting in 

2Gr P 
Noo = sin ¢ 


we get for the tangential stress intensity 


r3 2r 8 


NCs1 /1—a\ Cr 
3 128d x 


Substituting in 


or oz 
we obtain 
J 
ut 1 


1 fo'(x) 1J 


: 
4 1— 2a + or 
A 
4 
——-+— ....[By’ 
_ fou , 
1 — 2r Cs; a’r3 a* 
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Substituting in 
P ow W 
we obtain 
4fo(z) NC; , 8 N8a*r? 
Or + 3 128, 


1—aA\(CGr Cs; 1—aA\ (Cir 
Substituting in 


we obtain 


Tox (b? — P) 


J 
G 1 


+ gr? cos ¢....[Bio’] 


The normal stress intensities and the three shears involve re- 
markably simple functions; and the above expressions are re- 
markably simple in view of the fact that they result from the 
solution of the three simultaneous partial differential equations 
relating to an elastic cylinder in equilibrium and subject to a 
bending moment. 


EQUATIONS FOR DETERMINING THE CONSTANTS OF INTEGRATION 


l 
FoRO ry SuRFACE ConpDlITIONS IMPRESSED UPON WRISTPIN 


i’ 
Over the region r = and x @ 2m, and 5 + 


, 


. +1. +’, there is set up a variable radial intensity of com- 


pression by the piston boss communicating a vertical load of 
7100 + 2 = 3550 Ib. total. 

This downward vertical total of 3550 is balanced by an upward 
reaction within the half of the connecting-rod sleeve which totals 
3550. At any point of contact the connecting-rod sleeve acts 
radially on the pin and this sets up a variable compression 
intensity over half of the pin within the half sleeve. Character- 
* isties of this impressed surface compression intensity resulting 
from the vertical upward thrust of the connecting rod are 


l’ 
(1) r=r,¢ = 0,0 and also out +l +1", 


R = R,z = 0, along this surface line; i.e., the vertical thrust of 
the connecting rod cannot have a hevinonted wane 


(2) r=n¢=7,0878 and also out to +1.+1", 
R = R, = 0, for the reason above given. 
1’ 


(3) sin @ (red¢dz) = 


0 
That is, the sum of the vertical components of the radial im- 
pressed loading is total vertical load carried; this applies to the 


regionr=r,0S¢57,0828 3 In the above integral, 
R, is the variable radial intensity impressed on the wristpin 


surface by the connecting-rod sleeve. 
by [Bs’]. 

See Equations [By] to [B:3]. The normal to the surface of 
the wristpin makes the directional angles p = = 
—. The directional angles of the line of action of the impressed 
= In 
view of the above Equation [Bu] yields the relation 


The form of R is given 


surface intensity P = R; are x = >, x 


Tz, cos 6+ 8in = 0 whenr Os¢sr 
Substituting in this equation and noting that sin ¢ inet a com- 


mon factor, we get 
a? — — 
G 1 1 


+ + Bs) + 


it! 
2h 


Since the foregoing relation is to hold over 0 < x S l’/2, we get 


J 
a? — 
2 
Using the relations M = ——— 


— NC,, see [By-1], we obtain from the above conditions 
a? = 2Jd/G(1 + dA) 


which completely determines this constant. 
The second condition leads to the equation 


2/ : [Bis-1] 


In view of the directional angles and the surface intensity, 
Equation [B,.] yields 


R, cos + Tree sin = P cos 


for ar = r2 surface condition. 

Now P is the variable radial compression intensity impressed 
on surface of the wristpin by the connecting-rod sleeve, so that 
P = R:, both being the common radial surface intensity on the 
wristpin and acting at angle ¢. 

Putting P = Re, we get that T,¢. = 0 on the surface r = r; 
and within the range of connecting-rod sleeve. 

In view of 7,¢2 = 0, Equation [B,’] yields: First, fo(z) = 0, 
hence for the connecting-rod sleeve loading on the wristpin, the 
arbitrary function of z vanishes. 

Second, the remainder of the equation yields 


= (4 — d) 


. - [Bis-2] 


In view of the foregoing, Equation [Bs] yields 
Noe: sing = Psing 


That is, Ngg2, tangentially = R2, radially; both being com- 
pressions. Since Ngg: = R, the following equation results: 


ow U 
To: = G| — +— | cos 
or or + 
3550. 
| 4 
4 
| 
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B; 1 C; + 2d) 
+) 


The condition 


sin red¢dz = 3550 
0 0 


leads on substituting and integrating to the relation 


4d * 24 


1+ ,A\l’ 
— argo, + — 


+e 4 {-i+8 
2 


this readily reduces to 


1+) b*r,? 
(+) (2— + = log + Bs 


The four foregoing equations ([Bi-1 to 4]) serve to give 
the complete determination of the constants of integration 
C,, b?, C3, and Bs; a* having previously been determined. The 
loading of the wristpin, in practice being such that f(z) = 0 


and also Cs + 5 B, = 0. 


The strains and stresses were determined subject only to the 
condition that the wristpin (whose ends are fixed) has a bending 
moment impressed upon it; this results in the given very general 
solution. 

It ought to be possible to find readily strains and stresses in 
other cylindrical members, subject to a more complicated loading 
than is the case for the wristpin, by some slight additional con- 
ditional equations which will result in specific determination of 
the unused constants and the unused arbitrary function of z. 


MopIFICATION IN FoRMER SOLUTION FOR CASE WHERE A TWwISsT- 
CoupLe (WHosE PLANE Is PERPENDICULAR TO THE X-AXIS) 
AcTs ON THE WRISTPIN 


Normal sections of the pin, originally parallel to ZOY, will 
not remain plane after torsion. For a differential element 
of volume, the tendency of this element to twist about an axis 
through its center and parallel to the X-axis is negligibly small 
compared with the tendency to rotate about a radius, ¢ = const., 
and also to twist about a tangential line; i.e., a line perpendicular 
tor = constant. 

The twist about the X-axis for an element would be due to 
T,¢ and therefore T,¢ = 0 throughout the body of the pin 
constitutes a condition usable in determining constants of in- 
tegration in the equations defining the normal stresses and 
shear in a pin subject to foregoing bending moment and also 
subject to a twisting couple whose plane of action is parallel to 
ZOY. 


Dimension Data OF WRISTPIN FOR THE CorE WITHIN Con- 
NECTING-Rop SLEEVE 


The following data relating to a wristpin for a 3°/,-in. piston 
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will serve to illustrate the application of the equations derived 
in the wristpin analysis; due to the pin having a large 
diameter and a tough core of small radial thickness the computa- 
tions will reveal some unexpected results in magnitude and 
character. 

The outside diameter of the wristpin is 1'/, in., with a radial 
wall thickness of #/32 in. of which '/ in. is thickness of case hard- 
ening at outer and inner surfaces. Neglect any strength that 
may be contributed by the '/«-in. hard shells and rely only upon 
the !/,s-in. tough core. Then 


re = 0.5625 — '/e, = 0.546875 in. 
r, = 0.5625 — 0.09375 + 0.015625 = 0.484375 in. 
145/16 = 1.9375 in. 
1/16 = 0.0625 in. 
= 23/3 = 0.71875 in. 
X = 0.303 is Poisson's ratio for steel 
E = 30,000,000, average value of modulus of elasticity for 
steels 
G = E/2(1 + A) = 11,512,000. 


The mean radius of connecting-rod sleeve is r:m. The thickness 
of the sleeve bushing may be as low as '/;5 in. Average thick- 
ness of the connecting-rod sleeve is chosen '/, in., 5/3: in. being 
the thickness at center and */3. in. at its outer ends. Therefore 


ll 


9 1 1 
T'3m = 0.75 in. 


By using this value for rs, the resulting stress intensities will 
be higher than will result in choosing rsm a little larger: 


w = 7100/l’ = 3664.5 


From [A;-5] 
= 3164.3 
while 


ri‘] 


These values of J and J apply only to the part of the pin 
within the connecting-rod sleeve. 

With the foregoing data Equations [B,;-1 to 4] become, re- 

spectively, 

8.6006 C, + Bb = 0.0007292....[1] 

— 0.136719b? + 10.2415 C;=—0.000098955. . [2] 

— 1.8286B; + 0.136719b? + 17.526C;= 0.000021493. . [3] 
— 1.2861C, — 5.2842 C; + B; 

— 0.074766b?= 0.000112464. . [4] 


[3] + 1.8286 [4] reduces to 
— 2.3518C, + 7.8632C; = 0.000227143 

while 1.36719 [1] + [2] reduces to 1.1758C, + 10.2415C,; = 
0.000000741. Upon solving these two equations and using the 
foregoing ones we get 

C; = 0.0000080652 

C, = — 0.00006962 

b? = 0.00132796 

B; = 0.00016482 
Also 

a? = 0.00036061 

Substituting these constants and the foregoing data, with 


Tr, = 0.546875 in Equation [B,’] we get for the radial intensity 
on outer surface of the '/i-in. tough core 


q 
é 
= = - 
; 
| 
3 
| 
4 ae 
q 
j 

} 

4 
3 

; 
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R. = [2855.5 + 0.22 — 2G{— 0.000038072 — 0.000014748 

+ 0.00002433}] sin ¢ + 2G[0.0001507 — 0.000090773 — 

0.000029378 — 0.000024337 + 0.000020075 + 0.000043788 
— 0.000037312] sin ¢ 


This shows the relative magnitudes of the successive terms; 
these must be computed with care as G is more than 11 million. 
Rz = [2855.5 — 2G{ — 0.00002849} ] sin ¢ + 2G[0.000032763] 
sin @ = 4265.8 sin ¢ lb. per sq. in. as the radial compression in- 
tensity on surface r = rz of the '/,¢-in. core. 

The accuracy of this determination is readily checked by using 
surface condition No. 3 which states 


/2 
sin @ red¢dx = 3550 
0 0 


Substituting the above value for R, and performing the in- 
tegration, one gets 4265. 8r2 : 4 which yields 3549.8 on computa- 
tion and thus constitutes an admirable check. 

At the point z = 0 and¢ = > Rz = 4265.8 lb. per sq. in. 


radial compression on outer surface of the '/,-in. tough core. 
We have seen that Ngg: = R, and hence, also, Nog: = 4265.8 
Ib. per sq. in. is the tangential compression intensity at outer 
surface of the '/,-in. tough core. We have = — 


sin ¢ which at x = 0 and ¢ = : yields the result Ni.2 = 1730.4 


lb. per sq. in. longitudinal tension. The resultant of these three 


intensities is = ~/ (4265.8)? + (4265.8)? + (1730.4)? = 6276 
Ib. per sq. in. resultant compression intensity. 

Almost any steel will readily handle this compression intensity 
and this part of the pin could be made with a tough core less than 
1/,-in. radial thickness. 


The directional cosines of the compression vector are 


4265.8 
= 0.276, — $276 


fining the part R2). 


1730.4 
6276 


= — 0.68 (defining N¢g2) and — 0.68 (de- 
Its line of action now lies in the “fifth octant”’ 
(See Fig. 5 for 


l 
instead of in the first, for range x = x to 5 
resultant and component.) 


Srress INTENSITIES ATT = 7} AND & = 0; 1.E., ON INNER SURFACE 
OF CorE 


Substituting r; = 0.484375 and the other data into Equation 
[Be’], we get 


Ri = [2529.2 — 2G{ — 0.00003372 — 0.000016651 + 0.0000- 
16905}] sin ¢ + 2G[0.00017015 — 0.000080399 — 0.000039837 
— 0.000027477 + 0.000013949 + 0.000038784 — 0.000025925 } 
sin 

This readily reduces to 

R, = [2529.2 — 2G4{ — 0.000033466}] sin ¢ + 2G[0.000049245] 
sin @ = 4433.5 sin ¢ lb. per sq. in. compression. This shows 
an increase of 167.7 lb. per sq. in. due to */j-in. decrease 
from r = re. Substituting in [B,’] and bearing in mind 
that nearly all of the parts of Ng and of R are the same 
expressions, regardless of signs, we readily compute N¢q, 
thus Neg: = [2529.2 — 2G} — 0.000033466}] sin ¢ + 
2G[— 0.00017015 + 0.000080399 + 0.000039837 + 0.000027477 


x { — 00001665 


— 0.000013949 — 


+ 0.000005635 } ] sin ¢. 
Therefore, 


No¢1 


= [2529.2 + 770.54] sin ¢ + 2G[— 0.000036386 — 


{— 0.000027876}] sin ¢ = 3938.46 sin ¢ lb. per sq. in. 


compression tangentially. N¢¢: shows a decrease of 327.3 lb. per 
sq. in. from the Ng¢ge value. 


Atz =0,r =r, and¢ = Ni. = — Jz*] sin ¢ becomes 
= 1532.7 lb. per sq. in. tension, showing a decrease of 197.7 


Ib. per sq. in. from N;.2 value. The resultant compression 


intensity is \/ (4433.5)? + (3938.46)? + (1532.7)? = 6125.1 
lb. per sq. in. compression. This shows a decrease of 150.9 
Ib. per sq. in. from the resultant at the r = r: surface. The 


directional cosines of the compression vector become aoa : 
3938.46 4433.5 


These differ materially from values obtained for the other vector. 
Therefore, in passing from the outer to the inner surface of the 
1/,¢-in. tough core along the Z-axis the total resultant compression 
decreases and also its line of action shifts in space. 


SHEARING INTENSITIES IN CorRE WITHIN CONNECTING-Rop 
SLEEVE 


J P 1 
C2 B, = 0; fo'(x) 
Ga +h into [B,’] we have 


1 1 1 


Inserting the constants, we get 
2. 
Tir = 2 E 1024.6 + 0175.5 sin ¢ 
when r = and = 


Ter (. and *) = 1132.82 Ib. per sq. in. radial shear intensity 


< <- 
05285 


It is seen that this T., is 0 when z is 0, at which point the posi- 
tive bending moment has its maximum value. 
l’ 
Tor \ T2, > 4) = 1097.4 Ib. per sq. in. radial shear intensity 


in the core, just within edge of the connecting-rod sleeve. Again 


, (. and 4 = 819.92 lb. per sq. in., so that !/,.-in. change in 


radius makes a change of 312.9 lb. per sq. in. in radial shear in- 
tensity. 

There is also a shear 7.4; one acting parallel to ¢ in plane z = 
const.; a tangential shear acts on same surface that T., affects, 
and by substituting in [Bi’] 


¥ 
x 


| 

1+A 1 Cs 

J 

po 

G ( 

| 

1,, 11 G 

Jy 1,81 
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Substituting the constants 


= — 1021.6 — ora se 


whence 
Tz (r2, 0) = — 1133.252 lb. per sq. in. 
so that 


0, = 1097.4 lb. per sq. in., nearly. 


There is a slight difference in numerical magnitudes over the 
above, due probably to some slight errors in determination of 
constants. 


NATURE OF THE SHEARS 


The foregoing shears for the two extreme positions act ver- 
tically. From the above equations it is seen that 7., = A sin ¢, 
while T.¢ = B cos ¢, also by inspection most of A and B are 
identically the same. 

Equation [By] yields T,, cos ¢ + T:¢ sin @ = 0, on the sur- 
face r = 72; this simply states that the horizontal components 
of the shears (when r = r2) are equal and oppositely directed. 

Substituting the above, we get (A + B) sin ¢ cos ¢ = 0, over 
the exterior surface and therefore A = — B, so that A and B 
are numerically equal. 

The resultant shear 7 = +/ T.,? + 7.9? = A, for an element 
of vertical section of the pin; as this resultant is independent of 
¢ it follows from the foregoing that T acts vertically. 

The total vertical shear over the section is 


V =2 Ard¢dr, 
0 
whence 
V = 1024.6 + 0175.5 rdodr 


and this reduces to 


2 
ote E 1024.6 ( ) + 92.844 log. 
1 


6175.5 
+ 4 (rs* — n9| 


l 
and hence at x = 2 i.e., just within the connecting-rod sleeve 


end, 
V = — 201.0 + 68.59 + 323.26 = 180.8 lb. 


The average intensity = ; (1097 + 780) = 938.7; this times the 


section area of the 1/,-in. core is 938.77(0.06446) = 190.5 lb.; 
while the resultant at the outer surface of the pin is = 1097.4 


Ib. per sq. in. at x equal to just less than > 


If the connecting-rod sleeve were not a fixed load on the pin 
and also if the successive increments of the uniform linearly dis- 
tributed load were permitted to act individually and thus 
successively on the pin, instead of being restrained by the rigidity 
of the connecting-rod sleeve, the following shears would be ac- 
tive at x = l’/2, just within the end of the connecting-rod sleeve. 

Pin boss, total shearing load = 3550 lb. 


3550 3550 
72) (0.29906 — 0.2346) 
= 17,530 lb. per sq. in. 


for 1/,,-in. shell = 
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3550 
(0.3164 — 0.21972) 
= 11,688 lb. per sq. in. 


Savg. for */s:-in. pin = 


If the */s:-in. pin and the connecting-rod sleeve carry “‘to- 
gether, in the ordinary sense,” the shearing load 


3550 
(0.5625 — 0.21972) 


= 3296.6 Ib. per sq. in. 


Fia. 4 


There is a very great difference between the shear resulting 
in the pin from a rigid fixed load and that due to an ordinary 
distributed load on the pin, the linear distribution being uniform 
in each case. 


The shear, 
by C32—r 
The last term of this may be writte hi Sk a 
e Tm 0. may wri n +A) Oo rv 


that 7,4 does not involve z. T7,¢(r = 12) = 0, as was one of the 
conditions used in determining the constants of integration. 
=m) = [— 1851.1 + 1073.6 + 791.5] cos = 14 cos¢ 
Ib. per sq. in. acting tangentially on the surface dzr;d¢. This 
14 cos ¢ combined with T,. (r = r;) will give the resultant shear 
intensity on the element dazridd. As T.,(r = m1) = 819.92 
sin ¢ lb. per sq. in., its resultant with 7,¢ only contributes a 
negligible amount to the total shear intensity on dzrr,dq. 

Therefore, for the part of pin within the connecting-rod sleeve 
the three orthogonal stresses and also the three shears can thus 
be computed for any selected point of the core. 


ANALYsIs FoR Part or Pin WiruIn Piston Boss 2 
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: Uv -_ w Taking the origin at the beginning of the fixed end, M = 
See Equation [41-3]. At z = 5 +l, Ms = Mi = _ 1999.1 in-tb. at end of pin M = —7.1 


(21. + 1’)? is value of bending moment at the (beginning of the) 
fixed end. 


m {2 (21. + — wl, is the uniform vertical load- 


ing intensity, extending over the l’’ fixed end. 
Substituting the values given, M; = — 1299.1 in-lb. at the 


a 
“oy 
4 
4 
i 
/ 
1 v 4 Yr 
1 71 1 
' ' 
: 
' 
' 
4 
& 
P 
/ 
/ 
/ 
Z 
Fia. 5 


The left hand part of this diagram gives the compression vector acting at 
— of pin and applies to the central region of pin within the connecting 
rod sleeve. 

The right hand part of diagram gives the compression vector acting at 


bottom surface of pin and applies to the region between xo and x 


beginning of the right hand fixed end; alsom = 5029.3— 27.709 
= 5001.6 lb. per in. of length within the boss. 

The part of pin to right of this section is subject to a clockwise 
rotation about the left hand section; this is due to linear in- 
tensity 1 m over l’’-range. 


ml’’2 
i< mxdxz = is the moment due to the linear loading 


about the end waits of the boss. 
Now 


V2 
and this is computed to be 1299.1 — 7.1573 = 1292 in-lb., as 
against 1299.1 obtained above. Therefore the fixation of the 
l’”’ end calls for a bending moment of 7.15 in-lb. to exist at the 
end surface of the pin. 
ml'’2 wl’? wl’? 

Note that if 7. = 0, then and M, 
numerically and hence when 1. = 0 we have no concentrated 
moment existing at the end of the wristpin. 


2 
At a section z to right, M = — 1299.1 +“ as the bending 


moment impressed upon the core; ie. M = — 1299.1 + 
2500.8z?. Therefore 

N, = ——~—— [1299.1 — 2500. 824] sing = — 

sin @ applies to the top surface of pin, where the loading is 
applied. 

For the outer surface of the pin r = °/¢ in. The effective 
radial thickness of the boss will be about !/,in.; it may be thinner 
with appropriate bracing which will act to make the radial thick- 
ness equivalent to about !/, in. 


9 1 13 5 
Choose rim = i6 a = 0.8125 in., whence J = 
oe.» = 4344.2, J = $ = = 8362.8. Compar- 


Y 
3 
0 
Fia. 6 


ing these values with those for the previous case, / is a little 
more than 30 per cent large, while the J above is about 5 per 
cent smaller. 

M = r{I — sin 
where ¢ is now to be measured counterclockwise in the analysis 
for upper part of the wristpin. 


eas [B,;-1 to 4], respectively, now become 
8.6006C, + b?= 0.0010787....[11’’] 
— 0.136719b? + 10.2415C;=—0.00009271. .. . [21’’] 
—1.8286B; + 0.136719b? + 17.526C; =0.000020137. . [32’’] 


— 1.2861C; — 5.2842C; + B; 
on 0.074766b?= 0.000129505... . [41’’] 


Note 1’/2 is to be replaced by in obtaining [41’’]. 
([3l”] + 1.8286 [41"] reduces to — 2.3517C, + 7.8633C; = 
0.000256947. 


4 
4 


g 
4 
° 2 
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0.136719 [11"] + [21] reduces to 1.17584C, + 10.2415C; = 
0.00005477. 
Upon solving the foregoing, we obtain 


C; = 0.0000129288 
= — 0.00006603 


b? = 0.0005108 
B; = 0.00015109 
also 


a? = 0.00033785 


Substituting these constants and the foregoing data, with 
rz = 0.546875 in [B.’] we get 


= [3920.3 + 0.22? — 2G{—0.000036109 — 0.000023642 


+ 0.000022795}] + 2G[0.00013814 — 0.000034917 — 
0.000047093 — 0.000039013 + 0.000018808 + 0.000041532 
— 0.000034957] 

Therefore R. = [3920.3 + 2G(0.000036956)] sin @ + 
2G[0.00019848 — 0.000155980] sin ¢ 


= 5749.7 sin ¢ lb. per sq. in. radial compression intensity on 
r = r2 surface of core within the piston boss. Compare this with 
value for connecting rod part of pin. The accuracy of R, is 


ad 
checked by substituting in the condition fi Rzsin redodz; 
0 0 


ie., 5749.7re ve, and upon computing we get exactly 3550 lb.; 


i.e., the total impressed piston-boss load upon the pin. 
Nogz = Rz2 = 5749.7 sin ¢ |b. per sq. in. tangential compression. 


= — Jx*] sin 


so that at x = 0, just within the piston boss, we find that N1.2 
= 2375.7 sin ¢ lb. per sq. in. tension for upper surface of pin 
(x = 0) within the boss. 

2 
V (5749.7)? + (5749.7)? + (2375.7)? or 6221.3 lb. per sq. in. 
compression. At the “free end of pin” this outer surface re- 
sultant is less. 


The directional cosines are 


5749.7 
$221.3 defining 

On the inner surface, r = 7, we know Nj. is less than Nj.2 
and computations will probably develop the conditions R; a 
little greater than Rz while N¢¢: is a little less than N¢¢2 so that 
the resultant intensity on the inner surface is a little less than 
on the outer surface. The directional cosines will show that the 
resultant has shifted in space. 


The resultant intensity at the point x = 0, ¢ =-, is 


2375.7 5749.7 


6221.3" 6221.3 Noes), 


and 


Tue VERTICAL SHEARS 


Just outside the piston boss there is exerted an upward shear 
totaling 3550 lb. At x = 0 just within the piston boss the re- 
sultant vertical shear in the core is zero; this develops from 
the radial loading intensity. 


1 


holds at a section z from origin, whence 
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Vv 


+ 5785. rdpdr 


Therefore 


= 7497.4 + + | rdgdr 


V = | + 148.83 log 2 
rT; 


and 


5785.9 


no = 2r2z[173.83] 


whence at the end z = l’’ we have 785.0 lb. as the total down- 
ward shear over the section of the core; also atz = 0, just 
within the piston boss, the total vertical shear is 0. 


148. 
The intensity T., = x & 7497.4 + ae + 5785. ohn $3 


therefore 
Tir = x [— 7497.4 + 497.68 + 1730.3] sin ¢ = — 3787.4 sin ¢ 
Ib. per sq. in. radial intensity, directed toward the center; 
intensity value being that on surface r = rz at end of pin. 

Some of the equations probably do not apply in the x = con- 
stant boundary planes of /., whereas computations have been 
made for them. Obtaining V = 0 means that the shear passes 
through zero in changing its direction of action, and thereafter 
it appears that most of the shear is carried by the piston boss. 


ANALYSIS OF NORMAL STRESSES AND SHEARS FOR THE |, SECTION 
or Pin 


The bending moment is 


M,. (le + 5% 


so that over the range 
3 £26 3 +1. 
we have 
4r w w 
MN + 1’) 5 sins 
=r (I — Jz’) sing = Ni 
Therefore 
w(2l. + I’)? 
= — — = 24,043 
6x(r24 — ri‘) 
2w _ 67,890 


714) 


These values are about eight to nine times larger than for the 
connecting-rod sleeve part of pin. 

The J. part of the pin is subject to a bending moment whose 
expression is the same as that for part of pin within the connect- 
ing-rod sleeve, the constants J and J simply having larger values. 

Starting with the fact N, = r(J — Jz*) sin ¢, which is due 
to the bending moment, and not attempting to assign any re- 
strictions regarding shears, the system of equations is integrated 
by the same steps and processes and therefore leads to the same 
generalized expressions for R, Ngo, Tzr, Tz¢, and T¢. 

Note that the foregoing expressions and the above N; are the 


83 = 
’ 
+ 
4 
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most general obtainable on basis of sin ¢ and cos ¢ functional 
representation, as they depend upon the bending moment re- 
striction only. 


Over the plane section z = 3 + I, the piston boss supplies a 


total load or force of 3550 Ib: acting vertically down. This 
is applied in such a manner that it constitutes the total vertical 
shear carried by the /. section of the core. 

From what is said under ‘‘Nature of the Shears,” it is seen 
that 7. = A sin ¢, while T.4 = B cos¢; also by inspection 
most of A and B are identically the same. 

The external surface for the J, part of the pin is the outer 
r = r2 cylindrical surface of the core; on this surface over the 
range 
[Bu] which yields T., cos ¢ + T.¢ sin ¢ = 0, this simply states 
that the horizontal components of these shears (when r = 12) 


are equal and are oppositely directed. Making the above sub- 
stitution we get (A + B) sin ¢ cos ¢ = O over the entire exterior 


; + 1, there is no applied external force. See 


surface of 1. and therefore A = — B; i.e., A and B are numerically 
equal. 
Putting A + B = 0, we get 
1 


=0 
2 ™ 


This to hold for the range 3 srs 3 +1.. Following the steps 


previously outlined, we obtain as before the relations 


1+. 
C2 +5 B, = 0....[Bs’] 


The resultant shear 7 = ~/ T.,? + T.9? for an element of a 
vertical section of the pin reduces to 7’ = A numerically and 
as it is entirely independent of ¢ it follows that the resultant shear 
on a section element is always vertical, for at ¢ = 0, T., = 0 
and T, = B and is vertical, while at g = 7/2, T., = A and is 
vertical while 7,4 = 0. 


Therefore 
2 J Ardgdr = 3550 
ri 0 


l’ 
at section z = 3 + I. is the condition impressed upon the pin by 


the piston boss load. 
Substituting the value of A 


Using the relation in a and integrating with respect to ¢ 


and hence 


m,Jfl.1 1 \1 
3550 
. - [Bis’-4] 


From this equation Cs; can be found once f,/(z) has been 
determined; fo(x) = 0 as is shown below. 

From Equation [B,3] we see that 7,42 cos ¢ + Nog: sing = 0 
as there is no impressed surface force. 

Substituting and putting 1-sin? ¢ for cos*¢ and collecting, we get 


r23 4 82 T2 24r 
Ire 1+, 
+ sin*¢ E x ) + { x 
2 GC; 1 3 1 1—A Ga?r.3 
x )} x 


for all points of the exterior surface of J. and therefore each [ ] 
must vanish. 

Now the first [ ] = 0 is simply 7,¢2 = 0, and this can only 
be satisfied by fo(z) = 0; also the remaining terms of 742 com- 
bined must vanish. Therefore 7,42: = 0 and fo(x) = 0 has been 
established. 

On the above basis the remaining terms of the first [ ] lead 


on simplifying to 


b /2—2 


This is the same as obtained in [B,-2]. 

From Equation [Bi2] we see R2 cos ¢ + T,¢28sing = 0. Since 
To: = 0 we get R, = 0 and also Neg: = 0. It is only now 
necessary to use one of these last equations in order to determine, 
with the foregoing relations, the constants of integration. Using 
Nooo = 0, we get, on reduction, the relation 


. [Bis’-2] 


a’*r.3 1 1 1 I 
Using the foregoing equations, the values of J and J previously 
computed, and the wristpin data given, we find that Equations 
to 4] become 
8.6006C, + b? = 0.0055406 
— 0.136719b? + 10.2415C; = —0.00075187 
— 2.3517C, + 25.390C; — 1.8286B; + 
0.136719b? = —0.00092643 
and z[— 0.00002179 + 0.12137C; + 
0.000035048] = 0.00004908. 


Since z = - +1. = 1.03125, we get 
0.000013258 + 0.12137C; = 0.000047592 
Therefore 


Cs = 0.00028282 
b* = 0.02669 


a? F 
=0.. 
) 
3 2 C3 B; ; 
3550 

| 
. 


Ci = — 0.002459 
B; = 0.0095199 


Also a? = 0.00274 
Substituting r; and the above constants into Equation [B,’] gives 
= [19217 — 2G|— 0.0011910 — 0.00058404 + 0.00012844}] 
sin @ + 2G[0.0098271 — 0.0016159 — 0.001397 — 0.00096375 
+ 0.00010598 + 0.0013699 — 0.00019698] sin @ = 221,269 sin 
Ib. per sq. in. 

This is the radial tension thus active on radius ™, whereas 
at radius r2 we have R, = 0, hence the rate of increase for 1/,¢-in. 
radial change is very large. 

Substituting in [B;’] we get 
Noo: = [19217 — 2G{— 0.0016466}] sin ¢ + 2G[—0.0098271 
+ 0.0016159 + 0.0013973 + 0.00096375 — 0.00010598 + 
0.0013699 + 0.0013433 — 0.00009849] sin ¢ 
so that 
Noo: = [19217 + 37912] sin ¢ + 2G[— 0.00334142] sin ¢ = 
— 19802 sin ¢ lb. per sq. in. tension, as it is directed opposite to 
@, at angle @ = constant (see Fig. 3). 

Now Nia = n[{J — Jz*] sin ¢, and at x = 1'/2 this becomes 


Nia = [11645 — 30828] sin ¢ = — 19183 sin ¢ lb. per sq. in. 
compression. 
The resultant intensity is ~/ (221269)? + (19802)? + (19183)? 


= 222980 lb. per sq. in. tension at ¢ = 2 


19183 19802 


30’ 222980 for Y-axis and 


The directional cosines are — 


221269 
— do0080 © or Z axis (see Fig. 5). 


On the outer surface of the core, Nj.2 is parallel to surface 
and equal to — 21658 sin ¢ lb. per sq. in. compression; therefore 


at @ = 5 the change from surface rs to m1 causes a very large 
increase in the resultant stress intensity and a change of line of 
action in space. 

Tue 7., Sapar INTENSITY FOR THE |,-REGION OF WRISTPIN 


C3 


This may be written as 


= Go| ) | sin 
Therefore 
T:r(r = m2, £ = 1.03125) = [— 8026.2 + 11,230 + 14,471] sing 
= 17,675 sin ¢ lb. per sq. in. as the radial shear intensity at outer 
surface of the core. 

The average shear over the section is 17,530 lb. per sq. in. so 


that the above intensity, at @¢ = 3 is but slightly greater. 


Although the shearing intensity “looks innocent” the normal 
stresses, impressed by the combined bending and shearing load 
of 3550 lb., run up to great intensities for the core over the 1. 
range. 

Norma Srresses AND SHEARS FOR WITH */,-IN. 
Core; Ovrer Diameter oF Pin 1'/; IN. 
This type of wristpin is illustrated in Fig. 7. 
Let 
rT, = 0.546875 
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rm, = 0.546875 — 0.1875 = 0.359375 
— = 0.07276 


Therefore 


w(2le + 


— ri) 
2w 
— 134) 


= 11,366 


= 32,063 


Using these values and the foregoing data we find 
a? = 0.0012953 
8.6006C, + b? = 0.00261943 
— 0.136719b? + 10.2415C; = —0.00035546 
— 2.3517C, + 25.390C; — 1.8286B; 
+ 0.136719b? = —0.00043798 


Fia. 7 


xz[— 0.000027154 + 0.41985C; + 0.000035052]= 0.00004908 
as the equations for determination of constants for the case of 
the core. 


When z = + 1. = 1.03125, 0.000007898 + 0.41985C; 


= 0.000047592 
also 


C; = 0.00009454 
b? = 0.0096818 
= —0.00082113 
Bs = 0.0033321 


Substituting in [B,’] the constants and value of rn, we find R, 
= [6740.6 — 2G{ — 0.00029509 — 0.00026307 + 0.000024801 } ] 
sin @ + 2G(0.0046361 — 0.00043492 — 0.00088856 — 
0.00043412 + 0.000020463 + 0.00033941 — 0.000038034] sin ¢ 
so that R, = 92,705 sin ¢ lb. per sq. in. radial tension. This 
magnitude is less than half the intensity obtained in the previous 
case. 

Substituting in [B,’] the constants and value of r:, we find Ng: 


I 

J 

| 
Ey 

N 

‘€ 


16 


= 19021 sin ¢ + 2G[— 0.0046361 + 0.00043492 + 0.00088856 
+ 0.00043412 — 0.000020463 + 0.00033941 — 0.00060515 
— 0.000019017] sin ¢ or Nggi = — 54,280 sin ¢ lb. per sq. in. 
tangential intensity in tension. Since it is directed opposite to ¢, 
Nia = — Jz*] sin becomes at x = = r,[11,366 — 
30,090] sin ¢ = —6729 sin ¢ lb. persgq. in. longitudinal compres- 
sionintensity. The resultant ~/ (92,705)? + (54,280)? + (6729)? 
= 107,635 lb. per sq. in. tensionat¢@ = 7/2. Thisis less than half 
the magnitude previously obtained. The directional cosines can 
easily be determined. 
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1 
+4; 15) Jano 
= [—3794.5 + 3753.1 + 6841.5] sin ¢ 
= 6800 sin ¢ lb. per sq. in. radial shear intensity. This 


value is less than half what it was for the '/i.-in. core, over the 
l. range. 


; 
i 
ax 
a 
£ 
i 
Z 
i 
4g 
4 


4 
; 


APM-3 


Measurement of Flow of Air and Gas with 


Nozzles 


A Brief Résumé of the Various Items Involved in a Satisfactory Set-Up for Laboratory 
Flow Measurement 
By SANFORD A. MOSS,! LYNN, MASS. 


EASUREMENT of the flow of air or other gas is very 
commonly obtained by the use of so-called measuring 
nozzles, which may be nozzles with well-rounded or 

streamline approach, venturi meters, or orifices in a thin plate. 

A great deal of experience with such apparatus has been ac- 
cumulated at the Lynn Works of the General Electric Company 
by the engineers, past and present, of the Centrifugal Compressor 
Department and the Thomson Research Laboratory. This 
has shown that some items in common use are well founded 
while others are without good foundation, and has resulted in the 
development of some new items. The present paper gives a 
brief résumé of all of the items of a satisfactory set-up for labora- 
tory flow measurement, based on this experience. 

Special attention is given to points of novelty, including a 
selection of the fundamental constants for air, and a complete 
set of practical formulas for computation of the flow from test 
observations, for air and other practically perfect gases. It is, 
of course, to be understood that there are ways of handling the 
various items other than those here given which may be equally 
correct. The paper is not an exposition of all flow-measuring 
methods, but merely gives one good way of handling each item, 
regardless of the existence of other ways perhaps equally as good. 

The present matter applies primarily to the case where a test set-up 
is made for accurate flow measurement for a particular case. The 
matter does not apply to the use of any of the commercial forms of 
flow meter. Each type of flow meter has its own characteristics 
which are fully explained in the maker’s descriptions. In some cases 
such flow meters may be used for precision testing work, but in many 


cases a flow meter is not arranged with the precautions necessary for 
laboratory tests. 


NozzLE SHAPE AND SET-UP 


For general testing purposes, there should be used a nozzle with 
a gradual, well-rounded approach and with a parallel portion 
of appreciable length. 

There are three common types of such nozzle, one with a well- 
rounded, concave-convex approach (Figs. 1 to 4), one with a well- 
rounded convex approach (Figs. 5 and 7), and one with a tapered 
approach (Fig. 6). Venturi meters may have either type of 
approach. The coefficient of discharge of these types is well 
known to be very close to unity and requires no especial de- 
termination. Values are given later under the heading, “Ap- 
paratus and Observations.” 

Actual drawings of a number of nozzles of this shape were given in 


a previous paper ‘‘The Impact Tube,’ Trans. A.S.M.E., vol. 38, 
(1916), p. 761. 


The end of the nozzle should have a well-machined parallel 
portion, with a length at least one-half diameter and preferably 
one diameter. This should be joined to the convergent portion 
by a gentle, carefully machined curve. 


: It is very important that the jet which is discharged shall have the 
diameter of the nozzle end. If the curvature of the nozzle wall is 


1 Thomson Research Laboratory, General Electric Co., Lynn, Mass. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, December 5 to 8, 1927, of Tue 
AMERICAN SocreTy oF MECHANICAL ENGINEERS. 


exactly right, there will be no contraction beyond this curve. It is a 
matter of judgment as to when this occurs. It is much safer to have 
a parallel portion of such length as will make the jet size certain. 
Then the convergent portion may have any shape so long as it is 


gradual. 


In most set-ups of measuring nozzles for laboratory test pur- 
poses it is not advisable to use an “orifice in a thin plate” or 


“sharp-edge orifice.”’ 


Such a plan gives a jet with a “‘contraction."” There have been 
experimental determinations of the exact coefficient of discharge, 
which is about 60 per cent. The exact value depends upon the size 
of orifice, velocity of approach, discharge velocity, and density. 
If such an orifice were used, of course it would be necessary to be 
certain that a reputable calibration existed for the particular cir- 
cumstances of the test. Furthermore, precautions would have to be 
taken to have every detail of the test adhere exactly to the calibration 
arrangements. One such precaution is that the “sharp edges,” 
which are usually round corners with a small radius, such as !/3 in., 
be of exactly the same character. 

When all of these precautions are attended to properly, good results 
may be obtained with an orifice in a thin plate. However, equally 
good results may be obtained by the use of a nozzle with rounded 
approach, without the necessity for so many precautions. There- 
fore, so far as the author's experience goes, there is seldom any reason 
for the use of an orifice in a thin plate in a set-up made for laboratory 
tests. 


If a conduit or pipe precedes the nozzle, it preferably should 
have a diameter at least twice the nozzle diameter. 


The use of an impact tube for measuring the nozzle pressure ob- 
viates the necessity for formulas or computations concerning velocity 
in the pipe preceding the nozzle, or the diameter of this pipe. This 
was fully discussed in the paper previously cited, ‘‘The Impact Tube.”’ 
However, in any pipe the velocity is a maximum at the center and 
much less at the edges, and if the orifice is too large a fraction of the 
pipe diameter, this velocity difference continues to exist in the dis- 
charged jet, instead of being smoothed out as in the ordinary case. 
This may affect the discharge coefficient, if the conduit is less than 
twice the nozzle diameter. 


Figs. 1 to 5 and Fig. 7 show the set-ups for the usual arrange- 
ments of a streamline nozzle, and Figs. 6 and 8 show a venturi 
meter. For well-known reasons, two cases must be distinguished, 
with final absolute pressure respectively above and below half 
of the initial absolute pressure. 

The preferable set-ups for tests of flow through an air com- 
pressor are shown in Figs. 1 or 2, the air being discharged into the 
atmosphere. For an air exhauster, the preferable arrangements 
are shown in Figs. 3, 4, and 5, the air being taken from the atmos- 
phere. 


These arrangements permit the use of all or a large portion of the 
power of the machine in generating the jet discharged through the 
nozzle. That is to say, while the machine is in test the pressure rise 
is not used for regular service, but only to produce flow through the 
nozzle. This gives a nozzle flow with large pressure differences 
which can be measured easily. If, however, the tests must be made 
on a machine in service, the arrangements of Figs. 6, 7, or 8 must 
be used. These permit the use of small pressure differences for the 
nozzle flow. However, this gives difficulty in measurement, which 
should be avoided whenever possible. Appreciable errors are often 
made in such cases. 


The figures specify certain minimum lengths for which there 
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4 
| 
° 
E = 
g 4s 
37 | | 
| TAY 
| IN 
' 
‘ 
Not Less 
He than 2D 
Py 6 persg. Ln. 4 
; 
S 
y 
4s 
Z 
Z 
4 
4 
Z F 
= 
= | 
- 
| 4 
3 
4 Soy 
; 
S 
S 
| 
$4 
| 
3 
: 
La 


— 


APPLIED MECHANICS SECTION 


must be straight runs of pipe, and these lengths must be attended 
to carefully. 


Lack of sufficient length of straight pipe to give a smooth jet often 
causes readings which are worthless. 

Two cases are distinguished in the figures, in connection with 
lengths of straight pipe beyond a source of irregular flow. The first 
case is when the irregularity is symmetrical, such as a reducer, or 
change of pipe size. It is obvious that a comparatively short length 
of pipe will smooth out the flow. The second case is when the ir- 
regularity is unsymmetrical, such as an ell, tee, globe valve, or other 
irregularity which throws the flow to one side of the pipe. It is 
obvious that a great length of straight pipe is required to smooth out 
the flow. 


There are various arrangements to obtain the initial or high- 
side pressure p;, but, as explained at length in the paper, “The 
Impact Tube,” the use of impact tubes with the arrangements in 
Figs. 1, 2, 7, and 8 is preferable for the given cases. These 
arrangements use an impact tube wherever it is possible to sub- 
stitute it for a static hole, because it is very difficult to be certain 
of a static hole. 


A static hole is always subject to errors, due to presence of burrs or 
other irregularities at the surface adjacent to the stream. Hence 
one never should be used if it can be possibly avoided. However, 
an impact tube cannot be used for measuring the low-side pressure 

2, and a static hole must be used. In such cases great care must be 
taken to see that there are no burrs or irregularities, obstructions, 
or sources of irregular flow in the neighborhood. 

Experience shows that the average mechanic cannot be depended 
upon to make certain that the interior end of a static hole is properly 
smooth. Hence, in Figs. 3, 6, and 8 it is desirable to have personal 
inspection by an engineer of the interior end of the static hole. In 
Figs. 4, 5, and 7 the end of the static hole is not adjacent to a stream, 
and such extreme precautions may not be necessary. 

An impact tube used as in Fig. 1 must not restrict the nozzle 
jet. Hence a slant distance, 0.55R, is given, to make the area 
around the tube a little greater than the nozzle area. 

In rare cases some unusual arrangement of conduit preceding the 
straight conduit as shown in the figures, gives some sort of a vortical 
flow which results in absurd readings. When this actually occurs, 
or in any case if the remote contingency is to be guarded against, a 
so-called ‘‘straightener”’ or ‘‘egg box” is to be inserted in the straight 
pipe preceding the nozzle. This is made of two or more crossed 
plates extending for about a diameter in the direction of the length 
of the conduit. 


NorMAL AIR 


The numerical values used in this paper are based on air con- 
taining a usual amount of moisture. The effect of variation of 
moisture is usually insignificant for engineering purposes. 
However, air usually contains some moisture, and hence the 
fundamental constants such as density and specific heat, which 
are chosen once for all, may as well be chosen so as to take 
account of the average value of this moisture. This practice 
has been used in work of the American Society of Heating and 
Ventilating Engineers. 

There are also other details to be borne in mind in selecting 
the fundamental constants, and these have been given careful 
consideration, as explained in the next section, in connection 
with the values of do, cp, and k. Values are given for the air 
occurring in average testing work, here called ‘Normal Air,” 
which are much more reputable than the haphazard ones usually 
assumed. 


APPARATUS AND OBSERVATIONS 


Following is a complete discussion of all of the quantities 
used in measuring flow, with the symbols used in the formulas. 
A complete index of the symbols is also given later in the formula 
section. 


¢ = coefficient of discharge. For a nozzle with a well- 
rounded approach, as here proposed, this may be 
taken as 0.97 for nozzles with diameters less than 1 in.; 
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0.98 for diameters from 2 in. to 2'/: in.; 0.985 up to 
4 in., 0.99 up to 12 in., and 0.995 for diameters above 
12 in. 

There may be used some exact values computed by Buckingham, 
given in the report of A.S.M.E. Committee on Fluid Meters, 1924, 
page 24. 

D = diameter in inches of the parallel portion at the end 
of the nozzle, called the “nozzle diameter.” This 
must be measured accurately at a number of places 
along and around the axis. These values must be 
equal within a few thousandths of an inch, and their 
average is to be used. 

An important practical matter is a chamfer at the end of the 
parallel portion to avoid error due to burrs or dents. 


As already noted, the parallel portion must extend for a length of 
at least D/2 and preferably for a length D. There must be a smooth 
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(See reference to “‘piezometer ring’’ in caption of Fig. 6. Absolute tem- 
perature 7; is to be taken as in Fig. 7.) 


curve joining this parallel portion to the convergent portion. This 
must be so machined that no ripples will be felt when one’s fingers 
are passed over the surface. 

Usually the approximate value of the flow is known, and the nozzle 
diameter may then be selected so as to give pressures which may be 
measured with accuracy. Pressures of from 15 to 30 in. of water, 
or 15 to 30 in. of mercury, fall in this category. Of course, a 
throttle valve may be used in the pipe at a proper distance ahead of 
the nozzle to reduce pressure to a value desirable for measurement. 
High-pressure air discharging into the atmosphere may be measured 
with a high initial pressure, or a throttle may be used to give an 
initial pressure of about 28 to 32 in. of mercury or 30 in. of water 
above atmosphere, and the nozzle diameters selected accordingly. 
All such matters should be planned before the test is started, the 
proper one of the formulas given later being used for approximate 
computations, so as to be certain that the pressures resulting from 
the selected nozzle diameter, and the instruments to be used for 
measuring them, will give accurate results. 


A = area in square feet corresponding to the average D. 
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?~i: = absolute value, in pounds per square inch, of the 
initial or leading or high-side pressure on the nozzle. 


The high pressure m, as here used, is the total pressure, taking 
account of the initial velocity head. In other words, the value of 71 
must be that corresponding to an infinitely large reservoir preceding 
the nozzl . This is actually the case for Figs. 3, 4, 5, and 6, where 
the nozzle takes its fluid di- 
rectly from the atmosphere. 
In these cases 7; is the baro- 
metric pressure. 

In Figs. 1, 2, 7, and 8, if the 
conduit preceding the nozzle 
has a very large area, that is, 
corresponding to a diameter 
four or more times the nozzle 
diameter, the value of p: may 
be given by the static pressure 
in the wall of the conduit just 
preceding the nozzle. A static 
hole also may be used for 
smaller conduits if there is 
used in the formulas an extra 
divisor given at “‘G”’ later, 
which takes account of veloc- 
ity head. 

However, a static hole is 
always subject to question, 
and there is always the extra 
complication of taking ac- 
count of the velocity head. 
Hence, for any conduit size in 
Figs. 1, 2, 7, and 8, gm: prefer- 
ably should be measured by 
an impact tube either in the 
conduit preceding the nozzle 
or in the jet discharged from 
the nozzle. However, in the 
case of Fig. 1 it is usually pref- 
erable to have an impact 
tube in the jet, while in the 
case of Fig. 2 it is necessary, 
and in Figs. 7 and 8 more 
desirable, to have the impact 
tube in the preceding con- 
duit, as shown in the respec- 
tive figures. 

A minor but important pre- 
Fig. 9Mercury Fia.10 Mercury caution in the construction of 
U-TuBE WITH CoLuMN an impact tube is the bending 
SLIDERS AND of the outer end of the tube 

Brass SCALE in the same plane as the im- 
‘ pact end, so that it may be 
easily assured that the impact end points exactly upstream. 

Pressures in most cases are measured by means of water or mer- 
cury columns or U-tubes. Care must be taken to secure accurate 
measurements of the height of column by the use of accurate scales, 
accurately adjusted and read at the top and bottom of the column. 
It is not good practice to use a zero supposed to be set when no 
pressure is on the instrument, with a reading of the rise of one leg 
only. The actual difference in level between the two legs should be 
read when pressure is on. The inner bore of the glass tube should 
never be less than !/, in. to avoid differences due to irregular menisci. 
A U-tube with the two small tubes of exactly the same bore and con- 
dition of cleanliness will give the same meniscus deflection, but the 
latter condition particularly is very difficult to secure. 

There are many varieties of mercury and water columns in use, 
many of which are difficult to read with accuracy. Figs. 9 and 10 
show home-made instruments, which are comparatively cheap and 
easy to read accurately. The glass tubes are straight and connected 
by short, heavy rubber tubes to metal tubes at top and bottom, so 
as to be easily replaceable when broken. The use of metal tubes at 
the top where connections are made to the pressure pipe, and the 
addition of wooden strips at the sides minimizes glass breakage. 

The sliders consist of an aluminum casting in the rear with a V- 
notch riding on the tube next to the scale, and an aluminum plate 
in front, clamped to the rear casting by a screw and having spring 
enough to give the necessary friction on the glass tube. The scale 
is accurately fastened to the lower slider so as to be square and have 
its end opposite the bottom of the slider. The scale is a thin brass 
strip graduated in inches and tenths, fastened to a hardwood back. 
The upper slider is provided with a vernier giving readings to 0.01 in. 


Accurate testing work requires a barometer, calibrated by com- 
parison with the nearest station of the U.S. Weather Bureau. (See 
MECcHANICAL ENGINEERING, Nov., 1927, p. 1243.) 

The pipe from the impact tube or pressure hole to the U-tube must 
be known to be absolutely tight. All joints should be made with 
shellac, etc. This pipe usually should be good-grade, thick-wall 
rubber tubing, with unimpaired elasticity. Poor rubber tubing 
has often caused appreciable errors. One-quarter-inch brass or 
copper tubing, with compression connectors, may be used for pres- 
sure pipes, if all parts are carefully inspected. Screwed pipe and 
fittings may be used for pressure pipes: !/s-in. standard pipe should 
never be used; 1/,-in. standard pipe is admissible, but !/2-in. is pref- 
erable. When screwed pipe is used, there always should be provided 
a valve immediately at the point where the pressure is taken, with 
the stuffing box on the pressure-pipe side. Check for tightness of 
pressure pipe should be made by closing the valve when pressure is 
on, and noting if the U-tube maintains its reading. 


T, = absolute fahrenheit temperature in the conduit or 
other region preceding the nozzle = ordinary fahren- 
heit temperature plus 459.6. 
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This is to be an “impact temperature’ which is obtained by insert- 
ing the measuring instrument directly in the moving stream. The 
preferable instrument is a bare mercury-in-glass thermometer, 
without a well. A light metal armor around the glass, with holes 
for exposure, is permissible. Figs. 11 and 12 show an arrangement 
which has proved best after trials of many other arrangements. 
The thermometer is of good grade with the divisions etched on the 
stem on the basis of 3 in. immersion. The inner and outer guards are 
essential to prevent breakage. The inner guard is brass and the 
outer guard either bakelite, iron, or brass. 

If it is difficult to place a thermometer in the stream preceding the 
nozzle, the thermometer may be inserted in the stream discharged 
from the nozzle with the thermometer axis perpendicular to the 
nozzle axis. The fluid immediately around the thermometer is 
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brought to rest, giving an impact temperature practically equal to 
the initial impact temperature. 


p2 = absolute value, in pounds per square inch, of the 
static pressure of the region into which the discharge 
takes place. As discussed fully in later paragraphs 
under the heading “Critical Pressure,’ when the 
pressure of the region into which the discharge takes 
place is more than half the initial pressure p,, the 
pressure of this region affects the flow and is the same 
as the final pressure of the nozzle so that either gives 
P2. When the pressure p; of the region into which the 
discharge takes place is less than half the initial pres- 
sure, the value of p2 does not affect the flow. 


If the discharge takes place in the atmosphere as in Figs. 1 and 2, 
then p2 is given by the barometer. 

In the case of a discharge into a limited region, with p: greater than 
half of pi, as in Figs. 3 and 7, p2 may be given by the static pressure 
in the parallel portion at the end of the nozzle, or at a point in the 
conduit directly opposite the end of the nozzle. With po less than 
half of pi, asin Figs. 4, 5, and 7, static pressure must be taken in the 
conduit or vessel. 


T: = absolute fahrenheit temperature of the jet discharged 
from the nozzle. 


This can never be observed, because, as already noted, a ther- 
mometer in the discharged jet reads the initial temperature. In the 
rare cases when this temperature is needed, as perhaps when the 
actual velocity of the jet is required, it must be computed from the 
pressures and initial temperature per Equation [6]. 


Po = 14.7 pounds per square inch = standard atmospheric 
pressure. This is almost exactly 760 millimeters 
of mercury, the usual metric and physicist’s standard. 
It is equal to 29.92 inches of mercury at 32 deg. fahr. 

T, = 527.6 deg. fahr. abs. = standard atmospheric tempera- 
ture. This corresponds to 20 deg. cent. or 68 deg. 
fahr. and is a commonly used value of average 
temperature. 


Sometimes 60 deg. fahr. is used as a standard temperature, but 
68 deg. is nearer an average testing temperature, and coincides with 
the customary value of 20 deg. used by physicists. 


ps, T; = absolute pressure, pounds per square inch, and 
absolute temperature, degrees fahrenheit, of selected 
conditions, when the flow is expressed in cubic feet 
per minute instead of by weight. 


It is of course obvious that a given flow in unit time can be re- 
duced to any conditions of pressure and temperature. The actual 
discharge from the nozzle is at pressure p: and temperature 72, 
but it is very rare that we desire to know the flow when at this tem- 
perature condition. Hence, all of the formulas for flow in cubic feet 
have as factors general terms p3 and 7’, and for these there must be 
substituted particular numerical values for the case at hand. 

In tests of centrifugal or reciprocating compressors, it is usual to 
substitute for ps and 73 the values which exist at the compressor 
inlet, so that the computed flow gives the actual cubic feet of air which 
enter the inlet of the machine, that is, ‘‘cubic feet of inlet air.’’ 

In other cases, the numerical values to be substituted for ps and 73 
are definite conditions for the case at hand. 


qs = flow through the nozzle, in cubic feet per minute, 
at condition ps, 7’; as specified above. 
w = flow through the nozzle, in pounds per second. 


= 22.29(T's/ps)(w/G) 


dy = 0.075 pounds per cubic foot = density of ‘Normal 
Air” at standard conditions, 14.7 lb. per sq. in. abs. 


5 


and 68 deg. fahr. temperature. (This corresponds 
to a density of 0.07615 at 60 deg. fahr.) 


Atmospheric air of course varies in density at standard conditions 
from day to day, owing to variation of humidity. This variation is 
so small that it is idle to take it into account for usual engineering 
work. Hence a constant value representing an average humidity 
is here used and air with this humidity is called ‘‘Normal Air.”” The 
given value (or an equivalent one, 0.07488) has been already used in 
ventilating work and is suitable for adoption here. Wet- and dry- 
bulb thermometers are therefore not usually necessary. However, 
on a few hot, humid days in summer, the humidity has the same 
appreciable effect on the flow of air that it has on the physical condi- 
tion of the men running the tests, and then a humidity correction 
is necessary. Means for making it are given later. 

Computations described below from laboratory observations of 
various physicists, show that air with a density of 0.075 lb. per 
cu. ft. and with the usual oxygen, nitrogen, and small percentages 
of carbon dioxide and rare gases, will have about 36 per cent relative 
humidity at 68 deg., which is a satisfactory average. This gives a 
wet-bulb temperature of 53 deg. fahr. 

This figure of 36 per cent is based upon the computation that the 
specific weight of dry air, with average CO: content is 0.0764 lb. 
per cu. ft. at 29.92 in. of mercury and 60 deg. fahr. This figure, 
in turn, is a computation to the nearest third significant figure, 
from values calculated from the following data: 


Weight of a liter of dry air free from CO: at 


760 mm. and O deg. cent............ 1.2929 g. 
Weight of a liter of CO: at 760 mm. and 
Per cent by volume of CO: present in air at 
Vapor pressure of H2O at 68 deg. fahr..... 0.690 in. Hg 
Specific weight of dry saturated steam at 
sas vous os 0.001077 lb. per cu. ft. 


The first two of these values are taken from Scientific Paper No. 
529 of the Bureau of Standards (vol. 21, p. 175, Table 5, published 
May 28, 1926), and represent the values selected after an exhaustive 
study of all previous experiments made to determine the densities 
of these gases. The per cent by volume of CO: is taken from the 
new International Critical Tables (vol. I, p. 393), and the vapor 
pressure and specific weight of dry saturated steam are from Marks 
and Davis’ Steam Tables. 

If air is assumed to be a perfect gas the specific weight may be 
calculated from the gram-molecular volume of a perfect gas and an 
analysis of air. The composition of dry air at sea level as given in 
the International Critical Tables (vol. I, p. 393, Table 1), as well as 
the atomic weights of its constituents (vol. I, p. 43), are as follows: 


Per cent 

by Atomic 
Gas volume Element Weight 
Ne 78.03 N 14.008 
O2 20.99 O 16.000 
A 0.94 A 39.91 
CO, 0.03 Cc 12.000 
He 0.01 H 1.0077 
Ne 0.00123 Ne 20.2 
He 0.0004 He 4.00 
Kr 0.00005 Kr 82.9 
Xe 0.000006 Xe 130.2 


The gram-molecular volume of a perfect gas (product of the volume 
of 1 gram of any gas by its molecular weight) is given in the same 
Tables (vol. I, p. 17) as 22.4115 liters at a pressure of one normal 
atmosphere and a temperature of 0 deg. cent. Using the above data, 
the calculated specific weight of air at 29.92 in. of mercury and 60 
deg. fahr., again to the nearest third significant figure, is 0.0763 
lb. per cu. ft. instead of 0.0764 Ib. per cu. ft., and the relative 
humidity corresponding to a specific weight of 0.075 lb. per cu. ft. at 
29.92 in. of mercury and 68 deg. fahr. is 21.8 per cent. Since this 
method involves the assumption that the gram-molecular volume 
of air is the same as that of a perfect gas, which is not exactly the 
case, it seems preferable to use the first method, which employs 
the perfect-gas law only to obtain values relative to an absolute 
value determined by experiment. However, after the constants 
are once determined, air may be assumed to follow the perfect- 
gas law for all engineering purposes. 


G = specific gravity of any gas referred to ‘‘Normal Air’ 
as 1.00. 
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As used herewith, the “air” to which G is referred has a density 
of 0.075 lb. per cu. ft. at 68 deg. fahr. and 14.7 lb. per sq. 
in., as above specified, and has an average amount of moisture. 
Hence it is very slightly less dense than dry air. This difference is 
less than the uncertainty of usual specific-gravity determinations, 
with respect to theoretically dry air, so that for engineering purposes 
any tabulated specific gravity may be assumed as being on the basis 
of ‘‘Normal Air’ as here used. For usual air,G = 1.00. Values are 
given later for G for air when humidity must be taken into account. 


doG or 0.075G is the density of any gas in pounds per cubic foot 
at 14.7 lb. per sq. in., and 68 deg. fahr. 


d, = Be doG = 2.692pG/T = density of any gas in pounds 
0 
per cubic foot at p pounds per square inch abs. and 


Td, 
T deg. fahr. abs. G = 2692p" This value may be 


substituted in any formula if d, is known instead of G. 
778 = mechanical equivalent of heat. 

0.243 = specific heat at constant pressure for 
“Normal Air” as here defined. 


Physicists have given various values for this constant for air. 
The effect of moisture must also be considered. M. G. Robinson of 
this laboratory discussed the matter in the paper ‘‘Heat-Balance 
Method of Testing Centrifugal Compressors,” Trans. A.S.M.E., 
vol. 47 (1925), p. 1179, and the value above given is taken from a 
curve in his paper. Mr. Robinson also deduces values for do and k 
which are practically the same as those here used. Robinson uses 
Swan’s specific-heat work. This work and the definition of ‘‘Nor- 
mal Air’’ here given, determine all of these values. 

The standard value of do, the density of “‘Normal Air,’”’ has been 
given above, and a standard value of k, the ratio of specific heats, 
is deduced in the next paragraph. 

These values are related by the well-known thermodynamic re- 
lation for a perfect gas: 


J 
Cp 


Here A is 1/J and R is the ‘‘Gas Constant”’ used in physics. This 
reduces to 
— (1/k)] = 144p0/JGdoTo [4] 


or 
144 po 


“ Ti — 


This is the general expression for cp in terms of k and the specific 
gravity, for a perfect gas. It must be used to compute the value of 
Cp for a gas which is taken as perfect if the value of k is known with 
greater certainty. On the other hand, k must be computed if the 
value of cp is known with greater certainty. 

The values of cp and do for normal air and the above relation en- 
able the value of k to be computed, and this is done later. 

The function of k most used is 1 — (1/k) or (k — 1) /k, and the value 
of this to three significant figures is shown later to be 0.283. 

In some comparisons of various forms of formulas given in Fig. 
13, a number of computations are made to a much greater degree of 
accuracy than ordinarily necessary. In order to show only differences 
due to the different forms, without influence of mathematical in- 
accuracies, the value of cp used must be in the exact form given by 
[5] or it must be the exact numerical value computed from [5] and 
the value 0.283, which is 


Cp = 0.242967 
As already stated, this is to be taken as 0.243 for usual work. 


cy = specific heat at constant volume. The numerical 
value is rarely used and instead we use cp and k. 

k = ¢p/cev = 1.3947. This is computed from the values 
of dy) and cp and the fundamental thermodynamic 
relation [4]. This is a more accurate value than the 
frequently used ones of 1.40 to 1.41 obtained by other 
methods. 


The expression 1 — (1/k) or (k — 1)/k occurs very often in the 


theory of the flow of gases. From the values for normal air, cp = 
0.243 and do = 0.075, and Equation [4], it comes out that 1 — 


(1/k) = 0.28296. 
However, we are not justified in using so many places, so we round 


off the value to 0.283. A very commonly used value of this constant 
is 0.29. However, such a value does not apply to the air usual in 
engineering work, and therefore should not be used. The value 
0.283 of course is also the best value for use in the common formula 
for the power-for adiabatic compression which involves the expression 


The following values apply to ‘“Normal Air’’ and other diatomic 
gases with a usual amount of moisture. 


k—1 1 
k = 1.3047; —— = 0.83518 

k 
= 
2 0.52018 
k+1 
3 
= 0.0755 


1.67 for monatomic gases such as mercury vapor or 
helium 

1.33 for triatomic gases such as CO, and for some gases 
with a greater number of atoms which nearly obey 
the perfect gas laws. 


1 — (1/k) 
Y= (*) 


CRITICAL PRESSURE 


For reasons which are beyond our purpose to discuss, when the 
low pressure or pressure of the region into which the discharge 
takes place is higher than a “critical pressure” which is 53 per 
cent of the initial or high-side pressure, then the pressure of this 
region is the same as the pressure at the nozzle end. Then the 
low pressure is said to “‘affect’’ the flow, and a form of formula 
must be used that takes this into account. 


2 


k+1 
for air and other diatomic gases. 


When the low pressure has any value less than the critical 
pressure, the pressure at the nozzle end remains at the critical 
pressure. Then the low pressure does not affect the flow, and a 
form of formula must be used which involves the high pressure 
only. 

From a theoretical point of view, the formula to be used should 
be changed suddenly at the exact critical pressure. However, 
this is not actually the case, and the formulas for the region where 
the low pressure affects the flow may be used with negligible 
error for values of p: as low as 50 per cent of p,, and the other 
formula for values of p2 as high as 56 per cent of 71. 


On Fig. 13 there are shown the differences between various ar- 
rangements of formula for various pressure ratios. There has been 
included on this curve the case of the theoretical formula for the 
region beyond the critical pressure, where the low pressure does not 
affect the flow. It will be seen from Curve I that the formulas for 
the region where low pressure affects the flow apply to within about a 
half of 1 per cent down to a pressure difference of 50 per cent of the 
high pressure. 

Conversely, it will be seen from Curve II that the formulas which 
expressly apply to the region where the low pressure does not affect 
the flow may be used beyond this region, to a point where the pres- 
sure difference is about 44 per cent of the high-side pressure. 

In other words, in the entire region where the pressure difference 
is between 44 per cent and 50 per cent of the high pressure, either 
form of formula may be used with slight error. 


ll 


This comes out 0.52918 


The exact ratio is 
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Fie. 13 ComPpaARISON OF FoRMULAS FOR FLOW 


(The ordinates are the differences betweén the values given by the various formulas and the exact formula [9], divided by the value given by [9], 
and multiplied by 100.) 


THEORETICAL FORMULA FOR FLOW 


The theoretical formula for flow of air through a nozzle is 
completely deduced in most texts on thermodynamics. Only a 
sketch is here necessary. 

The fundamental adiabatic relation for any gas is 


1 — (1/k) 
_ 


This gives the final temperature, and hence the final specific 
volume. 

The theoretical power due to adiabatic expansion if applied 
to creation of kinetic energy, gives as the theoretical velocity of 
discharge for any gas in feet per second, 


- 144 1— (1/k) 


By expressing the volume at nozzle end conditions in terms of 
V2 and 72 we obtain the following theoretical thermodynamic 
formulas for flow: 


Po T; 


or 


or 


or 


144 2gT 
— (1/k)] Y(Y + 1) ee 


w = Acp, 


DepvuctTion OF APPROXIMATE FORMULA 


By expanding the expression in the radical of [9] in a series in 


terms of 


and neglecting higher powers of the small quantity 
Pi— 


we obtain an expression with two terms. As will be explained 


later, the omission of the higher terms gives no appreciable error. 
This expression, given at ‘‘A’’ later, has a number of temperature 
and pressure factors and a square-root sign under which is a factor 
(¢1 — p2), and finally the factor containing the two terms above 
mentioned, 


3 
12] 


For air or any other diatomic gas, the factor (3/2k) — 1 above 
has the small value 0.0755. 

Formonatomic gases the valueis about —0.10, and for triatomic gases 
it is about 0.13. The differential pressure (p: — p2) is sometimes small 
with respect to p2. Hence the last term in the factor [12] may be 
small. There is a limit to the region in which the formula can be 
used as specified in the section on Critical Pressure. It turns out that 
within this limit a formula with the inclusion of the last term above 
mentioned gives results within 0.3 of 1 per cent of the exact formula 
for air and diatomic gases. As in any case where an approximation 
is made, the error is greatest for the larger values of (pi: — p2) and zero 
for small values. However, by multiplying the constant of the form- 
ula by an arbitrary factor 1.001514, there results a formula called the 
“nearly exact formula,” which gives results which agree with the 
theoretical thermodynamic formula within 0.15 of 1 per cent through- 
out the entire range within which the formula is applicable, up to 
critical pressure. 

This is shown by Curve III in Fig. 13 where the error of the “nearly 
exact formula” is plotted for various pressure ratios. ‘The maximum 
error of 0.15 of 1 per cent is entirely negligible for engineering pur- 
poses so that an engineer need never undertake the horrible task of 
using the theoretical formula [9]. 

For small values of (py: — p2) the expression [12] differs but little 
from p2, and the last term may be omitted in the formula for flow, 
leaving only. 

As with the previous formula, this gives an exact result for values 
of (p1 — p2)/g~ very nearly zero, and gives an error of about 0.4 of 
1 per cent for values near 0.1. As in the previous case, we may use 
a@ multiplying factor 0.9979, giving a formula called the ‘“‘author’s 
formula,” which gives results within 0.2 of 1 per cent within the en- 
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tire range of values of (pi: — p2) /pi: between zero and 0.1, as is shown by 
Curve IV in Fig. 13. 

If the value of (p; — p2) /p: is practically zero, which means that the 
change of density due to compressibility is negligible, p: may of 
course be used instead of p2 in the author’s formula. This gives a 
formula identical with that which would be directly deduced for an 
incompressible fluid, and exactly equivalent to the well-known 
formula V = +/(2gh), and usually used as an approximate formula. 
However, if 7: is thus used in the formula instead of p2 the results 
are accurate only for a very small range of values of (p1 — p2)/p1, 
as is shown by Curve V in Fig. 13. Also, if the values of discharge 
velocity V2 are computed on the same basis as the ‘nearly exact 
formulas,” the approximations are good only for a short range. 
However, owing to the small value of (3/2k) —1, etc., in the formula 
for discharge, the ‘nearly exact’’ and the author’s formulas are 
accurate for longer ranges than would naturally be expected in form- 
ulas in which high powers of (pi: — p2)/pi were neglected. All of 
the reasons for this are not directly evident, but the curve sheet, 
Fig. 13, shows the actual results. It is just as easy to use p2 as pi 
in computing flow. Hence, there is no reason whatever for use of the 
form of formula in terms of »: which results from merely neglecting 
compressibility. The author’s form here given, in terms of p:, 
should be used instead. 

A great deal of time was spent in accurately carrying on the 
computations which are at the basis of Fig. 13. The differences 
shown are the actual differences between the various formulas with- 
out the influence of minor mathematical inexactitudes. Formula 
(9] is particularly difficult to handle from a mathematical point of 
view, and it is only by careful work that the actual values given by 
the formula can be computed. As already specified, in doing this 
work, 1 — (1/k) was taken as 0.283, and do as 0.075, and the value of 
cp, was taken as the exact value which corresponds as shown by [5]. 


BIBLIOGRAPHY OF FLow ForMULA 


The earliest reputable formulas for flow of air with small pressure 
differences were published by Fliegner about 1870 in Germany, 
being given as empirical formulas deduced from experiment. Fliegner 
in all correctly gave two forms of formula applying, respectively, 
above and below a critical pressure which he gave as half of the initial 
absolute pressure. Fliegner’s formula for the region where the low- 
side pressure is above the critical pressure, and which he obtained 
empirically, agrees exactly in form and exactly as to value of co- 
efficient, when Fliegner’s probable discharge coefficient is taken into 
account, with the formula here given as the author’s formula. 
However, the latter formula is deduced rationally here and is shown 
to apply with accuracy only to the region where the differential pres- 
sure 71 — p2 is less than about 10 percentofp:. When the differential 
pressure has increased so the low-side pressure is near -he critical 
pressure, the author’s formula, and hence the Fliegner formula, 
is in error about 2!'/2 per cent. 

Fliegner’s work is reasonably accurate, even for the present day, 
and is surprisingly accurate when his resources in 1870 are borne in 
mind. However, since our theoretical and practical knowledge is 
now vastly better, Fliegner’s empirical work is now only of historical 
interest, and rational formulas such as those of the present paper 
should be used instead. 

Fliegner’s work was originally published in several German period- 
icals from 1870 to 1874, and in the Proceedings of the Institution of 
Civil Engineers (Great Britain), vol. 39, part 1, pp. 375-9, 1874. Re- 
duction of his equations to English units is made in Peabody’s “Ther- 
modynamics of the Steam Engine,” pp. 153-154 in the 1904 edition. 

St. Venant and Wantzel in France in 1839 first deduced the theo- 
retical flow formula for pressure differences of any magnitude. 
Boussinesq and Parenty in France, about 1900, are said to have 
proposed expansion in a series as is here carried out. The initial 
deduction of the formula here given was made in an article due to the 
author and his associates in the American Machinist, September 20 
and 27, 1906. The article gave details of some matters which are 
here presented in condensed form. The present paper gives some 
extensions of the work of the previous paper due to continuous 
experience in the matter for the 20 years which have elapsed. 

G. B. Upton, Sibley Journal (Cornell University), November and 
December, 1914, gave an expansion in series differing somewhat in 
detail from that here given. He gives a formula of the same general 
form as the ‘‘nearly exact formula’ and a tabulation showing that it 
gives errors somewhat larger than shown by Fig. 9 for the “‘nearly 
exact formula.’’ He also gives an additional term in the series which 
gives increased accuracy, but which is hardly justified for engineering 
work. 

Many publications have been made of methods and short cuts for 
use of the theoretical formula [9]. One of the best of these uses the 
expression [11] and a table of values of the quantity 


y= (1/k) 1 

in terms of the differential pressure ratio (p1 — p2)/p2. In some 
cases the value of Y is needed for computation of power for com- 
pression as well as for flow and then the table mentioned gives an 
easy way to handle the formulas. 

The use of such a table of values of Y involves the computation of 
(pi — p2) /p2, the finding of the corresponding value of Y in the table 
and the computation of p,/Y(¥ + 1). The use of the “nearly exact 
formula” involves the computation of the values of 0.0755 (p1 — p») 
— 0.0755(7¢1 — pz), and — pz) [p2— 0.0755(g1 — pr) J. 

There is probably but little difference in the time required by one 
making regular computations with either method. On the other 
hand, one making a computation rarely would probably find the 
method here proposed to be.somewhat easier to use. 

For the case where the differential pressure is less than 10 per cent 
of ~1, the author’s formula is just as accurate and much quicker than 
the Y-table. 

Another method of using such a table is given in the publication 
of the A.S.M.E., “Fluid Meters.”’ 

Curve sheets for various functions occurring in formulas like [9] 
have been published by G. B. Warren, Trans. A.S.M.E., vol. 42, 
1920, p. 217, and by F. S. Gasche of the Illinois Steel Co., and others. 
In all such cases which have come to the attention of the author, the 
mathematical work required in addition to looking up values of the 
curve sheet is at least as much as is involved in the use of the “nearly 
exact formula’”’ here given, and sometimes more. 

In most of the published methods for computing flow, particularly 
with venturi meters, the formulas are based on a static pressure for 
the initial pressure, instead of the impact pressure p; as here proposed 
and as originally explained in the previous paper, “The Impact 
Tube.” The use of static pressure complicates the formula greatly 
because the area ratio of throat and conduit occurs in terms contain- 
ing fractional powers of the pressure ratio. 


FORMULAS FOR NOZZLES FOR MEASUREMENT OF 
FLOW OF AIR AND GAS 


INDEX OF SYMBOLS 


(A complete explanation of the following symbols is given in the 
section on Apparatus and Observations.) 


Subscript ; denotes initial or high-side conditions. 

Subscript 2 denotes final or low-side conditions. 

Subscript ; denotes any selected condition in terms of which 
flow is given in cubic feet per minute. 

Subscript » denotes standard atmospheric conditions, 14.7 
Ib. per sq. in. or 29.92 in. of mercury, and 68 deg. fahr., or 20 
deg. cent., or 527.6 deg. fahr., abs. 


A = area of nozzle in square feet 

c = coefficient of discharge 

Cp = specific heat at constant pressure, = 0.243 for air 

cy = specific heat at constant volume 

D = nozzle diameter in inches 

d, = standard density of “normal air’ (containing 
usual amount of moisture) at 14.7 lb. and 68 deg. 
0.075 

G = specific gravity referred to normal air as 1.00. If 
d, is the density of any gas in pounds per cubic foot 
at p pounds per square inch and 7 deg. fahr., abs., 
then 


Td, 
2.692p 


k = c,/cy = 1.3947 for air and diatomic gases 
k—1 


= 0.283 for air and diatomic gases 


k 
J = 778 = mechanical equivalent of heat 
p = pressure, pounds per square inch absolute; p, is total 
pressure, including velocity head, as would be taken 
with an impact tube; p. is static pressure 


4 
’ 
4 
4 
#3 
£ 
x 


flow through nozzle, cubic feet per minute, at condi- 
tion ps, T's 

T = absolute fahrenheit temperature 

flow through nozzle, pounds per second 


1 — (1/k) 
(*) 
P2 


ForMULAS 


A—Nearly Exact Formula for Any Perfect Gas, with Differen- 
tial Pressure (p: — p2) Between 10 Per Cent and 50 Per Cent 
of Initial Absolute Pressure p:: 


qs 


ll 


12 X 1.001514Ac 


QgT 
(pi — pr) E ( 
Poli 


— p») 3 


1 3 
q3 3526Ac | »— (3-1) | 


B—Nearly Exact Formula for Air, with Differential Pressure 
(pi: — p2) Between 10 Per Cent and 50 Per Cent of pi: 


w 


| 
| 
= 


ll 


w = 12 X 1.001514Ac 

w = 158.17AcV (pi — m2) [p2 — 0.0755 — /T: 
w = 0.8627D%-V/ (pi — pz) [p2 — 0.0755 (pi — 


C—Author’s Formula for Any Perfect Gas, with Differential 


Pressure (pi — p2) Less Than 10 Per Cent of p:: 
w = 12 X 0.9979Ac (pi — po) pe 
w = 157.6AcV G(p:i — pr)po/T1 
Ts P2)pe 
= 3513Ac GT, 


D—Author’s Formula for Air, with Differential Pressure (p; — p2) 
Less Than 10 Per Cent of p;: 


w = 12 X 0.9979Ac ye (pi — po) pe 
w = 157.6AcV (pi — p2)p2/T1 
w = 0.8596D2cV/ (pi—p2) p2/T1 
19.16D°cT; (pi — 
Ps T; 


If i is the differential pressure (pi — pz) expressed i in inches of 
water and B is the value of p. expressed in inches of mercury 
(barometric pressure if p: is atmospheric pressure), 
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APM-3 9 


w = 0.1145D%c~V Bi/T; 
D*cT; |Bi 
Ps 


E—Formula for Any Perfect Gas, with Low Pressure p: Less 
Than Half of High Pressure p;: 


12Ac 2 
poT k+1 


w= 
1/(k—1) 
2 
w = 157.93Acp: V7, (3, 
3509 ( 2 ‘ee k 
GT, +1 Vii 


F—Formula for Air, with Low Pressure p, Less Than Half of 
High Pressure p;: 


w = 76.367 

T 

= 1792 
T, 


G—Divisor to Be Used When Initial Pressure p, Is Measured 
as Static Pressure Instead of Impact Pressure in Figs. 
1, 2, 7, and 8: 
D, = pipe diameter 


Theoretical divisor = D\* 
D, 


Closely approximate divisor = 


TEMPERATURE CORRECTIONS FOR Mercury CoLUMNS 


For accurate work, a thermometer must be attached to a 
mercury column and the reading at the given temperature must 
be corrected by means of Table 1 below to the value which 
would be obtained if the mercury were at the standard tempera- 
ture of 32 deg. fahr. The table also includes a slight correction 
for the expansion by temperature of a brass scale which is 
taken as being correct at 62 deg. fahr. It gives the amount to 
be added or subtracted from the observed reading in inches of the 
mercury column. 


TABLE 1 TEMPERATURE CORRECTIONS FOR MERCURY 
COLUMNS 


Temp. of 
column, 7—Observed reading of column in inches of mercury—. 
deg. fahr. 16 18 20 22 24 26 28 30 32 
App 
— 20 0.07 0.08 0.09 0.10 0.11 0.11 0.12 0.13 0.14 
— 10 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.11 
0 0.04 0.05 0.05 0.06 6.06 0.07 0.07 0.08 0.08 
10 0.03 0.03 0.03 0.04 0.04 0.04 0.05 0.05 0.05 
20 0.01 0.61 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SuBTRACT 
0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
40 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 
0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.05 
50 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 0.06 
0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 
60 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.08 0.09 
0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.10 
70 0.06 0.07 0.07 0.08 0.09 0.10 0.10 0.11 0.12 
75 0.07 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.13 
80 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 
85 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 
90 0.09 0.10 0.11 9.12 0.13 0.14 0.15 0.17 0.18 
95 0.10 0.11 0.12 0.13 0.14 0.16 0.17 0.13 0.19 
00 0.11 0.12 0.13 0.14 0.15 0.17 0.18 0.19 0.20 
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Instead of Table 1 there may be used the closely approximate 
formula for the amount to be subtracted from the reading of a 
mercury column of B inches at a temperature of ¢ deg. fahr., 
namely, 


B X (t— 82) 
10,000 


MULTIPLIERS FOR Repucina IncHEsS oF Mercpry TO Pounps 
PER SQUARE INCH 


For ordinary work, when the mercury column is not corrected 
for temperature, multiply the reading in inches of mercury by 
0.49. 


TABLE 2 MULTIPLIERS FOR REDUCING INCHES OF WATER 
COLUMN TO POUNDS PER SQUARE INCH 


Temperature of column, Density of water, Multiplier 
deg. fahr. Ib. per cu. ft. (Dw) (D w/1728) 
32 62.42 0.03612 
35 62.42 0.03612 
40 62.42 0.03612 
45 62.42 0.03612 
62.41 0.03612 
55 62.39 0.03611 
60 62.37 0.03609 
65 62.34 0.03608 
70 62.31 0.03606 
75 62.28 0.03 
80 62.23 0.03601 
85 62.18 0.03598 
90 62.13 0.03595 
95 62.08 0.03593 
100 62.02 0.03589 
tian TABLE 3 GRAVITY CORRECTION FACTORS 
ort 
latitude, — Elevation in feet 
deg. 0 000 2000 5000 
25 —0.0017 —0.0018 —0.0019 —0.0022 
30 —0.0014 —0.0015 —0.0016 —0.0019 
35 —0.0010 —0.0011 —0.0011 —0.0014 
40 —0.0005 —0.0006 —0.0007 —0.0010 
42 —0.0003 —0.0004 —0.0005 .0008 
44 —0.0001 —0.0002 —0.0003 . 0006 
46 0.0000 —0.0001 —0.0002 —0.0004 
48 +0.0002 +0.0001 0.0000 —0.0003 
+0.0004 +0.0003 +0.0002 —0.0001 
TABLE 4 CORRECTIONS FOR HUMIDITY IN AIR FORMULAS 
G 
Dry- Wet- Weight of Sp. gr. referred 
bulb bulb Relative water to ‘‘Normal Air’”’ k 
temp., temp., humidity, vapor, having a density 
deg. deg. per per of 0.075 at 68 deg. G an 
fahr. fahr. cent cent and 29.92in.Hg WV ce 
50 50 100.00 0.75 0.9986 0.9993 1.394 
45 67.50 0.51 1.0001 1.0001 1.395 
40 37.79 0.28 1.0015 1.0007 1.395 
35 10.46 0.08 1.0027 1.0014 1.395 
60 60 100.00 1.09 0.9966 0.9983 1.394 
55 72.76 0.79 0.9984 0.9992 1.394 
50 48.10 0.52 1.0000 1.0000 1.395 
45 25.61 0.28 1.0015 1.0008 1.395 
40 5. 0.05 1.0029 1.0014 1.395 
70 70 100.00 1.54 0.9938 0.9969 1.393 
65 76.59 1.18 ¥ 0.9980 1.394 
55.48 0.85 0.9980 0.9990 1.394 
55 36.28 0. 0.9998 0.9999 1.395 
18.92 0.29 1.0014 1.0007 1.395 
45 3.07 0.05 1.0029 1.0015 1.395 
80 80 100. 2.16 0.9902 0.9951 1.393 
75 79.30 1.71 0.9929 0.9964 1.393 
70 60.84 0.9953 0.9976 1.394 
65 44.02 0.94 0.9975 0.9987 1.394 
28.96 0.62 0.9994 0.9997 1.394 
55 15.20 0.32 1.0012 1.0006 1.395 
50 2.76 0.06 1.0029 1.0014 1.395 
90 90 100.00 3. 0.9854 0.9927 1.391 
85 81. 2.43 0.9887 0.9943 1.392 
80 64.64 1.92 0.9917 0.9958 1.393 
75 49.61 1.47 0.9944 0.9972 1.393 
70 36.20 1.07 0.9967 0.9984 1.394 
65 24. 0.71 0.9989 0.9995 1.394 
60 13.13 0.39 1. a. 1.395 
55 3.15 0.09 1.0027 1.0013 1.395 
100 100 100.00 4.11 0.9790 0.9894 1.390 
95 82.97 3.39 0.9831 0.9915 1.391 
90 67.65 2.76 0.9869 0.9934 1.392 
85 53.89 2.19 0.9 0.9951 1.392 
80 41.64 1.69 0.9931 0.9966 1.393 
75 30.63 1.24 0.9958 0.9979 1.394 
70 20.82 0.84 0.9982 0.9991 1.394 
65 11.89 0.48 1.0003 1.0002 1.395 
60 3. 0.15 1.0023 1.0012 1.395 


For accurate work when Table 1 is used to correct to 32 deg., 
multiply the corrected reading in inches of mercury by 0.4912. 


Mottipuiers FoR Repucina or Water CoLUMN TO 
Pounps PER SQUARE INCH 


For accurate work, multiply the reading of a water column 
in inches by the value in the last column of Table 2. This 
allows for a usual amount of dissolved air. 

For ordinary work, multiply the reading in inches of water 
by 0.0361. 


Gravity CorREcCTION Factor 


For very accurate work, the readings of mercury and water 
columns must be reduced to values which would exist for the 
standard value of gravity adopted by international consent. 
This reduction is made by multiplying the reading by the factor 
in Table 3 and adding it to the reading. However, note that 
the correction is usually negative. 

The table is accurate to 1/100 of 1 per cent. However, this 
degree of accuracy is usually not possible in engineering work so 
that the table will be used rarely. 


Errect oF Humipity In ForRMULAS 


Table 4 gives a means of correcting for the effect of humidity 
on the value of G which occurs in the flow formulas given in this 
paper; and on the value of k, the specific-heat ratio, which occurs 
in formulas for power for compression and in the flow formulas. 

The correction in the flow has a probable maximum value of 
about '/2 of 1 per cent on a few hot, humid days in summer. — 
For humid air, there are to be used the formulas for a perfect 
gas, namely A, C, and E, with insertion of the values of k and G 
given in the table. 

The table is based on the assumption that there has been no 
removal of moisture at any point in the apparatus between the 
atmosphere and the nozzle, so that we always have a perfect 
gas with the same water-vapor content as when at inlet condi- 
tions where the relative humidity was originally taken by means 
of the usual wet- and dry-bulb thermometers. 

The table is computed on the basis of the formulas given in 
the Weather Bureau Psychrometric Tables, Publication WB-235, 
1915. However, any of the psychrometric formulas now in use 
would give practically the same results. The computations 
are directly made for 30-in. barometers. However, the effect 
of barometer variation is very slight and the values given apply 
within about 0.1 per cent to any barometer from 28 in. to 31 in. 


Discussion 

M. G. Rosinson.? The author has covered both the theo- 
retical aspects of the problem as well as the practical precautions 
required to secure reliable flow measurements. The many 
small details so apt to vitiate the results of tests are fully ex- 
plained. Some test engineers no doubt will consider the length 
of piping specified ahead of the flow nozzles a bit excessive— 
particularly in the case of large pipe sizes. It has been our 
experience, however, that this is a matter where one cannot be 
too generous, a length of many times the pipe diameter being 
at times required to destroy the effect of an irregularity in the 
conduit and to secure the uniform flow approaching the nozzles, 
which is absolutely essential. 

It seemed worth while to the writer to submit the results of a 
large-scale check on the reliability and the consistency of the 
set-up described in the paper, which it was his good fortune to 


2 Centrifugal Compressor Department, General Electric Co., 
Lynn, Mass. <Assoc-Mem. A.S.M.E. 
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secure about two years ago. The case in question was accept- 
ance steam-rate tests made at the factory on a turbine-driven 
blast-furnace blower having a capacity of 30,000 to 80,000 cu. ft. 
per min., with a pressure range of 16 to 30 lb. per sq. in. gage. 
Of course the determination of volume of air handled was of 
major importance. To be doubly certain of the results, the 
volume was metered both by means of a nozzle of 30 in. diameter 
located at the inlet to the blower, the assembly being similar 
to that shown in Fig. 7, as well as by means of a nozzle, 15.07 
in. diameter, located at the end of the 30-in. discharge pipe 
through which the air was being wasted into the atmosphere, 
the arrangement being similar to that of Fig.1. A throttle valve 
was used in the discharge line, to reduce the pressure ahead of 
the discharge nozzle. The test was very carefully made, ob- 
servations of each item being taken in at least two and usually 
three places, to insure true averages. Each load was held 
steady a sufficiently long time to insure the attainment of 
complete thermal equilibrium. A comparison of the results 
obtained by means of the 30-in. nozzle at the inlet with those 
obtained by means of the 15.07-in. nozzle in the discharge 
follows: 


Approx. discharge pres- 

sure, lb. per. sq. in., gage 16 18 18 20 22 25 
Inlet volume from inlet 

nozzle, cu. ft. permin... 41600 49930 60150 69440 56900 66530 


Inlet volume from dis- 
charge nozzle.......... 41240 49790 59880 69110 56780 66070 
Difference, per cent....... 0.9 03 04 0.5 0.2 0.7 


It will be noted that the results are in very good agreement, 
the differences being within 1 per cent. 

A. J. Nicnouas.* The question of laboratory standards for 
the measurement of air and gas has, from time to time, received 
much attention by various experimenters who have indicated 
individual preference for some method which they considered 
satisfactory. The author of this paper discusses three such 
methods, although there are others, embodying the flow nozzle, 
the venturi tube, and the thin-plate orifice, to which the author 
applies the general term “‘measuring nozzles.’”” Would not the 
more appropriate general term be “metering elements’’ rather 
than ‘‘measuring nozzles?” 

For accurate measurement the author of this paper considers 
the shaped nozzle and the venturi tube as the most satisfactory 
method for laboratory set-up. This preference, as the author 
states is largely influenced by the fact that no especial deter- 
minations of the discharge coefficient are required, since they 
are close to unity for these elements. More specifically the 
author assigns values for the coefficients equal to 0.97 for sizes 
less than 1 in. throat diameter, 0.98 for diameters up to 2'/, in., 
0.985 up to 4 in. diameter, 0.99 up to 12 in. diameter, and 0.995 
for diameters above 12 in. In making these assumptions the 
author makes no reference as to the probable errors involved. 
A study of published experimental data on this subject shows 
that it is difficult to predict the coefficients, as above, to within 
2 or 3 per cent of the true value. Dr. T. E. Stanton,‘ of the 
National Physical Laboratory, shows that for flow nozzles 
with straight throats, as shown in the author’s paper, the vena 
contracta or minimum section occurs outside of the throat proper 
for pressure ratios of 0.527 or less, with air as a fluid. This 
experimental evidence accounts for the large variation in the 
nozzle coefficients at or below the critical pressure ratios. J. L. 


’ Instructor in Mechanical Engineering, The Pennsylvania State 
College, State College, Pa., Assoc-Mem. A.S.M.E. 

‘“On the Flow of Gases at High Speeds,’”’ Proc. Royal Society, 
Ser. A., June 2, 1926. 
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Hodgson® shows that, for nozzles of the type shown in Figs. 
5 and 7, the coefficient may vary from 0.7 to 0.99 for the pressure 
ratio of 1 to 0.25; and further states that such nozzles are 
badly designed. He shows the maximum variation to occur 
between the pressure-ratio range of 1 to 0.85. The range of 
15 to 30 in. water, with discharge from or into the atmosphere 
specified by the author as one of the desirable differential limits, 
falls in the pressure-ratio range of 1 to 0.85. 

Taking into consideration published experimental data on 
nozzles for air measurement, the writer has arrived at the follow- 
ing general conclusions: 

(1) A flow nozzle for air should be used only between the 
pressure-ratio limits of 0.85 to 0.527. 

(2) In general, a coefficient of 0.97 may be used for nozzles 
of !/, in. diameter or over, for the above pressure-ratio range. 

This coefficient is materially affected by the shapes employed, 
the length of throat, methods of locating pressure taps and 
methods of installation. Further, the coefficient is subject 
to a variation of 0.7 to 0.99 for the pressure-ratio range of 1 to 
0.85, and 0.93 to 0.99 for the pressure ratio of 0.527 or less. 

The author states that it is unadvisable to use the thin-plate- 
orifice method for most laboratory set-ups. This statement 
should be modified to read “‘if large differentials are employed.”’ 
Tests on thin-plate orifices have been conducted at low differ- 
entials by several investigators in the past, and the coefficient 
results for the same size orifices at equal differentials were 
checked to within better than '/; of 1 per cent. Notable among 
these tests are those of R. J. Durley which were reported in 
the Transactions of the A.S.M.E., 1906, and Watson and Schofield 
in the Proceedings of the Institution of Mechanical Engineers, 
1912. No such extensive and concordant data have yet been 
published on flow nozzles and venturi tubes with air, at either 
low or high differentials. The small differential limit of 1 to 
5 in. of water for the orifice tests does not detract from the 
accuracy of the measurement. For temporary test purposes 
reliable home-made differential manometers, using other fluids 
than water, can be constructed along the lines as suggested in 
the writer’s article on “How to Make Differential Manometers.’’* 
The advantage of using orifices lies in the simplicity with which 
they can be duplicated, and the certainty of knowing the true 
coefficient which previously had been determined by the original 
investigators. The same thing is nct true of nozzles and venturi 
tubes having different shapes, and requiring special machining 
of surfaces and throats, for which general assumptions of con- 
stant coefficient are made, based primarily on throat size. 

For gas, steam, or air it is not advisable to round off the 
inner edges of thin-plate orifices as the author suggests. Such 
rounding materially affects the coefficient, on which no complete 
and acceptable published experimental data are available at 
this time. 

The author deduces the value of K for air as equal to 1.3947, 
stating that it is more accurate than the frequently used one of 
1.40 to 1.41. The writer wishes to call attention to a paper 
by Prof. Edward F. Miller, on “Relation Between Pressure, 
Volume and Temperatures of Gaseous Air Under High Com- 
pression,’’? in which experimental values of K are shown to be 
1.405 at 14.7 lb. abs. pressure, and 1.786 at 4618 lb. abs. pressure. 
The limits of pressures and temperatures for which K is nearly 
constant should be clearly defined. 

The writer has frequently used the author’s equations pre- 
viously published in the American Machinist, to which a his- 


5 “The Commercial Metering of Air, Gas and Steam,’”’ Min. of 
Proc. Inst. C. E., vol. 204, 1916-17. 

“The Metering of Steam,” Proc. Inst. Naval Architects, 1922. 

6 Published in Power, April 19, 1927. 

7 Army Ordnance, vol. v, no. 32, September-October, 1925. 
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torical reference is made in this paper. The present proposed 
equations and their limitations appear equally as valuable, 
although they are slightly modified from those first published. 

For those interested in general metering, the writer wishes 
to call attention to the valuable set of formulas deduced by 
J. L. Hodgson, which appear in his two papers mentioned 
above, and also in his paper entitled ‘‘The Orifice as the Basis 
of Flow Measurement.’”® An ingenious self-contained air 
calibrating plant, used for calibrating nozzles, venturi tubes, 
and orifices, is described by Hodgson in the first paper referred 
to above. 


Joun L. Hopason.? A fundamental defect in this paper is 
that while elaborate tables of factors are given for minute correc- 
tions due to humidity, elevation above sea level, and the like, 
no evidence based upon actual calibration is given for the co- 
efficients of discharge for the nozzles recommended. 

The writer’s experience would lead to the condemnation of 
all the forms of nozzle presented by the author, and to suggest 
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that if the nozzles indicated in Figs. 1 to 6 were subjected to 
careful calibration their coefficients of discharge would be found 
to vary with the flow over a wide range of values. 

For instance, in Fig. 17 of the writer’s paper, ‘“The Commercial 
Metering of Air, Gas and Steam,’’” it is shown that the coeffi- 
cient of discharge of a nozzle with a slightly longer parallel 
portion than the author’s Fig. 2 varies from 0.75 to 0.99. The 
writer has found by very many actual calibrations that the long 
parallel part at the throat of the nozzle advocated by the author 
does not lead to coefficients of discharge which are “close to 
unity” at all flows. This appears to be due to the continuation 
of the contraction of the jet beyond the curved upstream. That 
it will certainly do so in the case of the author’s Fig. 6 will be 
apparent to any one who has a good eye for streamline form, 
or who has had to lay out high-speed railway curves. Both 
the ship designer and the railway engineer set out their curves 
so that the change in the radius of curvature is very gradual. 

It is now nearly 15 years since the writer’s firm, after ex- 
haustive tests, abandoned venturi throat contours such as are 


8 The Institution of Civil Engineers, 1925. 
®§ Eggington House, Bedfordshire, England. 
10 Proc. Institution of Civil Engineers, 1917. 


shown in Fig. 6 for contours of approximately streamline form 
in which the throat pressure hole was placed at the commence- 
ment of a very short parallel portion, the short parallel portion 
being left solely with a view to ease in calipering its diameter. 
Later on, various German firms followed our lead with venturi 
throats of approximately streamline form, in which, in some 
cases, the parallel portion was entirely suppressed. 

Among those in Europe who have done the most calibration 
work, it is an exploded notion that a parallel portion at the end 
of a nozzle can control the size of the vena contracta or insure a 
more constant value of the coefficient of discharge over a large 
range of flows. 

In the discussion on Power Test Codes at the Institution 
of Mechanical Engineers in 1924, the writer submitted a set of 
curves of coefficients which included tests on venturi tubes 
such as the author illustrates in Fig. 6. A similar set of curves 
is reproduced in Fig. 14. It will be seen that the coefficients 
vary from 0.8 to 1.08. 

A reference to Appendices II and VII of the writer’s 1917 
paper above referred to, will show that in this paper the funda- 
mental St. Venant formula has been so modified as to cover 
small throat-area ratios (the author insists that the main must 
be at least twice the diameter of the nozzle, i.e., that the throat- 
area ratio must be at least four, for the formulas which he gives 
to apply), and that more elaborate simplifications of the funda- 
mental formula have been given than the author has attempted 
to do in the present paper. Unless simplifications are checked 
by actual calibration of the nozzles against volumetric standards, 
they do not lead to accurate metering. 

When a nozzle or venturi tube is so checked, we find that we 
can express all that we discover by means of the following simple 
flow formula: 


Q = AB[(P: — [13] 
where 
Q = flow in lb. per sec. 
A =a coefficient, whose value for viscous and turbulent 
flows is plotted against the flow criterion 


B =a factor depending upon the size and particulars of the 
orifice or nozzle, and upon the system of units used 

(P; — P2) = difference of pressure between the pressure holes 

W, = specific weight of the fluid on the upstream side of the 
nozzle 


k =ratio of the specific heat at constant pressure to the 
specific heat at constant pressure for the fluid. 
n = ratio of the area of the throat to the area of the main. 


(Actually the area of the vena contracta ought to be taken 
instead of the area of the orifice or throat, but this is an 
unnecessary refinement except in purely theoretical work.) 
= viscosity. 
Over the viscous-flow region, Equation [13] may be replaced by 


Q = A’B(P; — P:)W......... — 


Po and for elastic flows against the criterion : 
P. 
n? P, 
; which latter, for any one gaseous fluid, may be replaced by 


and, when the fluid is discharging above the critical pressure 
ratio, by 


The reasoning and experiments on which the above formulas 
are based are fully detailed in the writer’s paper, ‘The Orifice 
as a Basis of Flow Measurement.’’!! | Though this paper deals 
primarily with orifices, the reasoning applies also to nozzles and 
venturi tubes. 

The writer is coming more and more to the view that, provided 
the metering obstruction is accurately calibrated over the flow 
range as judged by the criteria [14], [15], and [15a], it matters 
little what simple form of measuring obstruction is used, and 
that without accurate calibration the most elaborate and care- 
fully contoured forms are useless. It is self-evident that the 
more elaborate the contour of the metering obstruction is, the 
more difficult it will be to reproduce it with accuracy and make 
use of previous calibrations of similar metering obstructions. 

As is well known, very accurate results can be obtained by 
means of a square-edged orifice in a thin plate. If such an 


Fig. 15 CyLinpricAL MEraAsuRING AIR-COMPRESSOR 
INTAKE 


orifice is used, the perfect machining of the square edge is not 
so important as the author suggests. Calibration shows that 
the coefficient is not appreciably affected if this edge has a radius 
of as much as !/309 of the diameter of the orifice. 

The writer has recently found that for such suction intakes 
as are shown in Figs. 3 and 5, a simple straight length of pipe 
about 4 diameters long used as Borda’s mouthpiece, with the 
suction pressure hole drilled about one-half diameter from the 
entrance end, and the static pressure taken in a perforated 
box clamped to the periphery of the pipe about three diameters 
from the entrance end, forms an admirable and easily reproduced 
metering device. The arrangement is illustrated in Fig. 15. 
Calibration shows that the coefficient obtained is varied very 
little by considerable rounding of the entrance edge. 

In the notes to Fig. 6, the author states that ‘“‘a single static 
hole is equally as accurate.” I agree with this statement in 
so far as it applies to testing work. The reason why the annulus 
is retained in certain cases in practical metering is to enable 
a number of pressure holes to be drilled in the plane of measure- 
ment, so that a meter having a large float or bell will respond 
quickly when the flow changes. 

The writer does not agree with the author’s use of the impact 
tube for measuring the upstream pressure. In his experience, 
which now extends to many thousands of orifices, nozzles, and 
venturi tubes, he has had very little trouble with faulty static 
pressure holes for the reasons referred to. The author states 
that judgment should be used in designing nozzles. Judgment 


! Proc. Institution of Civil Engineers, 1925. 
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is in no case to be relied upon unless it is backed up by careful 
calibration of the nozzle produced. 

In the note attached to Fig. 5, the author states that several 
nozzles may be used in one tank. If this is done it will be found 
that, unless the nozzles are placed at a considerable distance 
apart, the air flow for a given observed difference of pressure, 
as calculated by the author’s formulas, will be higher than the 
true air flow, because the individual nozzles have now no longer 
an unrestricted area from which to draw, and the velocity of 
approach to eacn of them is increased. 

One of the most suitable forms of volumetric standard is a 
test gas holder installed in a thick-walled building with only a 
small north light (so as to avoid temperature errors). A great 
deal can be done even with a 10-cu-ft. gas holder, provided that 
the flow criteria given in Equations [14], [15], and [15a] are used, 
and provided that it is remembered that geometrical similarity 
extends to the roughness of the surfaces dealt with as well as to 
their contours and to the positions of the pressure holes. 

As pipes of the same material have usually identical roughness, 
the relative roughness is greatest for the smaller pipes. Further, 
for pipes of identical roughness the velocity distribution will 
be found to vary with the size of the pipe at the same values 
of the flow criteria given in Equations [14], [15], and [15a]. 
This, more especially when the area of the nozzle or orifice 
calibrated is large in comparison with the area of the pipe in 
which the nozzle is inserted, may lead to obtaining slightly 
different coefficients for geometrically similar small and large 
nozzles or orifices at the same values of the flow criterion used. 

It is impossible to meter accurately without calibration 
facilities. A certain amount may laboriously and expensively 
be done by means of traverses with a pitot tube. The best 
work is, however, only possible with some such aid as the gas 
holder described above, or the displacement meter illustrated 
in Figs. 13 and 14 of the writer’s 1917 paper. If a displacement 
meter is used for measuring air flows, it must not be allowed to 
rotate at a speed which will cause the momentum of its parts 
to set up pulsations in the air flow being measured, since, if this 
is done, errors due to pulsation will be introduced. 


H. 8S. Bean.'? For several years I have been very much 
interested in this problem of gas measurement, and particularly 
raie-of-flow measurements. In 1922 the Bureau of Standards 
started a series of orifice tests for the purpose of determining 
the discharge coefficients of orifices. We selected flow nozzles 
as our primary standard. In connection with this selection we 
were indebted to Dr. Moss for the information contained in his 
paper of 1916 on “The Impact Tube.”’!* 

In designing our nozzles we used the quadrant of an ellipse 
as the outline of the approach section. The semi-major axis 
of the ellipse was taken equal to the diameter of the throat, 
and the semi-minor axis equal to two-thirds the throat diameter. 
(See Fig. 16.) The semi-major axis was placed parallel to the 
axis of the throat. There were four different throat diameters 
or nozzle sizes used, ranging from 1°/, in. up to 5in. In three 
of the nozzle sizes we made two nozzles each, one set with the 
length of the throat or straight portion equal to one-half the 
throat diameter, and in the other set the length of throat was 
equal to the throat diameter. In order to reduce the skin 
friction the inside surface of the nozzles was carefully machined 
and polished. 

The method of determining the coefficient of the nozzle for 
any given rate of flow was substantially that outlined by Dr. 
Moss in his paper of 1916. Our traverse tip had a mouth di- 


12 Associate Physicist, Chief of Gas Measuring Instruments 
Section, Bureau of Standards, Washington, D. C. Mem. A.S.M.E. 
13 Trans. A.S.M.E., vol. 38, 1916, p. 761. 
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ameter of 0.02 in. After determining the coefficients for several 
rates of flow, the coefficients were plotted, as ordinates, against 
impact pressures at the center of the nozzle, as abscissas. It 
was then possible to draw a smooth coefficient-impact-pressure 
curve, such as Fig. 17. As shown by the figure, the coefficient 
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increased as the rate of flow increased. For the nozzle to which 
this curve applies the coefficient was about 0.976 when the jet 
velocity was about 32 ft. per sec., corresponding to an impact 
pressure of about 0.01 lb. per sq. in. With an impact pressure 
of 2.55 lb. per sq. in., or a jet velocity of 482 ft. per sec., the 


coefficient was 0.996—. We also found that as the nozzle or 
throat size was increased the coefficient increased, for the same 
rate of flow. Thus with an impact pressure of 0.4 lb. per sq. 
in., the 1*/,-in. nozzle had a coefficient of 0.991, while at the same 
impact pressure the 5-in. nozzle had a coefficient of 0.998. It 
was further found that the nozzles with the longer throat sections 
had slightly lower coefficients than those with the shorter throats. 
While these variations are not large numerically, it was necessary 
to take account of them since we were seeking to obtain as high 
a degree of accuracy as possible. Of course where one is inter- 
ested in obtaining results that are reliable to only 1 or 2 per 
cent it is entirely sufficient to assume a constant value of the 
nozzle coefficient as suggested by Dr. Moss. 

In order to study the effect on the discharge coefficient of 
different forms of approach sections we made two experimental 
nozzles. On one the outline of the approach section was a 
quadrant of a circle, the radius of the circle being equal to the 
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throat diameter. On the other the outline of the approach 
section was a quadrant of an ellipse which had the same geo- 
metrical relations as described for the regular nozzles, but the 
ellipse had been turned through 90 deg. so that the major axis 
of the ellipse was at right angles to the axis of the nozzle. Fig. 
18 shows how the coefficients changed as the impact pressure 
or rate of flow increased. As can be seen in each case the co- 
efficient value increases rapidly to a maximum and then falls 
off. Presumably this decrease in the coefficient is caused by 
the air stream breaking away from the nozzle wall as it flows 
around from the approach section to the straight section of 
the nozzle. 

Reference is made in both the present paper and that of 1916, 
“The Impact Tube,” to the accuracy of the impact tube as 4 
means of measuring velocity head or pressure. In addition 
to the work which I have mentioned, other tests have been made 
at the Bureau using nozzles and an impact tube. In these tests 
jet velocities up to about 1400 ft. per sec. were used. It was 
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found that so long as the jet velocity was less than the velocity 
of sound in the fluid being used (air in our case), the impact 
tube converted the velocity or kinetic energy of the jet to pressure 
(energy) exactly. The difference between the pressure indi- 
cated by the impact tube and that indicated by a static tube 
connected a short distance upstream from the nozzle was, as 
near as we could measure, equal to the velocity-of-approach head. 

Dr. Moss mentions some of the difficulties, or important 
factors to be observed in the use of “square-edged”’ orifices. 
We encountered all of these factors and more. In respect 
to square edges we found that if we were careful to have true 
square edges the result would be in close agreement. However, 
slightly rounding, roughing, or burring the edge or edges would 
change the value of the discharge coefficient anywhere from 
minus 1 per cent to plus 5 per cent. 

Another important factor is the arrangement of the set-up 
or the location of various kinds of pipe fittings with respect 
to the orifice or nozzle. For example, our nozzles, which dis- 
charged into the atmosphere, were attached to one end of a 30-ft. 
section of 3-ft. pipe. Even with this low velocity of approach 
we found it necessary to construct two honeycomb sections 
within the 3-ft. pipe before we eliminated the swirl and secured 
an even jet distribution in our nozzles. In connection with 
the subject of set-up arrangement, I believe it would be very 
helpful to any one preparing a nozzle or orifice set-up either 
for laboratory or general measurement use, to become familiar 
with the recommendations on orifice-meter setting which have 
been prepared by the Committee on Gas Measurement of the 
Natural Gas Department of the American Gas Association. 


Tue AutHor. Mr. Hodgson, and Mr. Nicholas take some 
exception to the statement in the paper that the coefficient of 
discharge for a nozzle with streamline approach is close to 
unity. I believe this must be due to some misunderstanding, 
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however. It must, of course, be understood that the proper 
theoretical formula or a close approximation to it is used. If 
the simplified form of formula is used for the case with large 
pressure differences, to which the simplified form does not di- 
rectly apply, a coefficient to take care of the situation may, 
of course, be used. This is not a coefficient of discharge in the 
sense in which it is used in the original paper, however. It 
is only under such circumstances that a coefficient appreciably 
different from unity can ever apply. All of the data given in 
the paper regarding coefficients are the result of careful calibration, 
some of it by the method given in the 1916 paper, ‘“The Impact 
Tube.” 

The very interesting discussion presented by Mr. Bean, of 
the Bureau of Standards, confirms this conclusion. Mr. Bean’s 
values, taken with a great deal of pains, show very slight varia- 
tion of the coefficient for a wide range of different conditions, 
and confirm the statement made in the original paper, that all 
cases of a nozzle with reasonable streamline approach give a 
coefficient close to unity. It is to be hoped that the Bureau of 
Standards’ work will be continued and finally published, so that 
the slight variations in coefficient, due to different shapes and 
different velocities, can be taken into account. In the meantime, 
all of the existing calibration data indicate that the coefficients 
given in the paper are quite accurate for engineering purposes, 
when used with the proper form of formula as given in the paper. 
No doubt the simplified form of formula proposed by Messrs. 
Hodgson and Nicholas, with a corresponding set of coefficients 
to take account of the circumstances, will give equally accurate 
results. This, however, is an entirely independent system and 
it is not to be supposed that the coefficients of one are inter- 
changeable with the other. 

Taking everything into account, the author believes that the 
system presented in the paper is the easier for general engineering 
purposes. However, this is, of course, a matter of opinion. 
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Progress in Lubrication Research 
Contributed by the A.S.M.E. Special Committee on Lubrication: 


Committee on Lubrication during the five years elapsed 
since the previous or third report? was submitted, on or 
about October 15, 1922. 


Viscosity oF LuBRICANTS UNDER HiGH PRESSURE 


The first experimental problem undertaken by the Committee 
consisted in determining the effect of pressure on the viscosity 
of lubricating oils. A paper containing the final results obtained 
with the ball and slanted tube type of viscometer, by M. D. Her- 
sey and H. Shore, has been contributed for presentation at the 
December, 1927, Annual Meeting. These results may be found 
to have an important bearing on the interpretation of oiliness 
observations, which, in turn, constitutes one of the most central 
problems of future lubrication research. Lard oil, castor oil, 
and three mineral oils were tested at various pressures and 
temperatures up to about 50,000 lb. per sq. in. and 140 deg. 
cent. 

The investigation was continued by R. V. Kleinschmidt 
working in the laboratory of Professor P. W. Bridgman at 
Harvard University. During the limited time available, Dr. 
Kleinschmidt tested sperm, lard, castor and rape-seed oils, 
three mineral oils, and one cutting compound at pressures up 
to a maximum of about 130,000 lb. per sq. in. and at tempera- 
tures up to 80 deg. cent. These results confirmed the apparent 
solidification of lard oil observed by Hersey and Shore under 
high pressure, and are given in detail in Appendix No. 1. 


‘k= report summarizes the activities of the Special Research 


or LusrRicaTING OILs 


When two oils having the same viscosity at atmospheric 
pressure and at the temperature of the film are tested under 
identical conditions the one giving the least friction is said to 
have the greater oiliness.* Experiments on the friction of 
lubricating oils under very high bearing pressures have been 
conducted recently at the Carnegie Institute of Technology by 
C. W. Staples, using apparatus‘ which was intended so far as 
possible to prevent the formation of thick fluid films, in order to 
accentuate the differences due to oiliness. ‘Two progress reports 
have been placed on file for consideration by the Committee in 
order to determine the most logical interpretation of the results 
obtained, and as a basis for planning further experiments in 
continuation of this investigation. 


1 The personnel of this Committee is as follows: 

Mayo D. Hersey, Chairman, Physicist, Chief, Friction and Lubri- 
cation Section, Bureau of Standards, Washington, Bp. <. 

Awan E. Fitowers, Secretary, Engineer i in Charge of Development, 
The De Laval Separator Co., Poughkeepsie, N. Y. 

Louis J. BRapForp, Professor. Mechanical Engineering, Pennsyl- 
vania State College, State College, Pa. 

Hopart C. emg | Chief, Heat and Power Division, Bureau of 
Standards, Washington, D. 
.. Ww. Durr, Professor, Worcester Polytechnic Institute, Worcester, 
lass. 

H. A. 8S. Howartu, General Manager, Kingsbury Machine Works, 
Philadelphia, Pa. 

ALBERT Kinessury, Calhoun Drive, Greenwich, Conn. 

Reprinted by THe AMERICAN Society oF MECHANICAL ENGI- 
NEERS, together with the First Report (1919), under the title, Oiliness of 
Lubricating Oils and Viscosity of Lubricating Oils Under High Pres- 
sures. 

3’ Herschel, W. H. Viscosity and Friction. Journal Society 
Automotive Engineers vol. 1... 1922), pp. 31-41 and 369-372. 

‘ Kingsbury il-Testing Machine and Some of Its 
Results. S.M. E, 24 (1903), pp. 143-160. 

Presented at the Lubrication Research Symposium at the Annual 
Meeting, New York, December 5 to 8, 1927, of THe AMERICAN 
Society oF MECHANICAL ENGINEERS. 


LUBRICATION OF JOURNAL BEARINGS 

A graphical analysis of journal-bearing lubrication’ has been 
reprinted by the Society from a series of papers presented at 
three Annual Meetings. This analysis is based on the recognized 
equations of Reynolds and Harrison. It provides the theoretical 
data needed for bearing design under a wide range of operating 
conditions, and includes both full and partial bearings. The 
fact that the detailed results of this study are now readily avail- 
able for reference in checking measurements of friction, makes 
the present an opportune time to initiate programs of experi- 
mental research on journal-bearing performance. 

The Committee has cooperated in the development of the 
Bureau of Standards program of experiments on journal-bearing 
performance. One paper resulting from this project has been 
submitted by S. A. McKee for presentation at the Annual Meet- 
ing in December, 1927, under the title The Effect of Running-In 
on Journal-Bearing Performance. A second project in the same 
series, now well advanced, consists in determining the effect of 
the length-diameter ratio and the effect of the clearance-diameter 
ratio on the coefficient of friction of full-journal bearings. The 
machine constructed at the Bureau of Standards for this work 
differs from many that have been used in the past in that it 
measures the frictional resistance acting on the moving element 
(i.e., on the journal) instead of that acting on the stationary 
element (i.e., on the bearing); an essential distinction if the 
results are to be employed for practical computations of power loss. 


Car-WHEEL Friction LossEs 


In small industrial cars such as are used in great numbers, 
especially for mine haulage in coal mines, an unnecessary waste 
of electrical power is permitted which could be diminished by 
improvements in mechanical design and in lubrication. This 
Committee, aided by funds transferred from the Engineering 
Foundation, has cooperated with the Carnegie Institute of 
Technology and the U. 8. Bureau of Mines in an experimental 
study of mine-car friction. 

The work was conducted in the laboratories of the Bureau 
of Mines Experiment Station at Pittsburgh, Pa. The results 
of measurements of the total friction loss in trucks moving along 
both straight and curved track have been published;* while 
the experimental work has been completed and a progress 
report submitted on a second phase concerned with the direct 
measurement of the bearing friction alone. 

There remains a third very interesting phase of that investi- 
gation which could be completed with a comparatively small 
financial outlay, namely, the direct measurement of rolling 
friction, i.e., the resistance offered to the simple rolling contact 
of the wheel on the top of the rail. It was found that this factor 
is responsible for a larger proportion of the total friction loss 
than commonly assumed. It also appeared that a considerable 
difference existed between the rolling friction of cast iron and 
of steel wheels, and between wheels of the same material but of 
varying hardness. The Committee desires to bring this project 
to the attention of the Main Research Committee, although the 
subject of rolling friction lies outside the scope of the Special 
Research Committee on Lubrication as at present organized. 


5’ Howarth, H. A. S. Trans. A.S.M.E., vol. 45 (1923); vol. 46 
eas vol. 47 (1925). 
Mine Car Friction with Six Types of Trucks. Bulletin 20, 
Mining and Metallurgical Investigations, Carnegie Institute of 
Technology, Pittsburgh, Pa., 1925. 
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CONCLUSION 


Several problemis have been summarized above on which 
definite progress has been made by the Committee since the 
date of the last Report. Further details can be found in the 
“Annual Meeting papers that have been contributed, and in 
Appendix No. 1 of the present Report. These projects are con- 
sidered fundamental; they are in line with the program recom- 
mended in the Committee’s first published report (1919) and 
should be continued and extended as rapidly as financial support 
can be secured. 

In addition to the experimental work here reported, the 
Committee has gradually collected a considerable quantity of 
live technical information. This has been accomplished largely 
through personal contact of members of the Committee with 


fellow workers in the field of lubrication, both in the United 
States and in European countries. Cordial cooperative relations 
for the exchange of information have been established. Only 
funds for clerical assistance are needed in order to place such 
information at the disposal of our own membership. 

This Report will be concluded with a brief bibliography 
(Appendix No. 2) containing a number of references that may be 
considered representative of contemporary lubrication research, 
although comprising only a very small percentage of the total 
literature available on the subject of lubrication. It is hoped 
that the bibliography will be of aid to members of the Society 
who desire to become more familiar with the background of 
research underlying the particular problems dealt with in this 
Report. 


Appendix No. 1—Experiments by Robert V. Kleinschmidt on the Viscosity of Lubricating 
Oils Under High Hydrostatic Pressure 


OLLOWING the completion of experiments by Hersey and 

Shore’? arrangements were made for extending the viscosity 
measurements to higher pressures, utilizing the apparatus 
recently developed by Professor Bridgman.*® 

The results of tests on two animal oils (lard and sperm), two 
vegetable oils (castor and rape seed), three mineral oils (three- 
in-one, Veedol medium and Mobiloil A), and one cutting com- 
pound (mineral lard) are reported in Tables 1 to 10 below. 

Two samples of sperm oil were tested; one from the National 
Physical Laboratory in England on which viscosity data by 
J. H. Hyde had been published in 1920, the other a sample of 
unrefined sperm oil on which good results had been obtained in 
a series of shop tests to determine its comparative performance 
as a cutting-tool lubricant. In those tests the sperm oil was 
reported as being distinctly superior to the mineral lard, so it 
was felt that considerable interest might attach to the comparison 
of the same two samples in the viscosity apparatus. The un- 
refined sperm oil and the mineral lard were of practically the 
same viscosity at ordinary temperature and pressure. 


TABLE 1 RESULTS OF TESTS ON LARD OIL 


(Using weight B in Tests 1 to 7 and weight C in the remaining tests) 
: Tests 1 to 15 at 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per ‘Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq.cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
1 1 0.260 0.000 8 1 0.997 0.000 
2 328 0.493 0.233 9 545 1.366 0.370 
3 1057 0.941 0.681 10 1050 1.661 0.665 
4 2072 2.512 2.252 11 1432 1.876 0.880 
5 1990 2.304 2.094 12 1576 1.964 0.968 
6 2180 2.631 2.371 13 1857 2.120 1.224 
7 2725 Frozen Frozen 14 2165 2.446 1.450 
15 2373 over3.5 over2.5 
Tests 16 to 25 at 40 deg. cent 
16 1 0.766 1.770 21 3045 2.306 1.309 
17 478 1.063 0.066 22 3404 3.495 2.499 
18 1150 1.431 0.435 23 4148 Frozen 
19 1879 1.784 0.787 24 3150 2.406 .410 
20 2455 2.019 1.023 25 3253 2.433 1.436 
Tests 26 to 35 at 75 deg. cent. 
26* 0.373 1.375 31 5702 2.438 1.441 
27 1115 0.901 1.905 32 6940 3.164 2.168 
28 2477 1.428 0.432 33 7160 over4.0 over3.0 
29 3630 1.832 0.834 34 6520 2.716 1.720 
30 4747 2.168 1.371 35 6720 2.770 1.774 


* Temperature 75.1 deg. cent. 
7 Hersey, M. D., and Shore, H. Viscosity of Lubricants Under 


Pressure. Paper presented at the Annual Meeting, Dec. 5 to8, 1927, 
of THe AMERICAN SociETY OF MECHANICAL ENGINEERS. Published 


oe ENGINEERING, vol. 50, no. 3, March, 1928, pp. 
221-232. 

8 Bridgman, P. W. 
Forty-Three Pure Liquids. 
pp. 57-99. 


The Effect of Pressure on the Viscosity of 
Proc. Am.Acad.Arts Sci., vol. 61 (1926), 


Two samples of castor oil also were available, one from Gill- 
more (Pittsburgh) the other from Baker (New York). The 
remaining oils were represented by one sample each. 

In using the falling-weight method of Professor Bridgman, 
three different weights, A, B, and C, were employed having 
constants 1.217, 0.450, and 1.186, respectively. By substracting 
these constants from the logarithms of the time values in the 
tables we could obtain the logarithms of the absolute viscosities 
in poises, with an accuracy of the order of 10 per cent. This 
has not been done in the present report, however, as a higher 
degree of accuracy, probably within 2 per cent, is obtained by 
using simply the viscosity ratios given in the fourth column of 
each table. 

The viscosity ratio represents the ratio of the absolute vis- 
cosity at any stated pressure and temperature to the absolute 
viscosity at atmospheric pressure and 25 deg. cent. (77 deg. fahr.). 

Temperatures were measured to 0.01 deg. cent. and recorded 
in the tables to the nearest 0.1 deg. cent. 

The viscosity ratios given by Tables 1 to 10 have been plotted 
against the hydrostatic pressure in Figs. 1 to 8. 

It will be especially noted from these diagrams that the 
animal oils give the most conspicuous evidence of solidification 
or freezing due to increase of pressure at constant temperature. 
Sperm oil solidifies at decidedly lower pressures than the mineral- 
lard cutting compound. This fact is of interest in relation to 
the reported preference for the sperm oil when compared with 
the mineral lard under practical metal-cutting conditions. In 
general, these results confirm and considerably extend the work 
undertaken by previous investigators, and tend to demonstrate 
the desirability of further research in the same direction. 


TABLE 2 RESULTS OF TESTS ON SPERM OIL (N.P.L.) 


(Using weight C in all tests) 
Tests 36 to 39 at 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of 
Test kg.per Time, Viscosity Test kg.per Time, Viscosity 
no. sq.cm. sec. ratio no. sq.cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
36 1 1.211 0.000 38 681 2.348 1.137 
37 478 1.550 0.340 39 830 Nearly frozen 
Tests 40 to 44 at 40 deg. cent. 
1 0.930 1.720 43 1302 1.754 0.543 
41 758 1.409 0.198 44 1830 Frozen 
2 1043 1.552 0.341 
Tests 45 to 51 at 75 deg. cent. 
45 1 0.467 1.256 49 3100 1.726 0.516 
46 514 0.744 1.533 50 3960 . 1.987 0.776 
47 1215 1.056 1.845 51 4412 Frozen 
48* 2028 1.370 0.159 wine 


* Temperature 75.1 deg. cent. 
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TABLE 3 RESULTS OF TESTS ON SPERM OIL (UNREFINED) 5 x 
(Using weight C) Sls 
Tests 52 to 55 at 25 deg. cent. | N a) 
Pressure, Logarithm of Pressure, Logarithm of | = hg 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 4 
no. sq.cm. sec. ratio no. sq. cm. sec. ratio | 
(1) (2) (3) (4) (1) (2) (3) (4) 
52 1 1.208 0.000 54 915 2.299 1.091 | 
53 708 1.664 0.456 55 1145 Frozen 2 j r; 
Tests 56 to 57 at 40 deg. cent. a 3 l / 
56 977 1.514 0.306 57 2057 Frozen i ; / 
Tests 58 to 68 at 75 deg. cent. = 
58 1 0.447 1.239 64 4010 1.979 0.771 O72 f 
59 932 0.921 1.713 65 4500 2.120 0.912 5 / 
60 1860 1.290 0.082 66 4605 2.304 1.096 > / 
61 2282 1.440 0.232 67 4880 2.708 
62* 2980 1.663 0.455 68 5076 Nearly frozen > WA cet 
63t 3500 1.827 0.619 she one x. 


R 
<2 


+ Temperature 74.9 deg. cent. 


* Temperature 75.1 deg. cent as g 


0 1000 2000 3000 4000 5000 6000 7000 
TABLE 4 RESULTS OF TESTS ON CASTOR OIL (GILMORE) Pressure, Kg. per Sg.Cm. 
(Using weight B) 
Tests 69 to 74 at 25 deg. cent. Fia. 6 Viscosity Ratios ror VEEDOL Mepium O11 
Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm, sec, ratio no. sq.cm, sec, ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
69 1 1.404 0.000 72 2025 2.730 1.326 
70 2 1.422 0.018 73 3026 3.271 1.867 3 
yg | 1193 2.240 0.836 74 4096 3.821 2.417 
Tests 75 to 81 at 40 deg. cent. 
75 12 0.957 1.553 79 3015 2.645 1.241 
Tests 82 to 89 at 75 deg. cent. 
82 37 0.228 2.824 86 4486 2.081 0.677 — ) G at 
83 832 0.666 1.262 87 5995 = 2.551 1.147 + |S ‘4 ey 
84 1852 1.120 1.716 88 8660 3.334 1.930 o |S 
85 2998 1.564 0.160 89 9510 3.579 2.175 
o 1g 
o 
TABLE 5 RESULTS OF TESTS ON CASTOR OIL (BAKER) Pa 
(Using weight A) qj 
Tests 90 to 95 at 25 deg. cent. "4 
Pressure, _Logarithn of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq.cm, sec. ratio no. sg.cm. sec. ratio “<= 
() (2) (3) (4) (1) (2) (3) (4) 0 1000 2000 3000 4000 5000 6000 7000 
90 1 2.171 0.000 93 1113 2.950 0.779 Pressure , Kg. per Sq.Cm. 
91 237 2.350 0.179 94 1520 3.194 1.023 
2.007 2088 5.558 Fie. 7 Viscostry Ratios ror A 
Tests 96 to 100 at 40 deg. cent. ‘ 
96 1 1.745 1.574 99 1690 2.790 0.619 
97 282 1.950 1.779 100 2500 3.191 1.020 
98 911 2.360 0.189 ae | 
Tests 101 to 110 at 80 deg. cent. 
101* 1 0.873 2.702 106 3081 2.258 0.087 rs hs 
0 349 1.089 2.918 107 4010 2.572 0.401 4 Ss i“ 
103 979 1.413 1.242 108 5023 2.895 0.724 = 
104 1569 1.676 1.505 109 6123 3.219 1.048 
105 2258 1.955 1.784 110 7420 3.596 1.425 
* Temperature 79.9 deg. cent. ° 3 
> 
+2 
TABLE 6 RESULTS OF TESTS ON RAPE-SEED OIL* uy at 
(Using weigh 8 co 
g weight B) S 69. 
Tests 111 to 114 at 25 deg. cent. >| co = a 
Pressure, Logarithm of Pressure, Logarithm of o 
Test kg. per Time, Viscosity Test kg.per Time, Viscosity 
no. sq.cm, sec ratio no. sq.cm. sec. ratio = @ 
1) 2 (3) (4) (1) (2) (3) (4) 
111 1 1.656 0.000 113 1106 2.474 0.818 0 
112 378 1.982 0.326 114 2162 over 3.8 over 2.144 al ‘aa 
Test 115 at 40 deg. cent. 
115 1932 2.636 0.980 ash 
: Tests 116 to 117 at 75 deg. cent. 0 1000 2000 4000 4000 5000 6000 7000 
116 1 0.558 2.902 117 600 0.916 1.260 Pressure, Kg. per 59. Cm. 


* Conducts current too well for completing a full series of observations. Fie. 8 Viscosity Ratios rok MINERAL-LARD CuTTING COMPOUND 


: 
‘ 3 
3 
~ 


APPLIED MECHANICS SECTION 


TABLE 7 RESULTS OF TESTS ON THREE-IN-ONE OIL 
(Using weight B) 
Tests 118 to 123 at 25 deg. cent. 
Pressure Logarithm of Pressure, Legarithm of 

Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. em. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 

1 1.910 0.000 121 1522 0.816 0.776 
119 465 0.227 0.317 122 1900 1.421 1.511 
120 1140 0.580 0.670 123 2184 Almost frozen 


Tests 124 to 129 at 75 deg. cent. 


124 2510 0.351 0.441 127* 5450 1.273 1.363 
125 3486 0.684 0.774 128 5900 1.939 2.029 
126 4500 0.991 1.081 129 6560 Frozen solid 


* Temperature 74.9 deg. cent. 


TABLE 8 RESULTS OF TESTS ON VEEDOL MEDIUM 
(Using weight B) 
Tests 130 to 136 at 25 deg. cent. 


Pressure, Logarithm of Pressure Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq. cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
130 1 0.600 0.000 134 1190 1.938 1.338 
131 442 1.078 0.478 135* 1428 2.730 2.130 
132 972 1.586 0.986 136 1685 over 3.4 over 2.8 
133 1106 1.706 1.106 
Tests 137 to 143 at 40 deg. cent. 
137 1 0.265 1.665 141 2320 2.476 1.876 
138 403 0.619 0.019 142 2500 2.874 2.274 
139 1526 1.577 0.977 143 3000 Almost frozen 
140 2043 1.973 1.373 
Tests 144 to 148 at 75 deg. cent. 
144 1340 .576 1.976 147 5370 2.850 2.250 


w 
Neo 


.812 1.212 148 5765 3.35 2.75 


* Temperature 25.1 deg. cent. 


Acknowledgment is made to Winslow H. Herschel and 
Ronald Bulkley of the Bureau of Standards for the determina- 
tions of absolute viscosity and for assistance in the preparation 
of this report. The experimental work was conducted at the 
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TABLE 9 RESULTS OF TESTS ON MOBILOIL A 
(Using weight A) 
Test 147 at 0.1 deg. cent. Interpolation for 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq.cm. sec. ratio no. sq.cm. sec, ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
147 1 3.472 1.612 1 1.860 0.000 
Tests 148 to 153 at 40 deg. cent. 
148. 1 1.377 1.517 151 960 2.653 0.793 


149 175 1.615 1.755 152 1502 3.358 1.498 
150 484 2.036 0.176 153 1997 4.005. 2.145 


Tests 154 to 159 at 80 deg. cent. 


154* 1 0.529 2.669 157 2177 2.511 0.651 
155* 437 0.951 1.091 158 2790 3.038 1.178 
156 1375 1.777 1.917 159 3517 3.671 1.811 


* Temperature 79.9 deg. cent. 


TABLE 10 RESULTS OF TESTS ON MINERAL LARD OIL 
(Using weight C) 
Tests 160 to 165 at 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq. cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
160 1 1.217 0.000 163 1572 2.726 1.509 
161* 911 2.011 0.794 164 1693 3.070 1.853 
162 1224 2.261 1.044 165 521 1.686 0.470 


Tests 166 to 168 at 40 deg. cent. 
166 1 0.902 1.685 168 1780 2.221 1.005 
167 822 1.553 0.337 
Tests 169 to 176 at 75 deg. cent. 


169 1 0.354 1.137 173 3763 2.356 1.139 
170 974 0.989 1.772 174 4810 2.807 1.590 
171 1955 1.513 0.296 175 5890 3.393 2.176 
172 2935 1.983 0.766 176 6460 Nearly frozen 


* Temperature 25.1 deg. cent. 


Jefferson Physical Laboratory, Harvard University, through 
cooperation of Prof. P. W. Bridgman who generously placed his 
entire equipment at the disposal of the Committee. 
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Falz, E. Grundziige der Schmiertechnik, Berlin, Springer, 1926. 
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Blackie, 1923. 
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104 (1907), pp. 546, 550, 605, 633, 579, 604, 632. 

Ormandy, W. R. Lubrication. Proceedings Institution of Me- 
chanical Engineers, March, 1927, pp. 291-329. 

Stanton, T. E. Some Recent Researches on Lubrication. Pro- 
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ceedings Royal Society, A, vol. 102 (1922), pp. 241-255; Proceed- 
ings Institution of Mechanical Engineers, December, 1922, pp. 1117- 
1145. 

Stanton, T. E. Friction. London, Longmans, 1923. 

Thomsen, T. C. Practice of Lubrication. New York, McGraw- 
Hill, 2nd edition, 1926. 

Trillat, J. J. Les Théories Modernes sur la Lubrification. Paris, 
Science et Industrie, 1927. 
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Canada, Nathan Van Patten, 1926. 
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Hersey, M. D. On the Laws of Lubrication of Journal Bearings. 
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Math. u. Physik, vol. 52 (1905), pp. 123-137. (See also reference 
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Discussion 


ALBERT Kinespury.® Some technical problems that have 
not been mentioned in this meeting crop up from time to time 
in connection with bearing design, especially with high-speed 
bearings. Two of these problems have been encountered in 
some recent practice. One is the heating of the oil as it passes 
through the film in the bearing from the entering side to the dis- 
charge side. This has received little attention, yet it is impor- 
tant. During the brief interval from the time of the entrance 
of a drop of oil into the film to the time of its leaving the film, 
it undergoes heating from the work done on it. The heating 
is very considerable in bearings operated at high speed and high 
unit pressure. 

The viscosity of ordinary lubricating oils diminishes rapidly 

® President, Kingsbury Machine Works, Inc., Philadelphia, Pa. 
Member A.S.M.E. 
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with increase of temperature; nevertheless the principal existing 
theoretical studies of lubrication are based upon constant vis- 
cosity. It would undoubtedly add complications to the analytical 
treatment if the viscosity change were included, yet it is de- 
sirable that the matter should receive full consideration. 

Another important consideration in very high-speed bearings 
is that of pressure due to inertia at the entrance of the oil into 
the film. The ordinary theoretical considerations neglect 
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inertia entirely, not only at the entrance, but all the way through 
the film. Nevertheless at speeds of the order of 200 ft. per sec., 
such as occur in certain types of bearings, the inertia pressure 
at the entrance to the film is very considerable, whereas theory 
generally assumes this pressure as zero. Here is an additional 
complication, which, taken in connection with the heating of 
the oil in passing through the film, may lead to important 
modifications in design. 


. 
why 
. 
7 
q 
j 
va # 
rime 
q 
‘i 
4. 


- 
2 
f 
\ 


APM-50-5 


The Effect of Entrance and Discharge Angles 
on the Performance of a Centrifugal Fan 


By GEORGES SAMUEL WILSON,! WILLIAM LYLE DUDLEY,? ann HARRY JOHN McINTYRE,* SEATTLE, WASH. 


In this paper the authors discuss tests conducied by them to de- 
termine the variations in the operating characteristics of a back- 
ward-curved-blade fan as affected by (a) blade entrance angles, 
(b) blade discharge angles, and (c) fixed entrance and discharge 
angles but with different wheel diameters. A brief discussion of static 
pressure in a centrifugal fan, with the development of equations, 
opens the paper. Then follows a description of the test unit, and 
the method of conducting the tests. A discussion of observed results, 
in which several sets of curves are introduced, forms the body of the 
paper. The authors reach the conclusion that loss by shock at en- 
trance is influenced by the entrance angle. Wéaith constant entrance 
blade angles and diameter of wheel, the pressure and capacity are 
increased with increase in the value of the blade discharge angle. 
The shape of the passage way through the wheel is recognized as a 
factor in fan losses. Increasing diameter of symmetrical wheels, 
used in the same housing and operated at constant tip speed, was 
found to increase the pressure-capacity characteristics and greatly 
improve the efficiency. 


HE purpose of this investigation was to measure experi- 
mentally the variations in the operating characteristics 
of a backward-curved-blade centrifugal fan as affected by: 


1 Blade entrance angles 

2 Blade discharge angles 

3 Fixed entrance and discharge angles but with different 
wheel diameters. 


All tests were conducted with wheels having the same ratio of 
inlet to wheel diameter, operated in the same housing, and with a 
constant tip speed. 

Fig. 1 shows the blade layout for the fans tested. The en- 
trance and discharge angles may be varied by changing P, the 
diameter of the pitch circle, by changing R, the pitch radius, or 
by changing both P and R. 


Sratic PRESSURE 


In a centrifugal fan the static pressure produced is due to 
centrifugal action within the wheel itself and conversion of ve- 
locity in the housing. The pressure due to centrifugal force is a 
function of the rotational velocities at inlet and periphery and is 
influenced by shock at blade entrance and discharge. A portion 
of the static pressure developed by a fan is utilized in the fan itself 
to offset losses due to internal friction and shock. 

The static pressure due to the centrifugal force brought into 
action by the rotation of the air column between each pair of 
blades is represented by the equation‘ 


1 Professor of Mechanical Engineering, University of Washington. 
Mem. A.S.M.E. 

2 Vice-President ah Chief Engineer, Western Blower Co., Seattle, 

Wash. Mem. A.S.M.E 

3 Assistant Professor of Mechanical Engineering, University of 
Washington. 

4 Bulletin No. 34, University of Washington Engineering Experi- 
ment Station, by same authors. 

Contributed by San Francisco Section and presented at the 
Seattle Meeting, Seattle, Wash., August 29 to 31, 1927, of Tue 
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where dF = centrifugal force exerted 
w = density of air, lb. per cu. ft. 
A = base area of small mass of air, sq. ft. 
dz = height of small mass of air, ft. 
X = distance of center of gravity of air mass from center 
of rotation, ft. 
a = linear velocity of air mass, ft. per sec. 
Let dp = pressure per unit area 
wdxa? 
then dp = ox 


This unit pressure increases as the distance from the center of 
rotation increases due to the increase of linear velocity. 


Fia. 1 Type cr CenrriruGaAL Fan Testep—BAcKWARD-CURVED 
BLADES 
Let R = the radius of the fan wheel periphery 
r = the radius of the inlet edge of the fan wheel blades 
n = revolutions per second. 
Then a = 2nnX 
wde(2an)?X 
and dp 


For a given speed, and neglecting small changes in weight due 
to small pressure changes, = = k = constant. 

Then dp = k(2xn)*Xdz. 
Integrating between the limits R and r the total pressure P = 


(2xn)?(R? — r?). 


The velocity of the discharge edge of the blade tip = U = 2xnR. 
The velocity of the inlet edge of the blade = u = 2znr. 

K 


The static pressure due to conversion depends on the shape of 
housing and value and direction of air velocity at discharge 
from the wheel. 

The velocity diagram in Fig. 1 shows V to be the resultant air 
velocity at discharge. 
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Let H = the velocity head due to the velocity V. 
v2 
Then 
2g 


If M represents the fractional part of the head that is converted 
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Fic. 2 Pian AND ELEVATION OF EQuiIPMENT USED IN TESTING 
CENTRIFUGAL FANS 


Heating and Ventilating Engineers. These velocity pressures 
were measured on an inclined manometer tube. The scale on 
the manometer tube was 15 inches long and gave readings up to 
1!/2 inches of water. 

Static pressure readings were taken from the static side of the 
double pitot tubes, and were measured by an inclined manometer 
tube. 

The outlet of the duct was provided with a diaphragm shutter 
so that the capacity and static pressure might be varied between 
zero and maximum for any given speed. 

Barometer readings were taken in the room in which the fans 
were tested and wet and dry bulb thermometers were used to 
determine the temperature and humidity of the intake air. 


MEeErTuHop oF ConpucTING TESTS 


When the fan to be tested was properly mounted and the test 
instruments checked, the dynamometer was started and the 
speed adjusted and maintained at approximately 900 r.p.m. 
The diaphragm shutter was adjusted so that the static pressure 
reading was zero. Readings were then taken of static pressure, 
velocity heads, duct temperature, wet and dry bulb tempera- 
tures, dynamometer load, and speed. 

Similar observations were taken for each 0.1-in. increase in 
static pressure from full to zero duct opening. 

All calculations and necessary corrections for friction in the 
duct, standard air and speed variations, were made in accordance 
with the Standard Test Code for Testing Centrifugal Fans as 
outlined by the American Society of Heating and Ventilating 
Engineers. 


to static pressure in the housing, we have as an 20 


expression for the increment in static pressure 


MV? 
P = wy” and the velocity pressure available 


SJ 


2 
at the fan outlet is Gs" 


29 
With the discharge opening closed, the pressure 


produced would be due solely to the centrifugal 
force, were it not for the secondary pressure losses 
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due to impact and turbulence. As the discharge 
outlet is opened the flow of air increases. The 


Horsepower 


Efficienc 


static pressure is now due to centrifugal force and 
conversion. The pressure characteristic may rise 


Pressure, Inches of Water 


EFFICIENCY 


or fall, depending upon the increment of pressure, —. 


LV 


due to conversion being greater or less than the in- 04 
ternal losses due to friction and eddies. In either 


Wheel Diameter-26in Entrance Angle-20° 
R.pm-H0 Discharge Angle-27° 


case, however, a point is found where the losses 02 7 


due to increased volume overcome the possible con- 


version and the pressure begins to fall until at full 0 
discharge the static pressure is extremely small. 


Tue Test Unit 


Capacity - 1000 Cubic Feet per Minute 


Fic. 3 CHARACTERISTIC FAN CURVES 


(Wheel diameter, 26 in.; speed, 900 r.p.m.; entrance angle, 20 deg.; discharge angle, 27 deg.) 


The test unit, shown in Fig. 2, consisted of a 
centrifugal fan mounted in a regular housing and discharging 
into a 22-in. duct. The fan was driven by a direct-connected, 
variable-speed, 5-hp. dynamometer. The dynamometer was 
fitted with a sensitive weighing device, tachometer, and counter. 
The tachometer was used for adjusting and maintaining a given 
speed. The revolutions per minute, as used in the calcula- 
tions, were taken with the counter. 

Temperature and pressure readings were taken from the 
thermometer and pitot tubes shown in Fig. 2. 

Standard double pitot tubes were used and velocity-head read- 
ings were taken from 20 stations across the section of the duct 
in accordance with the Test Code of the American Society of 


At least three runs were made with each fan, and a set of char- 
acteristic curves appear in Fig. 3. 

These curves are typical performance curves for a backward- 
curved, multi-blade fan of the type tested. 

It will be noticed that the pressure increases from full discharge 
to closed gate, that is, the pressure increases with a decrease in 
capacity. This type of pressure characteristic indicates a stable 
performance, as the fan will not be sensitive to small pressure 
changes and will give a relatively small volumetric variation 
for considerable pressure change. This is desirable when ap- 
proximately a constant air quantity is required, even though there 
be pressure changes in the system. For instance, in forced-draft 
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duty the resistance of the fuel bed may be constantly changing, 
due to settling or clinkering, and the fan will act to supply the 
increased pressure needed with a relatively small decrease in air 
volume and without an increase in fan speed. 


The power curve of this fan rises to a maximum somewhat 


beyond the point of rated capacity. It indicates that the fan has 
practically a non-overloading power characteristic, and it is 
evident that the fan can operate at extreme capacities beyond 
those estimated or desired without greatly overloading the motor 
or driver. 

Centrifugal fans of different sizes but of exactly similar design 
have the same general characteristics. Since the data for this 
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paper were obtained by testing similar fans, it seems unnecessary 
to include performance curves for each fan test. 


OBSERVED RESULTS 


Entrance Angles. Figs. 4, 5, and 6 show pressure, horsepower, 
and efficiency characteristics with entrance angles of 15, 20, and 
30 deg. The entrance angle was varied by changing the pitch- 
blade diameter. 
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Figs. 7, 8, and 9 show similar characteristic curves for entrance 
angles of 15, 25, and 35 deg. The entrance angle was changed by 
varying the pitch radius. 

Figs. 10, 11 and 12 give a convenient comparison of the two 
groups shown in the previous figures. 

By reference to Figs. 4 to 12 it is seen that there is a con- 
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siderable gain in efficiency, pressure and volume by increasing 
the angle of entrance from 15 to 20 deg. 

Increasing the blade entrance angle to 25 deg. results in a con- 
siderable pressure loss and a somewhat flattened pressure curve, 
suggesting a loss due to shock or turbulence in the blade channel. 

The efficiency curve of the fan with the 20-deg. entrance angle 
is better than the curve for the fan with the 25-deg. entrance 
angle. The discharge angle happens to be the same for both 
fans. 

An increase of entrance angle to 30 and 35 deg. results in a gain 
in pressure and capacity but, except at extreme velocities, the 
efficiency is not as good as that obtained with the 20-deg. en- 
trance angle. 

It is of interest to note that, for the same tip speed, a decided 
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gain in pressure and capacity is obtained by increasing the en- 
trance angle up to 30 deg. A comparison of the 30- and 35-deg. 
curves indicates that no special advantage is to be expected by 
making the entrance angle greater than 30 deg. 

Analysis of these tests and other observations and investiga- 
tions lead the authors to believe that for backward-curved blades, 
of the type tested, an entrance angle of approximately 20 deg. 
gives the best efficiency and type of pressure curve over the 
greatest range of performance. 

A theoretical analysis seems to support this view, but, due to 
unknown factors and constants, the analysis is not conclusive. 
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It is reasonable to expect that some of the internal losses in a 
fan wheel are due to the form, length and character of the channel 
through which the air must pass between the blades. The great 
volume of work entailed in this portion of the investigation makes 
it impossible to give data on blade channels at this time. How- 
ever, a number of investigations into various forms of blades and 
types of fans lead the authors to believe that a change in blade 
channel will not materially affect the value of the most desirable 
biade entrance angle. 

A comparison of the total-pressure curve and static-pressure 
curve in Fig. 3 shows a marked similarity in form of curve, and 
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would seem to indicate that the air follows the blade reasonably 
well even at extreme velocities. 

Discharge Angles. Investigations into other types of fans and 
blading have shown that the blade discharge angle has a pro- 
nounced effect on capacity, pressure, and efficiency. To deter- 
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mine the effect of the discharge angle on a backward-curved 
multiblade fan three wheels were built. These wheels had the 
same width, effective diameter and inlet diameter as the wheels 
used in the entrance-angle tests. The entrance angles were made 
20 deg. on all wheels, and the discharge angles were 20, 27, and 35 
deg., respectively. 

Figs. 13, 14, and 15 show the resulting performance curves. 
These curves show that the pressure and capacity increase as the 
blade discharge angle increases. The increase is most marked 
with an increase from 20 deg. to 27 deg. in the discharge angle. 
There is relatively little gain in increasing the blade discharge 
angle to 35 deg., as the greatest gain appears at extreme veloci- 
ties, and is well beyond the rated point of operation of the fan. 

At approximately the point of maximum efficiency, namely, 
3000 cu. ft. per min.—rated point of operation—it will be ob- 
served that the 20-deg.—20-deg. wheel produced a static pressure 
of 0.8 in. water gauge, the 20-deg.—27-deg. wheel a static pres- 
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sure of 0.99 in. water gauge, and the 20-deg.—35-deg. wheel a 
static pressure of 1.04 in. water gauge. This illustrates the 
relatively small gain in pressure at the rated point of operation as 
the discharge angle changed from 27 to 35 deg., and suggests 
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that there is relatively little gain to be expected from a further 
increase in blade discharge angle. 

The efficiency curves show plainly that the 20-deg.-27-deg. 
blade is the most efficient throughout the greatest range of per- 
formance. Assuming an operating range of from 2000 to 4000 
cu. ft. of air per min., the 20-deg.-27-deg. blade shows the highest 
efficiency, and an efficiency greater than 60 per cent over 94 per 
cent of the range; the 20-deg.—35-deg. fan shows an efficiency 
greater than 60 per cent over 75 per cent of the range, and the 
20-deg.—20-deg. fan shows an efficiency greater than 60 per cent 
over 56 per cent of the range. At extreme velocities the 20-deg.— 
35-deg. blade has the best efficiency. 

Fixed Angles and Varying Diameters. The wheels tested had 
diameters of 22*/, in., 24 in. and 26 in., respectively. The ratio 
of inlet diameter to wheel diameter and ratio of width of fan to 
wheel diameter were constant. The fans were run in the same 
housing and at the same tip speed. 

Figs. 16, 17, and 18 give the results of the tests. As was to be 
expected, the capacity and pressure increased with increased di- 
ameter. This was especially noticeable toward full gate. 

An examination of the pressure and horsepower curves shows 
that the 24-in. wheel gives performance curves that differ slightly 
from the curves obtained with the 22°/,-in. and 26-in. wheel. 
Careful measurements on the wheel show that, due to an error 
in building the fan, the wheel was not quite symmetrical when 
compared with the other two fans. 

It will be noted that there is a considerable gain in efficiency by 
an increase in wheel diameter when the fans are operated in the 
same housing. The 26-in. wheel shows an efficiency of between 
60 and 70 per cent over a range of 2000 to 5500 cu. ft. of air per 
min. 

The areas of the inlet passages of the fan were 3.6 sq. ft., 4.2 
sq. ft. and 4.8 sq. ft., respectively. With 5000 cu. ft. of air per 
min., this means that the average velocity of air entering the inlet 
passages was 1390, 1190, and 1040 ft. per min., respectively. 

Since entrance losses are a function of entrance velocity and 
entrance angles, the lower entrance velocity of the 26-in. wheel 
indicates why this wheel should have the best efficiency. 


ConcLusIONs 
This investigation indicates that loss by shock at entrance is 
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influenced by the entrance angle. For the type of backward- 
curved multiblade fan tested it is evident that an entrance angle 
of approximately 20 deg. gives minimum shock at entrance to 
the blade, and that departure from this value affects adversely the 
efficiency of the fan. 

With constant entrance blade angles and diameter of wheel, the 
pressure and capacity are increased with increases in the value 
of the blade discharge angle. For the type of fan tested, the 
most desirable angle of discharge is approximately 27 deg., as 


| 24 iin 
= 
= + 
| | 
2 Entrance Angle -20° Discharge Angle-27° 
‘ —-—fntrance Angle -20° Discharge Angle-?7° 
ntrance Angle rge Ang 
02}-— Entrance Angle -20° Discharge Angle- 27° 
| | | | 
Sac 
0 | 2 3 4 5 6 


Capacity - 1000 Cubic Feet per Minute 


Fie. 17. Constant Tie WHEEL 


DIAMETERS 
08 
Bin 

06 
>~ | “2 a> \ 
2 
Entrance Angle -20° Discharge Angle - 27° 
—-—Fotrance Angle - 20° Discharge Angle - 27" | 
“02 ----= Fntrance Angle -20° Discharge Angle - 27 }. - 

5 


6 


0 | 2 3 
Capacity - 1000 Cubic Feet per Minute 


Fig. 18 Constant Tip Speep—EFFICcIENCY—VARIABLE WHEEL 
DIAMETERS 


this value gives maximum efficiency over the greatest desirable 
working range. 

It is recognized that the shape of passage ways through the 
wheel is a factor in fan losses, but the authors do not believe 
that their investigations of blade channels will lead to any great 
change in the choice of entrance and discharge angles. 

Increasing the diameters of symmetrical wheels, used in the 
same housings and operated at constant tip speeds, increases the 
pressure capacity characteristics and greatly improves the effi- 
ciency. The tests conducted by the authors would seem to 
indicate that this gain is largely due to the decreased intake 
velocity and resultant decrease in entrance-shock loss. 
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Discussion 


H. F. Haacen.® The theory given in the first part of the paper 
omits an important term in the expression for static pressure. 
Furthermore, general conclusions have been drawn from data 
that appear to admit of only particular conclusions. 

A complete expression for the head developed by a fan im- 
peller is as follows: 
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in which » = angular velocity in radians per second M. G. Rosinson.* Allowing for shock losses at the entrance 
R, r = radii, as given in the paper to fan or pump wheels does not admit of theoretical treatment. 
s = relative velocity of the air to the wheel at inlet A study of Figs. 4 to 12 for the effect of variation in entrance 
S = relative velocity at exit from the wheel angles seems unsafe except in cases where the discharge angles 
v = air velocity relative to the earth at wheel inlet are known to be the same. Inspection of Figs. 10 and 12, with 
V_ = air velocity relative to the earth at wheel exit. particular reference to the performance of the fans having an 


The increase in static pressure due to the action in the fan 
impeller is given by the first two terms. If we multiply by the 
density w, and use the authors’ K for w/g, we shall have pressure 
instead of head and can then write 


Static-pressure increase = [(U2 — u?) (s? — S?)].. .. [4] 


The duthors have omitted the quantity (s? — S?). 

In the inlet of the ideal fan the total pressure is 0, as there has 
been as yet no work done on the air and, with ideal, frictionless 
passages, there would be no loss. However, there exists at the 


K 
inlet a velocity v to which corresponds a static suction 2 V3, 
The static-pressure increase given in Equation [4] should be 

K 
decreased by the amount of this 3 V?, as this amount is a neces- 


sary result of the air velocity into the fan. The static pressure 
that can be credited to the fan wheel is then 


P= ((U?— + —e*]......... [5] 


The velocity pressure leaving the wheel, KV2/2, can be converted 
partially into static pressure in the fan housing, as the authors 
state. 

Another and, from a designer’s standpoint, a more useful 
expression for the head developed by the fan is 


where C is the rotative, or spin, component of the air velocity at 
exit from the wheel, and c is the rotative, or spin, component of 
the air velocity at the inlet. Inthe usual casec = 0. Equations 
[3] and [6] are both given by Prof. Charles H. Innes in his book, 
“The Fan,” and the identity of the equations is commented 
upon therein. 

The writer believes that the use of the expression ‘‘type of fan’”’ 
is not justified. Since the experiments were applicable only to 
the exact design of wheel and housing used, the authors should 
have used the words “particular design of fan.’ No description 
of this design is given other than that the impeller has back- 
wardly curved blades with inlet angles of from 15 to 35 deg., 
and discharge angles of from 20 to 35 deg. Commercial back- 
wardly curved-blade fans have entrance angles as low as 12 
deg.—the highest known to the writer being 21 deg.—and outlet 
angles of from 22 to 45 deg. Many of these commercial fans have 
higher efficiencies than are recorded in the paper. The particular 
test fan used, then, does not appear to be representative of a type. 

Tests of wheels of different sizes and with different blade angles 
in an identical housing do not warrant conclusions as to the 
effect of such wheel changes. Certainly the shape of any one 
housing scroll cannot be assumed as equally suitable for a blade 
discharge angle of 20 deg. and also of 35 deg. A change in 
efficiency credited to the wheel under these conditions might 
easily be due to more advantageous directions of flow in the fan 
housing. A different shape and width of housing or different 
dimensions of wheel might easily have led to quite different 
results. 


entrance angle of 20 and 25 deg. (which have the same discharge 
angles), shows plainly a loss of several per cent, presumably due 
to shock only, the machines being identical in all respects except 
the entrance angles. A plot of percentage of loss against devia- 
tion of actual angle from that theoretically required by the ve- 
locity triangle at the inlet should prove of real value to the 
student and designer. 

The curves of Figs. 13, 14, and 15 definitely indicate an in- 
crease in pressure capacity, and the shifting of the efficiencies 
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(Note.—The three impellers were tested in the same casing. Inlet angles 
and all dimensions of wheels were the same; except for discharge angles, 
which were as indicated on curves.) 
to larger volumes with an increase of the discharge angle. This 
is as would be expected theoretically, since, other conditions 
being the same, a higher discharge angle of the blade implies 
a greater theoretical pressure-generating capacity. Tests were 
made by the Centrifugal Compressor Department of the General 
Electric Company on three wheels having discharge angles of 
45, 60, and 80 deg., respectively. The three wheels were run 
in the same casing, at a speed of approximately 3600 r.p.m. 
The test curves are shown in Fig. 19. The results are similar 
to those obtained by the authors on wheels with very much 
smaller angles. 

A study of the test set-up gives the writer the impression that 
the difference between the total-pressure curve and the static- 
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pressure curve of Fig. 3 is merely the velocity head in the duct, 
and hence does not really help to interpret the action of the air 
in the fan channels, as suggested in the paper. 

The data presented in the paper show good consistency and 
should prove of considerable interest. The danger should be 
avoided, however, of drawing conclusions as to relative efficiencies 
of component parts or elements from overall tests on a given piece 
of apparatus. The wheels themselves may be equally efficient, 
and it is merely the fact that the particular casing is more suitable 
for one wheel than the other that causes the difference in overall 
efficiency. 


F. R. Stiuu.? The conclusions of the authors were reached by 
Heenan and Gilbert® in 1895, and by Bryan Donkin over 30 
years ago. It was the work of these investigators that led to 
the design of fans with backwardly curved blades in 1895. 
These had a tip angle of 27 deg., which is the standard today for 
catalog ratings. 

Fans with backwardly curved blades are known as high-speed 
fans, as compared with the multi-blade or paddle-wheel type of 
fan. For instance, of two fans, each 48 in. diameter, one with 
forward-curved and the other with backward-curved blades, 
each delivering 43,000 cu. ft. per min. at 1.75 in. static pressure, 
the fan with forward-curved blades runs at 303 r.p.m., and the 
other at 662 r.p.m. Each requires the same power for driving. 
For equal efficiencies the air velocities into the fan, through the 
impeller, and through the outlet must be the same in both fans. 
To accomplish this the high-speed-fan housing must be 23 per 
cent larger, and its weight 20 per cent more than that of the low- 
speed fan. With higher pressures the difference in proportionate 
sizes increases up to about.50 per cent, and the weight increases 
to about 80 per cent more. 

The high-speed fan is structurally weak, whereas a fan of the 
slow-speed type is structurally strong. At corresponding ve- 
locities and pressures there is little difference in the mechanical 
efficiencies of either type. 

The principal reason for the demand for a high-speed fan is 
that it accommodates itself better to alternating-current-motor 
speeds than does the low-speed fan without having to use large 
and costly motor frames. Furthermore, with a widely fluctuating 
air load the power required to drive the high-speed fan remains 
more nearly constant over a considerable range of capacity than 
is the case with the low-speed fan, particularly at moderately 
low pressures. At extremely high pressures the difference in 
the power variation is not very great with either type of fan. 

Considering the premium on space, the difference in the cost of 
the fans, and the cost of motor regulating equipment, it is prefer- 
able to regulate air flow by a damper rather than by speed control. 
The power required to drive a fan is directly proportional to the 
volume passing through it at a given speed. It thus is easy to 
baffle a slow-speed fan to a maximum load and to vary the volume 
beyond the baffle for any other requirements below the maximum. 
This simplifies the regulation and eliminates most of the troubles 
due to overload characteristics, dangerous high speeds, dirt- 
collecting propensities of high-speed fans, and air noises due to 
cleavage, turbulence, and high velocities, all of which are com- 
mon to all makes of high-speed fans. 

There is no excuse for backwardly curved blades in fans used 
for building ventilation, because of their noise and excessive size, 
weight, and cost. With alternating-current-motor drive, where 
quiet operation is necessary, a Texrope drive is recommended, 

? Vice-President, American Blower Co., New York, N.Y. Mem. 


A.S.M.E. 
8 Proc. Institution of Civil Engineers, 1895-6. 
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although for industrial plant use, where noise is unimportant a 
Morse or Renold chain may be used. 

The point of this discussion is that the subject-matter of the 
paper is not a new discovery or a field that has not been thor- 
oughly explored. The particular type of fan described was 
developed and perfected more than 35 years ago. If it possessed 
of all the advantages that have been claimed for it, it hardly 
seems reasonable that the many other types that have been de- 
veloped during that interval should have continued in favor to* 
the extent that they have. A fan can be designed to perform 
almost any duty required of it, but it is not always expedient 
to install one built on theoretical lines. 


Tue Avurnors. It was the authors’ intention to derive only 
that part of the expression for static pressure depending directly 
upon centrifugal force. As the statement on static pressure is 
worded, Mr. Hagen’s criticism is well taken and it would be 
better to have included a more complete statement. 

W. J. Kearton in his book, ‘“Turbo-Blowers and Com- 
pressors,” gives the following expression for static-pressure 
increase : 


— Vat) + (ust — me) + (Vt — 
where V,; = absolute air velocity entering impeller 

V2 = absolute air velocity leaving impeller 

Vn = relative air velocity entering impeller 

Vi. = relative air velocity leaving impeller 

u, = peripheral velocity at inlet 

uz = peripheral velocity at outlet 

Vm = mean specific air volume. 


The first term multiplied by the common factor represents 
the pressure rise due to change in relative velocity within the 
impeller. The second term represents the change of pressure due 
to centrifugal force in the impeller. The third term represents 
the change of pressure due to the change of absolute velocity 
within the diffuser passages. 

The pressure rise in the impeller is 


Ap = { (Vin? — + — w2)} 
and the actual pressure rise in the impeller is this expression 
multiplied by the manometric efficiency. 

In the usual fan design the area of the inlet and outlet port is 
such that the relative velocity is essentially a constant, and the 
value of the first term in the expression becomes zero. 

Mr. Robinson’s discussion and suggestions are both interesting 
and helpful. The authors agree that there is danger in drawing 
conclusions from the overall tests and are studying the problem 
with the hope of being able to devise special tests for the com- 
ponent parts of the unit. 

The authors are reasonably familiar with the earlier develop- 
ments in centrifugal fans and have not, as might be implied by 
Mr. Still’s statement, intended to claim anything original in 
their design. They have previously done a considerable amount 
of experimental work on forward-curved and radial blades, and, 
to secure up-to-date experimental determinations with a par- 
ticular backward-curved blade, conducted the experiments 
reported in this paper. 

No statement in the paper, should be construed as a discussion 
of the relative merits of backward-, forward-, or radial-blade 
fans. 
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Vibration of Frames of Electrical Machines 


By J. P. DEN HARTOG,' EAST PITTSBURGH, PA. 


In connection with the attempts to reduce the noise of electrical 
machinery in general, and more especially of small motors for do- 
mestic use, it is of importance to be able to calculate the natural 
frequency of the vibration. It is shown that the frame, which 
usually emits a large portion of the total noise, can, in many cases, 
be regarded as a part of a ring with rigid ends. Formulas and 
curves are given in the paper for the calculation of this fundamental 
frequency. The derivation of these formulas is not given in the body 
of the paper, but in an appendix. 


HE requirements which an electric motor or generator has 
Te fulfil are reliability in service, high efficiency, light 
weight, etc. As these machines become more and more 
perfected, other requirements come up which are not so vitally 
important as those mentioned above but are more in the na- 
ture of refinements. One of these refinements to which rather 
much attention has been given recently is the reduction of 
noise. For certain applications, notably small motors for do- 
mestic use, this assumes great importance, so that the require- 
ment of silence may overshadow that of high efficiency. 
The means of reducing noise in machinery can be divided into 
two groups: 
a Reducing the cause of the noise: the vibromotive or 
impressed force 
b Leaving the impressed forces as they are and designing 
the mechanical parts in such manner as to make them 
little responsive to these forces. 


The forces which set the machine vibrating are either mechani- 
cal or magnetic. The mechanical forces, of which that due to 
unbalance of the rotor is the principal one, are generally not very 
important from a noise standpoint on account of their relatively 
low frequency. But the electric and magnetic forces are of im- 
portance due to the fact that their frequency mostly is within 
the range of audibility. 

The main frequencies in the noise of any alternating-current 
motor are (a) double the line frequency, due to non-uniform 
torque,? (b) the number of revolutions per second times the num- 
ber of rotor teeth, and (c) the r.p.s. times the stator teeth. These 
last two tones are caused by a pulsating magnetic flux. 

In this paper the author will not deal with the calculation and 
elimination of these impressed forces, because these constitute a 
purely electrical problem. It is a well-known fact that even 
with a very small impressed force large vibrations can be caused 
in a structure if it is nearly in resonance with the impulses. 
Therefore the determination of the natural frequencies of vibra- 
tion of the various component parts of the machine is of impor- 
tance. For cantilever beams, complete rings, etc., this problem 
has been entirely solved; all results can be found in Lord Ray- 
leigh’s book on “‘Sound,”’ Vol. I. However, for a frame such a 
solution has not been available, but will be given in the following 
pages. 

The frame of an alternating-current machine mostly has the 
appearance of Fig. 1(a), which can be regarded as an arc a of a 
circle, practically built in at the ends [Fig. 1(b)]._ Such a struc- 
ture possesses an infinite number of natural frequencies, the 


1 Research Engineer, Westinghouse Electric and Manufacturing 
Co. 

Contributed by the Machine Shop Practice Division and presented 
at the Spring Meeting, White Sulphur Springs, W. Va., May 23 to 26, 
1927, of Tae AMERICAN Society OF MECHANICAL ENGINEERS. 

2 See paper by Kimball and Alger, Trans. A.I.E.E., 1924, p. 730. 
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lowest of which is generally the most important. The shape in 
which the frame will vibrate at this lowest frequency is indi- 
cated in the figure by the dotted line. The top of the frame 
vibrates only tangentially and has no radial component of vibra- 
tion. The calculation of the natural frequency of this type of 
motion is given in the Appendix, the result being 


where 

= natural frequency in cycles per second 

= mean radius of the ring in inches 

= modulus of elasticity in pounds per square inch 

= moment of inertia of the cross-section of the ring in 

inches* 

mass per inch circumferential length of the ring in 

weight in lb. 
386 

C = aconstant, depending upon the angle a, to be taken 
from Table 1 or Fig. 2 


ay 
| 


il 


pounds = 


TABLE 1 
a, deg. 20 40 60 80 100 120 140 160 = 180 
C1 504 124 53.8 29.2 17.9 11.85 8.22 5.93 4.38 
a, deg. 200 220 240 260 280 300 320 340 360 
CQ 3.31 2.54 1.98 1.57 1.25 1.01 0.821 0.677 0.567 


For frames, angles larger than 180 deg. come into considera- 
tion only. However, for other applications it may be desirable 
also to have the natural frequencies for angles below 180 deg. 
From Table 1 it is seen that the constant then becomes incon- 
veniently large, so that for these cases the formula has been 
brought to a slightly different form, namely, 


_ 
where 
l = length of chord in inches (Fig. 3), and 
C, = another constant, given in Table 2, or Fig. 4. 


2 


a, deg. 120 160 


40 100 
61.7 60.7 58.0 53.8 42.1 35.6 29.0 23.0 17.5 


The assumption that the ends of the ring are rigidly built in 
[Fig. 1(b)] will hold practically in most cases, but there may be 
applications where this is not quite true. If the ends are free 
to turn through a certain angle, we shall have the case of a part 
of a ring with hinged ends. This will give a much lower fre- 
quency. The actual case will be somewhere between hinged ends 
and fixed ends. For this reason the following formula has been 
calculated for an arc of a deg. with hinged ends: 


in which C; has to be taken from Table 3 or Fig. 5. 


TABLE 3 
a, deg. 0 20 40 60 80 100 120 140 160 = 180 
Cs © 321 78.5 33.6 17.8 10.65 6.80 4.55 3.14 2.20 
a, deg. 200 220 240 260 300 320 340 86360 
Cs 1.56 1.11 0.796 0.562 0. 386 0.255 0.145 0.063 0 


1 


(2) 

@ 

C; [EI [3] 
| i : 


Again, for small angles a it is more convenient to use the fol- 
lowing formula: 


Cy [4] 
s where C;, is to be taken from Table 4 or Fig. 6. 
TABLE 4 
a,deg. 0 20 40 60 80 100 120 140 160 180 
Cs 39.4 38.6 36.7 33.6 29.4 25.1 20.4 16.1 12.15 8.80 


NUMERICAL APPLICATIONS 


Equation [1] has been applied to the following cases. 
a A large cast-iron turbo-generator frame had a mean radius 
of 43 in. The angle a was approximately 240 deg., and the 


weight per inch was 20.4 lb., including punchings and copper. 
We find: 


The moment of inertia of the cross-section was 105 in.* 


20.4 
=—— = 0.053 
386 


and Table 1 gives C; = 1.98 for a = 240 deg. Then 


(a) (b) 
Fig. 1 GerNneRAL APPEARANCE OF FRAME OF ALTERNATING-CURRENT 
MACHINE 
1.98 12 x 10® x 105 
= = 26 


For a 4-pole rotor this machine will run at 1800 r.p.m., that 
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c A direct-current motor with 4 salient poles in the stator had 
the following characteristics: 


a = 270 deg. 
R = 17 in. 
E = 27 X 106 (cast steel) 
Ci = 1.41 

b-sec.? 
= 0.0298 | — 

in.? 

I = 15 in.‘ 


The stator frame without the poles attached would have a natural 
frequency of 90 per sec. The poles attached to the frame do not 
add to its rigidity, but increase its inert mass. This will bring 
the natural frequency down. This case is too complicated to be 
reduced to a single formula of the*type of Equation [1], but in 
the Appendix it is shown how such cases can be taken care of. 
For this machine it was calculated that with poles the frequency 
came down to 41 cycles per sec. 


Appendix 


CALCULATION OF THE LOWEST NATURAL FREQUENCY OF AN ARC 
Hincep Enps 


The deformed shape which any thin ring assumes during vibra- 
tion will in general consist of a bending of the ring in its plane 
combined with an extension of its center line. The lowest natural 
frequencies, however, are practically totally due to bending de- 
formation,* while the extension of the center line can be safely 
neglected. 

We shall designate by w the radial displacement of any point of 
the are from its equilibrium position, and by v the corresponding 
tangential displacement. Both w and »v are functions of the lo- 
cation and the time ¢; their positive directions are shown in Fig. 
7. The condition that no extension will take place in the center 
line can be then expressed analytically as: 


The deformations w and v have to satisfy some conditions at the end; 
the displacements radially as well as tangentially and the bending 
moments have to be zero at the hinges: 


Z is, at 30 per sec. The natural frequency 26 per sec. is the -” | a 
“upper limit.’”” Any departure from rigid ends will lower — '20 I 
this figure. Therefore in this case no resonance has to be 110 i 
feared. 100 \ 10 

b A small split-phase induction motor had the \ 
following data: \ 7 
a = 220 deg. rt \ \ 2 o 
R = 2.75 in. \ 
I = 0.0037 in.* 560 \ 6+ 
- _ c 
C, = 2.56 sec.—! = 50 \ 5 
Ib. 4 
E = 27 X 10° — (cast steel) N\ 
in.? 30 3 
lb-sec.? 20 2 
The natural frequency from Equation [1] becomes: 05 40 80 720 160 200 240 20-320 = 
Degrees 
2.56 X 108 X 0.0087 _ 
= = 3 1G. 
(2.75)? 0.00052 
The speed of this motor was 1775 r.p.m. The number of slots = 0 
in stator and rotor was 32 and 26, respectively, the observed OCs ee [6] 
1 — = 
tones coinciding with = 940 and = 770 


cycles per sec. It is seen that this last frequency is very near 
the natural frequency of the frame. Actually by making this 
frame heavier, the noise was considerably diminished. 


The differential equation of motion which v has to satisfy becomes 


3 Cf. Love, ‘“‘Theory of Elasticity” (3rd edition), p. 433. 
4 Cf. Rayleigh, ‘‘Theory of Sound’”’ (2nd edition), vol. I, p. 384. 


2 
a= 
#8 
| | 
Ov 
| 
3 
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EI [o% 0%» O4v yRA*%a 3a? 
The solution of Equation [7], satisfying conditions [5] and [6], leads p = BAe, sm) sin’ ” 
to a transcendental equation from which the natural frequencies could 4R3 a? 


be calculated. However, this equation is so complicated that a solu- 
tion of the natural frequencies as functions of the angle a is practically 
impossible. The course followed here is an approximate calculation 
of the fundamental or lowest frequency by the method of Lord Ray- 
leigh. 

This method assumes a certain deflection curve, satisfying the con- 
ditions [5] and [6], and conforming to the picture we can reasonably 
make about the general shape of the deformation of the ring. For the 
fundamental frequency, this shape has been indicated in Fig. 7. A 
possible mathematical expression of this deformation is: 


Qa 


a 
Fie. 3 
60 
Ce. [ET 
40 
20 pi 
10 
@ in Degrees 
Fig. 4 


satisfying [6]. The expression for v can be calculated from [5], and 
by giving a suitable value to the integration constant, [6] also can be 
met: 


For the kinetic and potential energy K and P of any circular are or 
ring, we have the general formulas: 


+ 


+ 


in which y = mass per inch circumference of the ring 
I = moment of inertia of the cross-section 
R = mean radius of the ring. 


Substituting the assumed deformations [8] and [9] into these expres- 
sions and performing the integration, it is found that 


At the time ¢ = 0, P is zero and K assumes a maximum value, while 
att = ~ K vanishes and P becomes a maximum. It is clear that 


the maxima of K and P have to be equal, because the total energy 
must remain constant: 


130 13 
120 12 
110 
90 \ 9 
80 8 
Cs 
70 7 
50 5 
20 2 
in Degrees 
Fig. 5 
60 
f 
+ 
10 
% 20 40 60 ~80 100 120 140 160 180 
a in Degrees 
Fia. 6 
i— 3a? EIA*%a 4m? 2 
4 4R3 a? 
from which we find for the angular frequency: 
FI at — 78.96a? + 1559 12] 
1 + 0.076a2 


This gives us an approximation for the fundamental frequency for 
any angle a. 

The assumptions [8] and [9] can be replaced by any other set, 
satisfying [5] and [6]. As an example we may take the algebraic 
expressions: 


.. [8] 
| 
£ 
v= AS (cos 1) sin 
| 
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Substituting these expressions in [10] and equating the maximum 
values, it is found: 
EI at—78.5a? + 1585 


2 = 


There is a very simple rule to determine which of the two expressions 
[12] or [14] is the better approximation. Prescribing certain defor- 
mations [8] or [13] to our system, instead of letting it vibrate naturally, 
is the same thing as adding some constraint to it. This has the effect 
of giving a value for w which is larger than the actual w. Therefore 
the expression which gives the smaller result for w is the better ap- 
proximation. In our case it appears that for small angles a< 60 deg., 
[12] is the better formula; for 60 deg. < a < 270 deg., [14] is superior; 
while for a > 270 deg., [12] again gives smaller values for w. 


7 


It is interesting to see what these approximate formulas reduce 
to for the extreme cases a = O (straight beam on hinged supports) 
and @ = 360 deg. (complete ring), for which exact solutions are 
known. 

For the straight bar a = 0, we remark that Ra = l expresses the 
length of the bar. The exact solution in this case coincides exactly 
with [12], due to the fact that the expressions [8] and [9] happen to 
be solutions of the differential equation of motion for the straight 
bar. For the complete ring (a = 360 deg.) it is seen from Fig. 7 that 
this type of vibration is nothing but a rocking of the whole ring 
about its (only) hinge, while there is no elastic force tending to keep 
it in an equilibrium position. It is evident that in such a case w has 
to be zero. This again is the case with Equation [12]. 

The final result [1] is derived from [12] and [14], remembering 
that w = 2z7/, and taking in Table 1 the smaller of the two values 
calculated from [12] or [14]. 


Arc Wits Frxep Enps 
The boundary conditions to be satisfied by w and v here are: 


¢=0 


= 0 


ou 


Expressions for w and 2, satisfying [5] and [15] and having the general 
shape indicated in Fig. 8(a) are: 


A (sin — sin sin 
a 2 a 


ae sin wt 


from which, in the same manner as above, the result follows: 


EI at — 126a? + 6250 


2= 
1 + 0.0450? 


Instead of assuming the deformation in a trigonometric form, we may 
as well represent them by an algebraic expression: 


5 See Rayleigh, l.c., page 112. 


which leads to 


_ EI at — 88a? + 3960 
yRtat 1 + 0.064a2 


w? 


It is seen that [17] and [19] do not show a satisfactory agreement 
with each other. For the case of a straight bar (a = 0) for instance, 
where the exact solution is known, we obtain® 


w = 62.9 by [19] 


by [17] 


The reason for this behavior is clear from Fig. 9 where the shapes 
of the deformation curves [17], [19] and for the exact solution are 
plotted. The trigonometrical shape is quite far removed from the 
exact shape in this case. 

From the large difference between the results [17] and [19] it seems 
to be necessary to carry the approximation further by means of the 
method of Ritz. 

By this method we assume expressions for w and » satisfying [5] 
and [15] and containing more than one arbitrary constant. Taking 


(b) 


Fie. 8 


two constants A and B, we write: 


2 3 4 ) 
w = [- A (2) + (44 +B) (2) +5B)(2) 
a Qa Qa 
7 
+ (2A + 9B) (2) 7B (2)'+ 2B (2) | sin wt 
Qa Qa Qa 
3 4 5 
3 \a 4 a a 
(5+52) 
6‘ It is seen that the general deformation curve, Fig. 8(a) in the 
limit a = 0 reduces to the curve Fig. 8(5) for the straight bar. This 
is the second harmonic for the straight bar. The fundamental vibra- 
tion for the straight bar (without nodes) has no counterpart in the 


arc, because such a vibration would there become extensional, 
due to the curvature. 


\ . 

4 

; / 

(a) 
i 
: 
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Substituting these expressions in [10], integrating and equating their 
maximum values, we obtain: 


2 
w [21] 
in which 
76930 180180 a? 1315 385 5005 
1 {4 4 2 
+5174 + 2 
A? AB B 
210-6 
Ko + + {9.25 A2— 3.24 AB 


+ 0.286 B?} 


Now we know that the smallest obtainable value for w is the best 
approximation. Therefore we will determine A and B, our arbitrary 
constants, such that w becomes a minimum. Differentiating [21], 
the minimum conditions are 


OKo OPo 
Po Ko 
OPo 
Pose 


These expressions are of the third degree in A and B, but with the 
aid of the relation [21] they can be reduced to 


EI OA OA 
EI 0B” 
being linear and homogeneous in A and B and of the form: 
mA = 0 
+ aB=0 


in which the a1,2,3,4 are fairly complicated expressions. In order that 
a solution of A and B be possible, the determinant of the system must 
vanish: 
aide 


= = 0........... [23] 


Writing this fully and using the notation: 
yR4w?2 
EI 


we obtain 
@—Q@Q 1.0789 - 103a& — 2.7960 - 105a4 + 3.2921 - 107a? + 6.5351 - 108 


a4 (1.2321 - 104 + 1.0789 - 10a? + 8.4400e4) 


1.2121 - — 5.1255 - 10£a® + 9.9948 - 108a* — 7.1040 - + 2.3088 - 1012 


1.2 | 


ALGEBRAIC TRIGONOMETRICAL 
EXPRESSION EXPRESSION 


SHAPE 


° 


Deflection 


— ~ 


04 7 


9 0! 0.2 0.3 04 0.5 0.6 0.7 


Fig. 9 DerrorMaTion Curves oF Equations [17] [19] AND 
Exact So.utTion 


This procedure has been followed in the third numerical example 
given in the paper. If the mass of the three poles in question had 
been distributed uniformly over the angle a, the result would have 
been 46 cycles per second instead of 41, which gives a fair approxima- 
tion and does not require any calculation work except substitution in 
Equation [1]. 


Discussion 


R. Exseraian.? While the primary harmonic and its natural 
frequency corresponding to the frequency set up by mechanical 
force resulting from unbalanced rotor or magnetic forces due to 
non-uniform air gap are likely conditions for serious vibrations 
in the frame, the author has shown that the overlapping of the 
teeth causing a pulsation in magnetic flux may agree with the 
primary frequency of the frame, particularly for small machines 
where the frame is relatively stiffer and therefore its natural 
frequency is comparable with the high frequency set up by the 
teeth. 

It appears to the writer that such a condition may exist due 
to the overlapping of the teeth with large induction machines 
between the higher harmonics of the relatively more flexible 
frame. 

The author has considered a particular 


+ a8 (1.2321 - 104 + 1.0789 - 10%a? + 8.4400a4) 

The values of Q have been calculated from [23a] for several values of 
the angle a. As Q in [23a] corresponds to Ci? in Equation [1], the 
result of these calculations can be found in Table 1. 


INFLUENCE OF CONCENTRATED MASSES 


When we are dealing with a machine having salient poles on the 
stator, we cannot use Equations [1] to [4] in general. In the case 
that there is a large number of poles, a fair approximation can be 
obtained by distributing the mass of these poles uniformly along the 
stator. But in case there is a small number of poles, the results 
obtained in this paper still may be used. It is assumed that the def- 
ormation curve retains its shape. This means that potential energy 
of the frame is not changed. The kinetic energy will consist of two 
parts, that due to the ring and that due to the poles. The motion 
of the poles, consisting of a translation and a rotation can be calcu- 
lated from the assumed expressions for w and ». 

It is necessary, therefore, to compute these two parts of the kinetic 
energy. Now w? is inversely proportional to the kinetic energy, 
when the potential energy is constant. Thus if Ki be the kinetic 
energy of the ring and K: that of the poles, the natural frequency of 
the combination can be found from the natural frequency of the ring 
alone by multiplying hy 


Ki 
Kit+ Ke 


= 0 [23a] case of the more general solution given by 

Rayleigh; namely, for the primary har- 
monic where the equation of energy may be directly applied; 
that is, the equating of the maximum values of the kinetic and 
potential energies and the solution for the frequency. If, then, 
for a more general solution we introduce the higher harmonics, 
we have: 


where it can be shown that h, are the normal coordinates of any 
higher harmonic of the frame. Proceeding in a similar way as 
that of the author, we have, neglecting the tangential displace- 
ments along the center line for the larger harmonics: 


7 Engineer, Baldwin Locomotive Works, Philadelphia, Pa. Mem. 
A.S.M.E. 
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Substituting in Equation [10] for the values of the kinetic and 
potential energy, 


where 


and F, and F, are actually applied forces acting radially or 
tangentially. However, practically, we are only concerned with 
the radial applied force due to the magnetic pull set up by the 
permeance wave of the teeth. It is to be observed that for the 
natural primary frequency, H. = 0 and h, = h = A sin wt, 
which reduces to the energy form of the expression given by the 
author. 

The advantage of the Lagrangian form, however, is that it 
enables us to express the effect of any applied force on any har- 
monic of the system. Thus for various types of loading: 


H,= foR sin for a distributed loading 


S$ 


= F, sin for a concentrated loading at qu, 


where f» and Fy are periodic time functions of the electromag- 
netic loadings. In a wave train as in the permeance wave due 
to the teeth, ¢: = wt, where w is the angular velocity of the wave 
train. 
AvuTHOR’s CLOSURE 


It is quite possible that higher harmonics of the frame vibration 
may also cause troubles as Mr. Eksergian points out, so that a 
calculation of the natural frequencies and shapes of vibrations of a 
few higher modes would he desirable. 

In the paper only the fundamental mode is given because the 
calculation for higher-order vibrations will become extraordinary 
complex. 

The expressions (a) and (6) of Mr. Eksergian’s discussion may 
represent such a higher vibration of a circular frequency Sw, 
if the coefficients A;, Az....... ee are chosen correctly. 
But this is as difficult a problem as solving the differential Equa- 
tion [7], which is practically impossible. 

Substituting (a) and (6) in [10] will not give Mr. Eksergian’s 
Equations (c) but rather expressions containing not only the h,? 
but also all possible double products hmhn (m not equal to n), which 
shows that the h, are not “normal coordinates.” 

At present it seems to the author that the determination of 
higher harmonies can be done only approximately and entails an 
amount of calculation work entirely out of proportion to the im- 
portance of the results to be obtained. 

Since the publication of the paper the author has had several 
opportunities of testing the theory on actual vibrating frames, 
and it appears that the assumption of clamped ends seems to be 
fairly good. The observed natural frequencies were about 10 
per cent lower than those calculated by Equation [1]. A more 
accurate theory taking account of the flexibility of the feet, which 
is in very good agreement with the experimental facts, has been 
developed and will be published soon. 


hea 
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Dynamic Vibration 


Absorber 


By J.ORMONDROYD' anp J. P. DEN HARTOG,? EAST PITTSBURGH, PA. 


The “vibration absorber’’ discussed in this paper consists of a 
small vibratory system tuned to the operating frequency of a larger 
machine and attached to it in a suitable location. When properly 
designed this will reduce the vibrations of the machine itself mate- 
rially. The absorber, without damping, annihilates vibrations of 
its own frequency completely, but creates two other critical speeds in 
the machine system. Therefore it is suitable only for applications 
on constant-speed machinery. When damping is introduced into 
the absorber it constitutes a simple and efficient means of diminish- 
ing the vibrations of a machine of variable speed. An analysis of 
its operation in simple cases with and without damping is given in 
the paper, tests made on a model are described, and actual applica- 
tions are discussed. 


ERSISTENT vibrations in a machine occur when periodic 
P recee act between its members. The vibrations are 

usually harmless or even unnoticeable unless resonance 
occurs—that is, where the frequency of the disturbing force 
coincides with one of the natural frequencies of the machine. 
The fundamental cure for vibration is to remove the periodic 
disturbing force causing it. Where it is impossible to accom- 
plish this an attempt is usually made in the design of the machine 
to avoid resonance. When resonance is discovered in a machine 
already built it is possible sometimes to eliminate it by changing 
the flexibility or the mass of the parts affected. The direct 
application of damping is theoretically also a possible means of 
reducing the amplitude of vibration at resonance, but it is 
seldom used in practice. A final method of eliminating vibration 
is to impose orf the machine parts affected a periodic force equal 
in frequency and amplitude to the disturbing force but acting 
in the opposite direction to that force. The Lanchester “anti- 
vibrator’”’ used on four-cylinder gas engines is an example of the 
application of this principle. 

The “vibration absorber” discussed in this paper reduces 
vibrations by means of its own dynamic action automatically 
put into play by the disturbing force itself. It is so designed 
and applied that at the frequency where the vibrations are most 
undesirable, it exerts a force equal and opposite to the disturbing 
force. It thus acts without converting energy into heat. 

For the purposes of engineering approximation it is usually 
possible to consider even complicated vibrating systems in 
idealized simple forms. The action of the vibration absorber 
will be explained on some very simple systems; in fact the 
paper is actually a detailed analysis of vibrating systems of 
two degrees of freedom. 


Tue ABSORBER WitTHOUT DAMPING 


A very simple mechanical system which represents the idealized 
form of numerous practical problems in vibration is shown in 
Fig. 1. The equation of the forces acting on M for this system 


(neglecting damping) 1s 


1 Motor Engineering Department, Westinghouse Electric & Manu- 
facturing Company. 

2 Power Engineering Department, Westinghouse Electric & Manu- 
facturing Company. 

Contributed by the Applied Mechanics Division and presented 
at the Spring Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of Tue 
AMERICAN SocIETY OF MECHANICAL ENGINEERS. 


dz 
Ma, + Kz Pp [1] 
where M is the mass, K the spring constant, and Pysinwt the 
external force acting on M. The steady-state solution of Equa- 


tion [1] is: 


When the frequency is such that w? = K/M, the amplitude 
of x becomes infinite. In reality the solution is not valid when 
w* is near to K/M, because it is no longer permissible to neglect. 
damping; but the motion 
does tend to get very large 
in the neighborhood of K 
this frequency. 

When the force Posinwt 
cannot be avoided and <* x, 
it is desired to operate at k 
frequencies near reso- 
nance, the vibration ab- - *2 


sorber described in this Fic. 1 Simpte Fic. 2 System or 

paper is a very effective Mecuanican Vi- Fic. 
BRATING SysTEM WITHA VIBRATION 

means of reducing the mo- Ane 


tion to within safe limits. 

Fig. 2 shows the same system as Fig. 1, but a new small body 
m has been suspended from M by means of a spring with a 
stiffness k. The force equations for this system are: 


d?z, 
M ry) + Ka, + k(x, — 22) = Posin wt 


[3J 
m + — 2) = 
the steady-state solutions of which become: 
k — mo? 
Po +k — Mo) k— mat) — 
= in wt 
| 
If k and m are taken with the proper values to make 


the motion of the main mass M is eliminated and [4] reduces to 
u1 = 0 


x t 
‘ k 


The motion of m is such that the spring force acting on M due 
to the relative motion between M and m is kx, = — P sin wt, 
which is exactly equal and opposite to the impressed force. 
The system consisting of k and m may be called a “vibration 
absorber.” 


P» 1 [2] 
— — SiN 
MK 
——w 
q 
| } 

4 
aye 
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The addition of the spring-suspended mass m to the original 
system eliminates the motion of M completely at the frequency 
to which the small system is tuned. This fact is made all the 
more remarkable when it 1s noted that it is only the ratio be- 
tween k and m which produces the result and not their absolute 
values; k and m may be very small and still be completely 
effective in stopping the motion of M. However, the second 
equation of [6] indicates the practical limitations. As k be- 
comes smaller, x2 gets larger, until the stresses in the spring 
become excessive or the physical limits of possible motion in 
the spring k are passed. The value of Po therefore determines 
the smallest possible values of k and m. Equation [5] and the 
second Equation of [6] give the conditions for the practical 
design of the absorber. In certain cases it might be deemed 
desirable to use several vibration absorbers in parallel on the 
same machine. It is reasonable to suppose that this will keep 
the stress in the springs of the individual absorbers low. A 


a, Generator 


SIONAL SYSTEM Fig. 5 ABSORBER AT- 
TACHED TO Bopy Svus- 
JECTED TO Non-UNIFORM 
ToRQUE 


Fiac..3 SysTEM OF 

Fig. 1 Two 

ABSORBERS IN 
PARALLEL 


Fic. 6 ABSORBER AT- 

TACHED TO OpposITE END 

oF MACHINE As SHOWN 
In Fig. 5 


s mple case of two absorbers in parallel as shown in Fig. 3 will 


be investigated. 
The force equations are 
M + Ka — k(x, — x2) — ke(a2 — x) = Posin wt 


dt? 


me = + x) = 0 


‘The steady-state solutions are: 


(ky — myw?) (kz — mow?) 


no effect at all if they are tuned on opposite sides of the fre- 
quency of operation. 

Suppose the disturbing force on the main mass M has such a 
frequency that 


K — Mw? = 0 
then it follows from [8] that the motion of M becomes 


Po (w? — (w? — we?) 


+ hie? — oP) [10] 
where 
k 
= — and = 
1 m2 


Let it be supposed that w:? < w?; w? > w?, and k; =k, Under 
these conditions the motion z may become very large. This 
happens when the denominator of [10] becomes zero, or when 


(11) 


where m and n are usually small. Substituting in [11] we find 
that the effects of the two absorbers neutralize each other when 


This indicates that if one absorber is tuned to a certain per- 
centage below the operating frequency and the other one to 
exactly the same percentage above the operating frequency, 
the effects will cancel each other and the system will vibrate 
as violently as if the absorbers were not present. The two 
absorbers then move 180 deg. out of phase with each other. 

If the percentages of tuning are not equal but are still opposite 
in sign, the vibration will be only slightly reduced. 

The simple torsional system (Fig. 4) is also of practical interest. 
The mathematical considerations are fundamentally the same 
as before, except that torque equations replace force equations, 
moments of inertia replace mass, and torsional spring constants 
(torque units per radian twist) replace linear spring constants. 
The natural frequency of this system is 


If the disturbing torque has this frequency, large torsional 
vibration will result. This can be stopped by mounting on 
7, a new system as shown in Fig. 5. If k/i is made equal to 


sin wt 


(K + ky + ke — Mo?) (ki — mw?) (ke — — — — — mw?) 
ky — mw? — maw? 


If ki = ke, m, = ms, and ki — mw? = kz — = 0, [8] becomes: 


z=0 

= 

1Po. 

= —-— 
1 


Each “vibration absorber” carries half the load. However, with 
two vibration absorbers in parallel it is entirely possible to obtain 


I 
eliminated: 


K (} + +) the vibratory motions of J; and J; will be completely 
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It is of interest to investigate the action of the absorber when 
it is mounted on the body which has no disturbing torque acting 


-upon it as shown in Fig. 6, 


my ‘ 
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4 = w? — and = w? + nw?........[12| 
it | | 6 
i a 
: 
| 


APPLIED MECHANICS 


In this case, when the absorber is designed as before, the 
solution becomes 
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.If J, is large compared to J, the design of a vibration absorber 
to be attached to the heavy body would be very difficult, since 
it would have to absorb a large multiple of the actual disturbing 
torque. The motion of J, would still be small since the value 
of T,/K is usually small. 

Systems may occur in which J; is smaller than J;, in which 
case the absorber would be correspondingly easy to design and 
the motion 62 would be negligible. 

So far the action of the absorber has been discussed for only 
one frequency. The motions of M and m for all values of w 
can be obtained from Equations [4]. When these equations 
are examined in detail they show that two critical speeds exist 
instead of the one in the original system. If K/M = w,? (corre- 
sponding to the original critical speed), k/m = aw? and M/m = 
p, the new critical speeds of the system have the following re- 
lationship to the original critical speed: 


2p 2p 


This relationship is shown in Fig. 7. 
The application of a vibration absorber without damping 
is therefore restricted to constant-speed machines. 


PracricaAL APPLICATION OF THE UNDAMPED VIBRATION 
ABSORBER 


Due to the fact that an absorber without damping throws 
the system from one into two critical speeds, the applicability 
of the scheme is restricted to machines with substantially con- 
stant speed. 

All electric synchronous or induction machines fall under this 
class. 

Fig. 8 shows the outboard generator bearing pedestal of a 
30,000-kw. turbine. This pedestal happened to be very near to 
resonance with the operating speed, 1800 r.p.m., and conse- 
quently vibrated quite noticeably in the direction of the generator 
axis. The (double) amplitude of this vibration as measured 


APM-50-7 11 


was 0.0108 in. Two cantilever beams 20 in. long and 7/; in. X 
2°/s in. in cross-section, weighted at the end with 25 lb., were 
bolted to the pedestal. These beams had been calculated to 
have a natural frequency of about 1800 per minute and the 
weights were made adjustable, so that fine tuning to exact 
resonance was done on the turbine. 

The effect on the longitudinal vibration of the pedestal can 
be seen in Fig. 9, representing a record of this vibration before 
and after the tuned cantilevers had been attached. The ampli- 
tude was reduced from 10.8 mils to 3.8 mils. 

With two vibration absorbers mounted on the pedestal the 
phenomena discussed earlier (Equations [10] to [13]) were 
actually observed. It was noticed that when both cantilevers 
were in violent resonance (having double amplitudes at the 
end of nearly '/2 in.) the effect on the pedestal vibration was 
either very marked or hardly noticeable, depending on whether 
the vibrators were in phase with each other or not. These 
phase relations could be very simply demonstrated by pre- 
venting one of the cantilevers from vibrating by holding it 
with both hands. When the vibrators were in phase the ampli- 


Fie. 8 GENERATOR WITH VIBRATION ABSORBER 


tude of the second was seen to increase when the first one was 
held, and vice versa. In case they were out of phase the ampli- 
tude was seen to decrease. This condition could be remedied 
by displacing the weight on one of the absorbers a very small 
distance. 

It made hardly any difference on the pedestal vibration whether 
one or two absorbers were employed. This and also the fact 
that the vibration was not decreased more than to 35 per cent 
of its original value, suggests that there was considerable damp- 
ing in the apparatus. In fact, for these experiments vibrators 
made of soft boiler plate were used, and the observed ampli- 
tudes would stress this material above the yield point, so that 
considerable internal friction can be expected. 

In order to apply this remedy permanently to the turbine, 
one single vibrator of high-grade steel will be attached to the 
pedestal. 


= 
ies 
r, 
2 
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THEORY OF THE DAMPED VIBRATION ABSORBER 


In order to make the addition of an absorber to a large vi- 
brating system effective over an extended range of frequencies, 
it is necessary either to introduce damping in the vibrator or to 
limit the amplitudes of the small mass by means of elastic 
stops. 

To make clear why damping in the small absorber is so much 
more effective than in the main system, let us consider the 
shapes of natural vibration. Taking again K/M = k/m and 
M/m = p = 20, it is found that the amplitudes of the masses 
M and m are as shown in Fig. 10. The small mass vibrates 
much more violently than the large one, and if the damping be 
proportional to the velocity, it is clear that its effect is much 
more pronounced when located in the small system than in the 
large one.. 

Two possibilities of damping exist. In the first place it may 
be located in the spring k and will then be considered proportional 
to the relative velocity (xz; — 22). This is the case which most 
frequently occurs in practice. The other possibility is that the 
system is damped proportional to the absolute velocity 22, 
for instance, due to air or hydraulic friction on the mass m. 

The effects of the damping in these two cases will now be 
discussed. 

(a) Damping Proportional to Relative Motion. To bring 
out the results clearly it is assumed that no damping whatsoever 
exists in the main system. In the case that the damping in 
the absorber spring is also zero, the amplitude of the main 
mass will become infinitely large at two frequencies. When 
the damping in the absorber spring becomes infinitely large, 
no relative motion between the two masses can exist, so that 
again the amplitude of the main mass will go to infinity at one 
frequency. 

For a certain value of the damping between zero and infinity 
the amplitude will become a minimum. The magnitude of 
this optimum damping cannot very well be expressed analyti- 
cally; therefore a number of cases have been calculated numeri- 
cally, the results of which are plotted in curves. 

If c be the damping in the small spring (Fig. 2) the differential 
equations of motion are: 


Mx, + Kn, + k(a1 — m2) + — m2) = ns) 
+ k(x2— 21) + 21) = 0 
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The solution of this system can be found very easily by con- 
sidering an equivalent electric system (Fig. 11), the equation of 
which can be written as: 


ai, 
dt 


di, 1 diz di; 


L 


It is seen that [18] and [19] are the same if the following rela- 
tions exist between mechanical and electrical quantities: 


Wet ta ie 


te = 2X2 r=c Ew = Py 
Mode Mode 
5a, ig=-42, 
5k, 
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The impedances of the two branches of the parallel circuit of 
Fig. 11 are jwl and r — j/we so that the total impedance of the 
two branches in parallel becomes: 


The impedance of the whole circuit is found by adding to this 


i(ot — +) The absolute value of this sum is calculated by 


means of the formula: 


Fie. 9 VIBRATION WITHOUT AND WITH VIBRATION ABSORBER 


+-+-(i—v) +r|—— —] = Ewsinot 
- dt dt 
4 
J — 
. 
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c+ jd c? + d? 


and is found to be: 
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For instance, the optimum damping for M = 1000 lb. and 
w, = 360 at p = 50 is found from: 


100 X 120 
1000 X 360 


= 0.115 
Copt- ad 3.46 


By means of the relation i = E,/Z and after translating to the 
mechanical case by [20], the amplitude zx, becomes 


1 


Therefore Fig. 14 
represents the com- 
plete solution of 
the problem for any 
mass or frequency. 


Fiae. 11 EqurvaLent ELectTRICAL SysTEM 


Po c? + (wm — k/w)? 


(6) Damping Proportional to Absolute 
Motion. The terms c(z; — 22) in the 


Taking the case where: . = — = w and assuming that 


M 


k, 


. = ~ = p, [21] can be written finally as follows: 
— 8+ (i—8)? 
mer 


mw? B 


B= (2) and = = 


From this formula the amplitudes z have been calculated for 
various systems, that is, for various values of c, p, and m. In 
Fig. 12 two curves are shown for a definite system with different 
values for the damping cin the absorber. An increased damping 
acts more severely on the second resonance peak than on the 
first, for which a simple physical reason can be found by con- 
sidering Fig. 10. In the first resonance the motions of the two 
masses are in the same direction, while in the second resonant 
mode these motions are in opposition. The relative amplitudes 
of the first and second mode have the ratio 4:5, and consequently 
the damping is more effective in the second mode. 

At any rate the maximum amplitude in Fig. 12 always occurs 
at the first peak. Plotting this maximum amplitude as a function 
of the damping c, the curve shown in Fig. 13 is obtained, in 
which the fact that an “optimum damping” exists is very clearly 
established. The curve of Fig. 13 is very restricted in its appli- 
cation, in so far as it only refers to one particular value for p, 
that is, to one and the same mechanical system with variable 
damping. 

A series of curves [13] have been calculated for various values 
of p, and from these a new plot has been made in Fig. 14, showing 
the optimum damping co and the maximum amplitude at this 
damping, both as functions of p. 

The data given in Fig. 14 are still restricted to a main system 
weighing 100 lb. and having a natural frequency of w, = 120. 
However, it is seen that formula [22] remains unaltered ‘with 
changes in m, w, or c if only the quantity c/mw, is kept constant. 
By changing the scale of cop. in Fig. 14 in a proper manner the 
diagram can be adapted to any other value of M or w. We 


1 120 
only have to read a“ Copt, for the_ordinates instead of 


Copt 


—=p 


Antes [22] practical importance, the case has not been investi- 
gated further. 
(c) Damping in Both the Main System and 
the Absorber. In actual practice there will always be damp- 
18 


differential Equations [18] should be re- 
placed by cz, and the only change in the 
solution [22] is that the expression 
(p + 1) — pB in the denominator is replaced by p — (p + 1)8. 
The most important effect of this on the curves of Fig. 12 is 
that the second resonance peak becomes higher than the first, 
which is reasonable (Fig. 10) since the absolute velocities of the 
small mass in the first resonant mode are larger than 
inthesecond. Fig. 15 shows one case for M = 20 |b., 
p = 10, wm = 120, and ¢ = 0.155, which has been 
calculated. Since this type of damping is of no great 
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ing in the main system itself. Therefore, some calculations 


also were made with damping both in the main system and 
in the absorber. If C be the coefficient of damping in the 


& if 
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Z= 
m 
where 
+ Cc, 
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main spring, and c the one in the spring of the absorber, the 
solution [22] modifies to: 
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these speeds will no longer be critical and the amplitudes will 
remain finite through the entire speed range. 


[23] 


This fact was observed in model tests. The theoretical 


A simple model, shown in Figs. 18 and 19, was built in order 


It consists of a steel bar 2 in. X 3/, in. X 60 in. simply sup- 


at '/, and */, of the length. The system has natural frequencies 


c2 
2 
B + (1 — B) 
ps) + C(1 — 8) + —a(1 
4 
| investigation of this phenomenon is very complicated and will 
12 3 not be given here. 
\ al gis 
to verify the theory. 
2 & : ported at itsends. A small d.c. motor weighing 26 lb. is clamped 
: \ & $s in the middle of it, and two weights of 8 lb. each are attached 
> 4j, 
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The effect of this change on the magnitude of the optimum damp- 
ing is negligible, as can be seen from Fig. 16, showing the change 
in Fig. 13 due to the introduction of a damping in the main 
system, which alone would limit the resonant amplitude of 
the main mass to 15 times the statical amplitude (at w = 0). 
The curve becomes flatter and is located lower, but the mini- 
mum, though not so pronounced, lies at approximately the same 
value of c. 

(d) Motion-Limiting Stops. Another method of avoiding 
resonance in the system including a vibration absorber is to 
limit the motion of the absorber mass relative to the main 
mass by means of elastic stops. It is a well-known fact that in a 
system which has the elastic properties represented by Fig. 17 
no resonance can occur even if no damping exists in the system. 
That is, there is no frequency at which a periodic force of finite 
amplitude tends to excite infinite amplitudes of motion. An 
absorber with elastic stops represents such a system. 

It was seen before that an undamped absorber has finite 
motions at the particular frequency for which it is designed. 
Stops can be made such that the motions are left undisturbed 
at this frequency, but that, as soon as the relative amplitude 
of the absorber tends to become larger than this, the stops come 
into play and limit the motion. This will happen near the two 
critical speeds of the combined system. Due to the fact that 
when the stops change the elastic properties of the entire system, 


at 750 and 2800 r.p.m., which can be excited by mounting two 
eccentrics on the motor either in the same or in opposite direc- 
tions and running the motor at the resonant speed (see Fig. 20). 
Two small cantilevers weighted with 1 Ib. at the end and tuned 
to 750 r.p.m. are attached under the motor, and two other 1-lb. 
cantilevers tuned to 2800 r.p.m. are put on to the weights at 
1/, and */, of the length. The absorbers when tuned properly 
take the vibration practically completely out of the system 
both at 750 and at 2800 r.p.m. 

Fig. 21 shows the amplitudes of the middle of the bar as a 
function of the speed both with and without absorber. 

The ratio p = M/m in this model is 23, and the two critical 
speeds calculated from formula [17] or Fig. 7 are 830 and 675 
r.p.m., while the test showed 825 and 670 r.p.m. 

Since the second resonant peak is higher than the first, the 
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damping in this system is primarily due to air friction on the 
small mass. The enormous ratio of 40:1 between the peak 
and the valley of the vibration curve, moreover, indicates that 
this damping is extremely small. 

For the second mode of vibration the two critical speeds ob- 
served were 2650 and 3160 r.p.m., while the calculation yields 
2500 and 3110 r.p.m. The rather large discrepancy between 
the two values of the lower critical speed remains unexplained. 


APPLICATIONS OF THE DAMPED VIBRATION ABSORBER 


One of the earliest applications of this principle was made 
in 1911 by Frahm in his famous “Schlingertank” for stabilizing 
ships. It consists of two tanks partially filled with water, 
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connected by two pipes (Fig. 22). 
an air throttle. 

The ship rolling in the water corresponds to the system K, 
M of Fig. 2, the impulses of the ocean waves take the place of 
the disturbing force, and the water surging between the two 
tanks is the vibration absorber. 

Since the impulses of the waves on the ship may have any 
frequency, it is necessary to introduce damping in the system, 
which is regulated by means of the air throttle. The arrange- 
ment has been used successfully on large passenger steamers. 

The torsional absorber can be utilized to minimize torsional 
vibrations in crankshafts of internal-combustion engines, par- 
ticularly if the springs are so designed as to give a curved load- 
deflection characteristic, or if motion-limiting stops or dashpots 
are provided. In this form it is being applied on several auto- 
mobile engines. 


The upper pipe contains 


Discussion 


Max Partirz.* Vibration in a machine can be counteracted 
by a mechanism vibrating in the opposite direction to the primary 
impulses and both vibrating moments must be alike. The values 
of k and m in Formula [5] may vary from K and M but they 
cannot both be very small, as mentioned in the paper, and “‘still be 
completely effective in stopping the motion of M,” for, as said 
further along in the paper, “the value of Po, therefore determines 


3 Chief Consulting Engineer, Allis-Chalmers Mfg. Co. Mem. 
A.S.M.E. 
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the smallest possible value of k and m,” but P» also determines 
the primary impulses. 

The absorber must exert impulses of equal moment to the 
primary ones in an opposite direction and k and m cannot be 
made so “very small’’ to stop completely the motion of M. 

The authors also state, “In order to apply this remedy perma- 
nently to the turbine, one single vibrator of high-grade steel 
will be attached to the pedestal.” It would be interesting to 
know whether the high-grade steel vibrator has been attached, 
and how successful it has been in reducing the vibrations. 


Rost. F. Voet.‘ The problem of reducing vibrations in operat- 
ing machine units is usually a very difficult one and a com- 
paratively simple solution would indeed be welcome. 

The authors’ presentation of the simple vibration is very inter- 
esting. 

It seems, however, that the vibration absorber consisting of a 
small mass on a spring of limited deflection could be applied 
only in very rare cases. 

The impulse force actuating the vibration would have to be 
small enough so as to come within the narrow limits of the size 
of the vibration absorber and the speed of the vibrating unit 
would have to be absolutely constant, in order to give the vi- 
brator an opportunity to stay in synchronism. 


4 Cons. M. E., Allis-Chalmers Mfg. Co., Milwaukee, Wis. Mem. 
A.S.M.E. 
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From the authors’ Equations [2] and [3], we find by assuming 
sin wt = 1 for Ximax that 
Po— wx, 
K — Mo? 
In order to materially reduce Ximax, mw*r, must be about as 


large as Po. 

The difficulties of keeping the vibration absorber in synchro- 
nism and of making it practically large enough for most cases 
of vibration troubles make the usefulness of the device ques- 


tionable. 


xX Imax > 


E. O. Waters.’ The authors of this paper are to be com- 
mended for their analysis of the problem of two vibrating bodies, 
and their demonstration of its practical value in reducing harm- 
ful vibrations in both translational and rotational motion. Of 
particular interest are the facts that (1) an undamped system 
can be designed to absorb the entire vibration of the main body 
at a given speed, but in so doing two new critical: speeds are 
introduced; (2) by applying a damping force proportional either 
to the relative or absolute velocity of the auxiliary body, these 
two critical vibrations are reduced from infinity to a safe value 
(i.e., less than would occur without a vibration absorber), while 
at the same time this advantage is somewhat offset by the loss 
of the totally vibrationless point characterizing the undamped 
system. 

In analyzing the motions of mechanical vibrating systems 
without damping, the authors give what they call “steady-state” 
solutions. This implies that there is also a “‘transient’’ solution; 
but this, strictly speaking, is not the case. If damping is neg- 
lected, the system will have two superposed periods of vibra- 


tion, one of natural frequency (ys for Fig. 1) and the other 


of forced frequency w. The complete solution for the simple 


one-mass system is 
1 


K K Po 
z=A cin t+ Bom 
M 


and taking as boundary conditions the fact that x = zx, and 
= 2 when = 0, this becomes 


sin wt 


1 
[24] 


Inspection of this equation shows that at resonance, when 


K 
v5 = w, the infinite amplitudes are exactly balanced and no 


excessive vibration results. The “catch” to this line of reason- 
ing lies in the fact that just above or below resonance the two fre- 
quencies are enough out of step to produce long-period beats of ex- 
cessive amplitude, alternating with nodes that are practically 


K 
quiescent. It is only for the case when V5 is exactly equivalent 


to w that the high-amplitude vibrations cancel out the Equation 
[24], a case which, like unstable equilibrium, is a practical im- 
possibility. 

5 Assoc. Prof. M.E., Sheffield Scientific School, Yale University, 
New Haven, Conn. Assoc-Mem. A.S.M.E. 


For the two-body system, the corresponding equations are 
=bAsingt+bh,Acosgt +b; Bsinyt +b Beosyt 
(Po sin wt) 
and 
tz = b, sin gt + be cos gt + bs sin yt + by cos ¥t + fo (Po sin wt) 
where by, b:, b3, bs are constants determined by the initial posi- 
tions and velocities of the two bodies, 


A= 

k (M—m)—Km + [(M + m)*k?—2 mk K (M—™m) + m?K?]'/2 
2kM 

B= 

k(M — m) — Km — [(M + m)*k? —2 mt K(M — m) + m?K?]'/2 
2kM 

{k(M +m) + Km+[(M + m)*k?—2mkK(M —m) + 

y= 


{k(M +m) + Km—[(M + m)?k?—2mkK(M—m) +m?K?] '/2} 1/2 


In this case the natural vibration is compound, being made 
up of two fundamental motions which are neither synchronous 
nor symperiodic, nor are they equal to the vibrations which 
either body would perform if removed from the other. Here 
again, the critical speed occurs when the forced frequency equals 
the natural frequency; and since there are two of the latter, 
there are two critical speeds, instead of one. This agrees with the 
authors’ statement, and the values for g and y given above 
check exactly with Formula [17] of the paper when the proper 
substitutions are made. 

In order to prevent violent resonance without damping, the 
authors suggest the use of an absorber spring having the char- 
acteristics shown in Fig. 17. It is indeed difficult to prove 
mathematically that this is true; in fact, I would be inclined 
to suspect that the short duration of a vibration on the low-k 
part of the curve would on reaching the resonant speed for this 
value of k, build up higher and higher velocities at the transition 
point which would increase indefinitely the amplitude of the 
swings on the high-k part of the cycle. The high-k part of the 
spring action cannot have any damping effect, but will return 
the vibrating mass to the low-k region at the same velocity with 
which it left this region. Actually, there is doubtless enough 
impact at the transition point to damp the vibrations on the 
resonant part of the cycle just enough to prevent excessively 
heavy vibrations. 

On the other hand, it is not difficult to show that resonance 
cannot occur when the load-deflection relation of the absorber 
spring is a continuous curve, and damping is absent. Take 
for example the case of a single vibrating body, and let 


Mz =—k2x + Posinwt 


On the basis of our experience, we may assume that z is expressible 
as a function of sin wt and sines of multiples of this angle. Place 
Z, x, and sin wt in the form of power series in t, and solve for the 
undetermined coefficients. Two arbitrary constants will ap- 
pear, one of which represents the displacement and the other 
the velocity when t = 0. Letting the first of these equal zero, 
we obtain the expression 


Pw 


This may be converted into a Fourier series in sin wt + sin 
2wt +..... in the usual manner. For instance, the first term 


in the series is 


2 
K P 
— — 
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As far as carried, this coefficient is finite for all values of w, 
since each term is inherently positive. A continuation into 
further terms, together with an investigation of the conver- 
gence of the series, would make the exposition complete. 


A. L. The vibration damping, encountered 
in engineering applications, except for a certain amount of air 
friction, which may come in, is seldom of the type assumed by 
the authors of this paper, that is, a damping where the frictional 
dissipation per vibration cycle of the system increases in pro- 
portion to the applied frequency as it does in the case of vibra- 
tions in an electric circuit containing a fixed resistance. 

In ordinary cases the vibration damping per cycle is a con- 
stant for a given amplitude showing no increase with the fre- 
quency of performance of the cycle, like the magnetic hysteresis 
loss per cycle in iron. This is true of the frictional dissipation 
in all solid materials so far as test results have been obtained, 
including all spring materials. 

It must therefore be true of all springs which depend for their 
damping upon the friction within the material of which they 
are made. It is also true of the usual methods of application 
of external damping to springs such as the use of the leaf spring 
in automobiles, where the friction between the leaves exerts 
a powerful damping action. Most shock absorbers introduce 
the same kind of damping. In no case does the increase of the 
frequency alone increase the dissipation per cycle. 

The mathematical formulation of this type of damping as 
applied to the vibration absorber would be of considerable prac- 
tical interest. 


M. Stone.” The theory and discussion of what the authors 
have called the “dynamic vibration absorber,’ is presented in 
a very clear, simple, and pointed manner. The authors have 
treated this problem of coupled vibrations, with two degrees of 
freedom, from four distinct points of view: (1) coupled vibrators 
without damping for constant-frequency application; (2) 
coupled vibrations without damping for variable frequency, 
(3) coupled vibrations with damping linearly proportional to 
the relative velocity for variable frequency; and (4) coupled 
vibrations with damping linearly proportional to the absolute 
velocity for variable frequency application. 

The basic idea consists of introducing into a mechanical sys- 
tem of one degree of freedom, a second degree of freedom, whose 
natural period of vibration can be varied, so that the critical 
frequencies of the combination can be shifted to avoid any reso- 
nance condition of vibration. The useful feature, from the point 
of view of application, is that the second system may be a rela- 
tively small one, provided that it has the proper character- 
istics. 

The authors cite an existing application of the first type of 
vibration absorption; the Frahm “schlingertank” or anti- 
rolling tank. This has been in use for a considerable time, and 
has demonstrated the success of its application. Especially 


* Research Engineer, General Electric Company, Schenectady, 
New York. Mem. A.S.M.E. 

7 Research Laboratory, Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. 
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was Frahm® aware of the possibilities of the application, as he 
published the theory of the anti-rolling tank in 1911. His theory 
was somewhat elaborated upon later by Horn® but they both 
were essentially the same as that which the authors have sketched. 
Eason” has considered the application of this principle quite 
in detail in a paper published in 1919. His application consisted 
of mounting a piece of machinery on springs, which, together 
with the elastic action of the floor, produced a vibrating system 
with two degrees of freedom. By varying the stiffness of springs 
K, see Fig. 22, various critical speeds of operation could be elimi- 
nated. He made the significant statement that the best operat- 
ing speed was between the two critical speeds caused by the 
introduction of the second degree of freedom. This corresponds 
to the authors’ Fig. 21, when the operating speeds of the model 
rotor is recommended to be 750 r.p.m. Mr. Eason’s appli- 
cation of this idea strikes me as capable of successful extension 
to the design of foundations for large machinery installations, 
such as turbo-generator units. Here, for constant-speed appli- 
cation, the natural period of the foundation could be designed 
to be at the operating speed, and then by running at this speed 


TI 
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the foundation would vibrate. If such a combination had detri- 
mental effects due to vibration transmission to external places, 
some other rates of natural frequencies could be designed for, 
so that the critical frequencies of the rotor plus foundation to- 
gether would not coincide with the operating speed. Treat- 
ments of similar applications have appeared due to Stodola'! 
and Féppl,'? the latter considering the case of small vibrations 
of the “double pendulum” which is an example of case (1). 
The application suggested by the authors for killing of vibrations 
in a large turbo-generator installation probably would be suc- 
cessful only to a limited degree, however. Such a machine vi- 
brates differently in its various parts, and no single application 
of the “vibrator” could hope to eliminate the vibration. As 
has been shown, in the case of the vibration of a bearing, this 
condition could be eliminated quite easily, the most effective 
position of application being at the position of most violent 
vibration. 

If one tries to apply the above vibrator to a system which is 


8H. Frahm, “Neuartige Schlingertanks zur Abdiimpfung von 
Schiffsrollbewegungen und ihre infolgreiche Anwendung in der 
Praxis,’’ Jahrbuch der Schiffbantechnischen Gesellschaft, 1911. 

F. Horn, ‘“‘Theorie des Frahmschen Schlinger-dampfungstanks,”’ 
ibid., p. 453. 

104, B. Eason, ‘On Critical Speeds of Machinery Placed on Upper 
Floors of Buildings,’”’ Phil. Mag., vol. 38 (1919), p. 397; later in his 
book, “‘The Prevention of Vibration and Noise,’ Oxford Technical 
Publications, London, 1923. 

11 Stodola, ‘‘Dampf und Gas Turbinen,”’ 5th ed., p. 945. 

12 A, Féppl, ‘Vorlesungen iiber Technische Mechanik,”’ 4th ed., 
p. 98. 
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forced to respond to varying frequencies, it is clear that serious 
vibration conditions would occur at two frequencies instead of 
one, as would be the case if the vibrator were not applied. This 
idea has led the authors to investigate the effect of damping 
on the forced vibrations of coupled systems. The two cases 
considered (3) and (4) give coupled equations of the types. 


ad, +b 2, + 0,2, = dsin wt 

and 

ax, + bet +O, 2% + = dsin wt 

a! + be’ + 2, =0 


and the solutions of these equations and the discussion of the 
same necessarily constitute the theory given in the paper. 

Equations of this type have been most frequently met in the 
fields of wireless telegraphy and telephony, where the currents 
in coupled and turned circuits are of importance, the coupling 
being inductive or resistive, according to the application. Solu- 
tions of equations of the foregoing type may be found in Pierce!* 
and Fleming.'4 However, in the field of mechanical vibrations, 
we find solutions of this type of differential equations by Holzer," 
Hort,!* Schuler,!?7 and Schneider.'® Holzer considers the case 
of forced torsional oscillations of a system of n degrees of free- 
dom with damping proportional to both the absolute and rela- 
tive velocities. Hort solves the case of forced oscillations of 
the anti-rolling tank with friction coupling, as does Schuler. 
Schneider’s book gives solutions of many combinations of force 
velocity and acceleration coupling. 

Of Holzer’s work, it must be said that although he solves the 
most general cases, the methods are difficult to follow, and the 
cases so complex that generalities are not easy to obtain. Hort 
however, gives a perfectly straightforward solution of the prob- 
lem mentioned, where the differential equations are exactly 
those of the authors for absolute velocity damping. The case 
is very clearly discussed, with the effects of varying the damping 
followed through in the conclusions. Schuler’s paper follows 
a slightly different line than either Hort’s or the authors’ since 
in his analysis of the “schlingertank,” he assumes that both 
the tank and ship oscillate about the same fixed point, the mo- 
tions being coupled through friction damping proportional to 
the relative velocity. The solutions given in Pierce and Fleming, 
although correct, are quite involved and introduce complica- 
tions since they discuss several phases that do not interest the 
engineer trying to eliminate vibration. In general, previous 
work on this subject is for the most part complex of solution or 
in German. 

The authors’ solutions of the differential equations are both 
exact and simple—the solution by the electrical analogy being 
beautiful. The physical explanation of the difference in char- 
acteristics of the curves in Figs. 12 and 15 is simple and appeal- 
ing. An important fact that has probably not been pointed 
out prior to this paper (except to a limited degree in Schuler’s 
paper) is the existence of an “optimum damping” at which it 
is best to operate. With such facts recognized, the possibilities 


13G. W. Pierce, ‘Electrical Oscillations and Electric Waves,” 
pp. 76 and 156. 

14 J, A. Fleming, ‘The Principles of Electrical Wireless Telegraphy 
and Telephony,” 3rd ed., p. 310. 

1H. Holzer, ““Die Berechnung der Drehschwingungen,” 1921, p. 
128. 

16 W. Hort, ““Technische Schwingungslehre,”’ 2nd ed. (1922), p. 648. 

7 M. Schuler, ‘‘Resonanzerscheinungen beim Schlingertank,”’ 
Proc. cf 2nd International Congress for Applied Mechanics, 1926, 
p. 219. 

18 E. Schneider, ‘‘Mathematische Schwingungslehre,’’ 1924. 


can be easily seen of using this principle for killing of vibration 
in a variable frequency system, and probably accounts to a 
large degree for the success of the application to automobile 
crankshafts. The fact that damping in the coupled system is 
exceedingly more effective than damping in the original system 
(without the addition of the vibration absorber) for reducing 
maximum vibration amplitudes, demonstrates the necessity of 
applying the absorber. 

The question of obtaining, in a design, any desired value of 
friction damping is a consideration worthy of effort. In the 
“schlingertank”’ application, this is adjusted to suit the condi- 
tions by operation of the air throttle. 

The authors’ proposition of using a motion-limiting stop to 
change the elastic characteristics of the system has merit, but 
it would be difficult to realize the optimum condition in this 
manner. Holzer, in his book mentioned earlier, goes to some 
detail in the theory of the design of a relative motion friction 
damper for torsional application, which would be pointless to 
review here, but it seems to me that in this way considerable 
help might be obtained in developing the optimum value of the 
damping. 


C. RicHarp The present paper represents a 
welcome contribution to the subject of vibration absorbers. The 
dynamic vibration absorber has been used in a number of in- 
stallations, but the real nature of its performance has not been 
fully understood. Some of the most. interesting results of the 
paper are those concerning the influence of damping invariable- 
speed applications. It is necessary to point out, however, as 
already mentioned by Mr. Kimball, that the damping usually 
encountered in mechanical systems is not viscous damping, and 
it is probable that the results referring to an ultima damp- 
ing factor may be modified when this is taken into account. 

I have followed personally with great interest the experi- 
mental application of this vibration absorber in reducing the 
axial vibrations of a bearing pedestal (Fig. 8). The actual re- 
duction in pedestal vibration is unquestioned, but there is some 
doubt as to the actual benefit of reducing the pedestal vibra- 
tion in general at the expense of introducing ten times as large 
an amplitude in the vibration absorber. Naturally, this objec- 
tion is not justified when the original vibrations have been shown 
definitely to be detrimental to the operation of the machine. 

There is a more general application of the fundamental results 
presented by the authors, and that is in the design of the ma- 
chine foundation itself. A considerable percentage of vibra- 
tion troubles could be eliminated if the fundamental theory for 
systems of two degrees of freedom were more frequently applied 
in foundation design. 

The general discussion of systems with two degrees of free- 
dom, which is given in this paper, will be of value in many vi- 
bration problems. In order to avoid confusion in a maze of com- 
plicated mathematics, it is necessary to have ready reference 
to the behavior of simple systems, representing approximations 
of the actual systems. 


Lypik JacoBsEN.” I was especially interested in this paper 
as I am at the present engaged in some experimental work con- 
nected with the effect of earthquakes on structures. 

At Stanford University a machine has been designed and built 
to perform model experiments on structures, satisfying, as far 
as possible, the conditions of dynamic similitude. The machine 
consists of a truck, weighing about 6000 lb., and is built-up of 

'* M.E., Westinghouse Elec. & Mfg. Co., E. Pittsburgh, Pa. 
Assoc-Mem. A.S.M.E. 

20 Asst. Prof. M.E., Leland Stanford Junior University, Stanford 
University, Calif. 
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8-in. structural steel beams, welded and bolted together. This 
truck is mounted on ordinary car wheels and can be set into a 
vibratory motion by a continuous disturbing force which is pro- 
duced by an unbalanced rotating mass. The truck is anchored 
to a pier by means of a spring so that by changing the speed of 
the rotating disturbing force the system is brought into resonance. 
On top of the truck the experimental models are mounted, very 
simple models being used to begin with. The object of the ex- 
periments is to find the relative strengths of the model structures 
when they are subjected to vibrations. 

Of course such a model in its simplest form would constitute 
a second vibrating system, comparable to the first and coupled 
to it. It is the problem that Ormondroyd and Den Hartog 
have so ably discussed in their paper. 

The remarks that have been made by Mr. Kimball and by 
Mr. Soderberg in regard to the friction have been borne out 
completely by our tests. We do not have velocity damping. 
The damping is different, but in spite of that it is my opinion 
that the theoretical result obtained by Ormondroyd and Den 
Hartog will be in close agreement with experiments. 

Another thing that interested me in the paper is that the authors 
have switched over elegantly from a mechanical system to an 
electrical. I think that it is especially interesting as it shows 
that our minds are getting used to electrical systems more than 
to mechanical. It will be remembered that Lord Kelvin, in his 
early text books, whenever he had to explain mutual induction 
did so by constructing a somewhat complicated mechanical 
system. I think that the authors are to be congratulated on the 
simplification introduced by changing their mechanical problem 
to the more familiar electrical problem. 
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M. W. Torset.?! This paper is an exposition of a valuable and 
creditable practical application of the solutions of the differ- 
ential equations of forced vibrations and the authors are to be 
congratulated. 

One sentence in the first paragraph of the paper stands out 
with a particularly strong appeal to the ship-builder, ‘“The 
fundamental cure for vibration is to remove the periodic dis- 
turbing force causing it.”” The structure of a ship is necessarily 
cellular, stiffened both longitudinally and transversely. Any 
periodic disturbing force applied to such a structure will quite 
probably find some part where resonance will occur. 

The very pronounced variations in the torque of Diesel-engine 
crankshafts demand the adoption of absorbers or dampers to 
eliminate torsional vibrations, but marine turbines and electrical 
installations present a different sort of problem. In any turbine, 
generator, or motor rotor there may be present simultaneously 
a centrifugal force acting through the center of gravity and a 
dynamic couple exerted upon the axis of rotation. At any given 
angular velocity the centrifugal force is proportional to the mass 
of the rotor and the eccentricity of the center of gravity, hence 
its unit is a foot-pound or inch-ounce. The couple, however, is 
proportional to the mass of the rotor, and to the sum of the mo- 
ments about the center of gravity of the centrifugal forces acting 
upon transverse sections of the rotor, hence its unit is a foot- 
pound-foot or inch-ounce-inch. The units of the two rotational 
effects being inconsistent, neither analytic nor mechanical solu- 
tions for simultaneous determination of the components are 
immediately possible. If, however, motion of a rotor can be 
reduced to two degrees of freedom—both rotations—the effect, 

21 American Brown Boveri Electric Corporation, Camden, N. J. 
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magnitude, and unit of the couple are unchanged, but the effect of 
the centrifugal force through the center of gravity becomes the 
couple produced by the force and the reaction at the secondary 
axis of rotation. Both rotational effects having been reduced 
to couples, a complete analysis becomes possible. 

Let the rotor shown in Fig. 24 be supported in bearings which 
may be fixed or resilient and resonant. By experiment place a 
temporary weight upon the rotor near the resonant bearing— 
the opposite bearing being fixed—so as to produce equilibrium 
of the system of the angular velocity at which resonance occurs. 
We have then an equilibrium equation stating the relation be- 
tween the temporary weight, the centrifugal force, the couple, 
and the angle between the planes of the centrifugal force and the 
temporary weight. If the process be repeated with bearing char- 
acteristics reversed, a second equilibrium equation is obtained. 
Measurement of the angle between the planes of the temporary 
weights gives a third equation. With three simultaneous equa- 
tions, the three unknown quantities, centrifugal force, couple, 
and angle between them, can be obtained. The solution of the 
general case here presented is original and when disclosed in 
1918 was supposed to be new. 

Referring to the figure, let the B end bearing be fixed, the A 
end bearing be resilient, and A be the moment about the axis 
of the temporary balancing weight which produces equilibrium. 


Then A,l = Mr(n +o) = p; Ad = H 


Aal Al 
sina sin (6 — a) sin (180 — ¢) 


sina sin(¢?—a) sin (180 —4¢) 
also p? = (Al)? + H? — 2(Al) H cos (¢ — a) 
Again, let the A end bearing be fixed, the B end bearing be 


resilient, and B be the moment about the axis of the temporary 
balancing weight which produces equilibrium. 


Then BU’ = Mr(m + v) = q; Bd’ = H 
Bal’ Bl’ _ Bl 
sin 8 sin [180 — (@ + 8)] 

H q BU’ 
or = 


sing sin [180(@+8)] sing 
also gq? = (Bl’)? + H® + 2(Bl’) H cos (¢ + 8) 
Now, if we add 
p? = (Al)? + H*? — 2(Al) H cos (¢ — a) 
q? = (Bl’)? + H® + 2(Bl’) H cos (¢ + 8) 
2pq = 2pq 
we have 
(p + q)? = (Al)? + (Bl’)? + 2H? + 2pq — 2(Al) H cos(¢ — a) 
+ 2(Bl’) H cos (@ + £6) 


_ (ADsina (Bl’)sin 

sin(l80— ¢) sing 
H? = (Al) sin asin B 

sin? @ 
ina (Al) sin (¢ — a) eee (Bl’) sin [180 — (¢ + 8)] 
P sin (180 — ¢) q sin @ 
2 (Al) (Bl’) sin (6 — a) sin (@ + 8) 

Hence 2pq = 


sin? @ 


Substituting these values of H? and 2pq, we have 
(p + 9)? = (AD? + (Bl’)? 

2(Al) (Bl’) sinasin8  2(Al) (Bl’) sin B cos (¢ — a) 

+ 
sin* @ sin 
4 2(Al) (Bl’) a cos + 8) 4 
sin 
which, when simplified, becomes 
(p + q)? = (Al)? + (Bl’)? + 2 (Al)(BI’) cos (a + 8) 

which can be written 
(p + q)? = (Al)? + (Bl’)? — 2(Al)(Bl’) cos [180 — (a + 8)] 


which in turn defines Fig. 25 giving the solutions for Mr, 
H, and ¢, and from which can be computed the weight and posi- 


2(Al) (Bl’) sin sin (¢ + 8) 
sin? 
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tions of the permanent balancing weights to be attached to the 
rotor. 

This is the general solution. 
and short cuts. 

The experimental determination of A and B at angular ve- 
locities whose periods are synchronous with the periods of the 
resilient bearings can be done with great accuracy and when the 
permanent balancing weights are located according to this 
analysis a rotor is about as accurately balanced as is humanly 
possible. 

All this presupposes that the rotor is a rigid body and that no 
temperature or mechanical distortions take place. When they 
do the vibration absorber will have to be called upon. 


There are several special cases 


S. TrmosHEenko.”2 I want to mention here one application 
of the vibration absorber, which I think is very much related 
to what has been presented here. I mean Frahm’s vibration 
absorber. He applied it not only for absorbing the rolling mo- 
tion of the ship, but he was interested also in the vibration of 
the hull of the ship, and he attached some small vibrating springs 
at points of the highest vibration of the hull of the ship. I 
think it was on the aft end. Then by introducing hydraulic 
damping, he damped in this manner the vibration of the hull. 

So he used this type of absorber. I do not know whether it 
was the very first application, but I do know that, for instance, in 
1911 it was presented with a complete theory in the literature 
so that they had this particular case of vibration absorber. 


22 Univ. of Michigan, Ann Arbor, Mich. Mem. A.S.M.E. 


gf Lr (m+y) 
H 
. 
| 
H 
i 
H 
a 


In this paper by Ormondroyd and Den Hartog, another 
method of damping vibrations is mentioned, that is by intro- 
ducing stops which prevent the oscillation of a small mass from 
going beyond certain limits. This is an interesting question 
which has to be pursued further in the investigation of this type 
of vibration absorber. It may have some practical interest in 
connection with some patents, because in vibration absorbers 
which are used, for instance, in automobile industry, the effect 
of friction plays an important part. But the energy is dissipated 
not by the use of direct friction, but by a suitable application 
of stops some new possibilities are offered. 

I will also mention one case where a vibration absorber of this 
kind was used in this country. I remember it was in the spring 
of 1923 on a problem of very heavy vibration of a building in 
the textile industry. Vibration absorbers were installed in this 
building with a very successful result. 


L. B. TuckErMaN.?* The paper presents in a clear and in- 
teresting manner an application of the theory of coupled oscillat- 
ing systems to a mechanical problem. The use of the resonant 
system to damp out the vibrations of the generator pedestal 
is ingenious and the model tests are well conceived. 

The paper, however, suffers from a defect all too common in 
American engineering publications. A reader, unfamiliar with 
the literature of the subject, would hardly gain the impression 
from reading it that the equations treated are merely special 
cases of equations which are treated in great detail in many publi- 
cations in the fields of acoustics, alternating currents, more es- 
pecially telephone engineering and radio, and seismology. If 
he desired to pursue the subject further, he would find in the 
article no clew to the publications in which he would seek infor- 
mation. 

The paper would be greatly enhanced in value if this back- 
ground of related topics were briefly indicated and references 
to a few of the more important papers were given. 


WaLTeR Tatimapce.** It is rather hard for me to agree 
with Mr. Den Hartog in the limitation of this device. Of course, 
everything has its limitation, but there are, no doubt, many 
problems encountered in the field which would be more easily 
solved with the assistance of this device. 

It is evident that something can be done with complicated 
vibration couples in steam piping. For an example, there is 
the plant with reciprocating engines, where the periodicity of 
the pipe vibration will be 300 more than an engine speed of 150, 
and it can be checked up with a tuning fork. 

Then there is the vibration of a building from an engine in 
the basement. I knew ofa case 15 years ago where a consulting 
engineer who had a little foresight hung a heavy ring on the 
flagpole on the top of the building, and raised it up and down 
to tune it. 

There was the same problem in the old-style Westinghouse 
governor, in which there were repeated breaks in the governor 
spindle at the root of the thread, where it connected with the 
more massive structure. This was something that would seem 
to be capable of solution. 

A 50,000-kw. turbine would be pulling full load on a system 
with 200,000 kw. connected in, when the spindle would break 
and greatly overload the rest of the system. 

The problem was given serious consideration, and a new spin- 
dle was screwed on an auxiliary spindle with a very heavy base, 
whereas if the problem of damping the vibration had been prop- 
erly thought out, it could have been solved. 

23 Bureau of Standards, Washington, D. C. 
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These illustrations show quite a few applications in practical 
work that seem to be of little importance, in which the alteration 
of the original design will materially change the deflection and 
critical speed. 

AvurnHors’ CLOSURE 


Mr. Patitz and Mr. Vogt remark that the usefulness of the 
device is rather restricted on account of the fact that the ab- 
sorber cannot be made sufficiently small. 

The counter-force exerted by it is proportional to mr, where 
the deflection x, determines the stress in the spring. When in- 
stalled on a machine, the amplitude z, will adjust itself to such a 
value as to nearly completely anhihilate the vibration. If the ab- 
sorber is designed too small, this means that the stresses in it 
will be excessive and the spring will fail, as explained in the 
discussion of Equation [6]. Since in a well-balanced machine 
the impulse forces are not so large, and obnoxious vibrations 
are in most cases caused by some resonance condition, it will 
be possible in many practical cases to design an effective absorber 
of moderate dimensions (for instance, in the case shown in Figs. 
8 and 9). The authors do not contend that the application 
of vibration absorbers should take the place of balancing the 
rotating parts. In any case the balancing process has to be 
carried out as perfectly as possible, but experience shows that 
balancing alone does not overcome all troubles in many instances. 
It is for applications of this nature that the absorber may per- 
form a useful function. 

Professor Waters gives a valuable analysis of the transient 
vibrations in the system. However, for applications on constant- 
speed steam turbines these transients are not of importance 
since the slightest amount of damping will destroy them. It 
is only the steady-state vibration which persists. 

The mathematical discussion of the motion-limiting stops 
constitutes a welcome addition to the paper. 

Mr. Kimball’s remark is of especial importance and is based 
on his publication on the Internal Friction in Solids.* 

The law found experimentally by him states that the energy 
dissipation per cycle is proportional to 2’max, is independent 
of the frequency, and gives a logarithmic decrease of the ampli- 
tudes. 

For a single degree of freedom the vibration with viscous- 
fluid damping (as considered in our paper) is expressed by the 
well-known equation: 


mz+ci+kzr = Posin wt [25] 
The vibration with Kimball’s solid damping can be expressed by: 

m + ke = Posin ot [26] 
It is only necessary to replace the damping constant c by = 
Therefore if in all formulas of our paper this substitution is made 


they will be true in the case of Kimball’s solid damping. 
In particular our final result [22] modifies to: 


+ (1 — 

—=p =. [27] 
1 


The numerical calculation of this will give a slightly different 
result than the one which is shown in Fig. 14. But if the word- 


2% Mechanical Engineering, vol. 49, no. 5, May, 1927, p. 440. 
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ing of the right-hand ordinate scale of Fig. 14 be changed to: 
12,000 c; opt. 

the results will be true with a very good approximation. The 
error introduced is due to the fact that with damping the reso- 
nant frequency and the natural frequency do not coincide (Fig. 
12). From the structure of [27] it can be seen that the error 
in per cent will be less than half the difference between these 
frequencies, i.e., in no case an error larger than 5 per cent is 


values of 


to be expected. The value of the constant c, can be found from 
Mr. Kimball’s values for — in his paper by a simple integration 
process over the geometrical shape of the spring employed. 
This solves our problem completely also for the case of solid 
friction. Mr. Stone’s discussion brings a complete list of the litera- 
ture on the subject and thus answers Mr. Tuckerman’s request. 

The discussions of Messrs. Jacobsen, Soderberg, Torbet, Timo- 
shenko, Tuckerman, and Tallmadge are all very interesting and 
the points brought out in them have been sufficiently answered 
in the review of the first few discussions. 


Se” 
E, 
f 
4 ‘ 
7 
he 
a] 


é 
Ai 
ve 
ae 


ite 
, 
q 
. 
eur 
aa 
‘ 
i 
‘ 


APM-50-8 


The Range and Severity of Torsional 
Vibration in Diesel Engines 


By FREDERIC P. PORTER,' NEW YORK, N. Y. 


This paper gives a general treatment of the subject of the torsional 
vibration of irregular shafts. It is illustrated by examples of 
computations for the shafting of certain Diesel-engine installa- 
tions that have been investigated. 

The material presented is the result of a study to determine 
accurately the range of vibrations and the speeds at which they 
occur. The data also give the results of a study on the effect of 
elastic hysteresis and other damping forces in determining the 
maximum vibration at the various critical speeds. 


PART I THE RANGE AND SEVERITY OF TORSIONAL 
VIBRATION IN DIESEL ENGINES . 


ORSIONAL vibration of shafting is that phenomenon 

I which is manifested by a repeated twisting and untwisting 

of the shaft. The motion of each section of the shaft due 
to this type of vibration is an angular one, the shaft vibrating 
about some mean position. It may be caused by the repeated 
application of relatively small twisting forces which in the 
case of reciprocating engines occur in their uneven turning 
effort. 

The seriousness of neglecting the existence of torsional vibra- 
tion in the shafting of reciprocating engines has been shown in 
the past by many shaft failures. In recognition of this, the 
tendency at the present time is to make the consideration of 
this type of vibration a problem of design. Remarkable success 
has followed this tendency in the case of the Diesel engine. 
It has been found possible to predict the existence of dangerous 
torsional vibrations in the speed range of an engine while it is 
still in the design stage. This makes possible the correction 
of vibration troubles by changes in design before construction 
is started. 

Success in the computation of the torsional-vibration char- 
acteristics of an installation depends upon the accumulation of 
accurate data. There is much material already available on 
various phases of the problem. Prof. Frank M. Lewis, in his 
paper, ‘Torsional Vibration in the Diesel Engine,’”’ Society of 
Naval Architects and Marine Engineers, November 12 and 13, 
1925, gave methods of calculating the location of torsional 
vibrations and their maximum amplitudes. He also gave the 
magnitude of the stimulating impulses due to the inertia forces 
and the pressure forces of a 4-cycle Diesel engine. The im- 
pulses due to the pressure forces were obtained by harmonic 
analysis from a set of actual indicator cards. Those due to 
the inertia forces were obtained by an exact method of calcula- 
tion. Professor Lewis also adapted D. W. Taylor’s model 
experiments? on marine propellers and Rowett’s experiments’ 
on elastic hysteresis or internal friction in steel to the solution 
of the damping forces existing in a vibrating shaft line-up. 
The maximum amplitudes were then obtained by solving for 
a balance between the stimulating and the damping forces. 

Very often, the greater part of the damping occurs as elastic 


1 Technical Aide, New York Navy Yard. 
2 D. W. Taylor, “Speed and Power of Ships,” vol. 2, figs. 185 to 


3 Rowett, “Elastic Hysteresis in Steel,’ Proc. Royal Soc. of Lon- 
don, Ser. A. 89, 1913-1914, p. 528. 
Contributed by the Oil and Gas Power Division, and presented at 
the Spring Meeting, White Sulphur Springs, Va., May 23 to 26, 1927, 
of Tue American Society oF MECHANICAL ENGINEERS. 


hysteresis or internal-friction loss. Up to this time, experi- 
mental data on this subject are meager. Due to this lack of 
data, it is not expected that the calculated peak amplitudes 
will be precisely correct. However, from a comparison of the 
calculated and actual peak vibrations for a number of installa- 
tions, a fairly accurate correction factor has been obtained 

As will be shown in the following pages, the actual amplitude, 
for ordinary torsional vibrations at speeds a little removed from 
the speeds of the peak amplitudes, is less than the theoretical 
undamped amplitude by only a small percentage. Accurate 
calculations for the range of the vibration may therefore be 
carried out by computing the theoretical undamped vibrations 
over the speeds to be investigated. 

Hitherto, the reliability of calculating the range over which 
the vibration extends has been in question. In Professor 
Lewis’ paper, he gave the calculations for a few points on a 
major vibration. He stated, however, in Par. 58, “By an 
extension of the foregoing methods the amplitude at any speed, 
and consequently the range of a critical, may in theory be 
calculated, but this analysis is not as yet in a satisfactory state.” 

Since severe vibration may extend over a small or large range 
on either side of the maximum amplitude, the importance of 
calculating the range is apparent, if installations are to be in- 
vestigated mathematically. In the following pages, a method 
is developed of calculating the amplitudes of vibration over the 
entire speed range of the engine. Application of this method is 
made to three typical Diesel-engine installations. 


1 The generator units for the army dredges Dan C. Kingman 
and class, 6-cylinder, 4-cycle engines; 1200 i.hp. at 150 
r.p.m., bore, 22 in.; stroke, 32 in. 

2 The main propelling units of the U. S. Submarines S-18 
to 41, 8-cylinder, 4-cycle, Nelseco engines, 600 b.hp. 
at 380 r.p.m.; bore, 13'/: in., stroke, 15 in. 

3 The main propelling units of the U. S. Submarine 7-3, 
10-cylinder, 4-cycle, Bureau-type engines, 2350 b.hp. 
at 345 r.p.m.; bore, 207/s in.; stroke, 207/s in. 

A check on the resulting calculated vibrations is made by a 
comparison with the recorded vibrations obtained from tests of 
the actual installations. 

While the principles involved are not new, an original tabular 
method has been developed which cuts the work to a minimum 
and makes such a calculation for a multi-cylinder engine prac- 
tical. It is believed that the demonstration given in the follow- 
ing pages of the accuracy possible in calculating the ranges of 
vibration for multi-cylinder engines is new and is a contribution 
to the technique of calculating torsional vibrations. 

The results described in this paper refer primarily to Diesel 
engines. The same theory, however, applies directly to any 
reciprocating engine with the only modification that the pres- 
sure forces or the principal stimulating forces have different 
values. 

In presenting the detailed results of this investigation, there 
will be given first a description of the instrument used in re- 
cording the actual vibrations, and of the procedure followed in 
testing an installation. Then the success attending the mathe- 
matical investigation will be discussed by comparing the cal- 
culated and recorded vibrations. There will also be discussed 
the results obtained in calculating the vibration stresses which 
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are the real criteria for dangerous vibration. Then the general 
theory of torsional vibration will be developed; the equations 
for undamped vibrations, and also vibrations damped by a 
single damping force proportional to the velocity being derived, 
and the treatment of the problem for the general case of damp- 
ing indicated. The procedure followed in obtaining the mathe- 
matically equivalent shaft line-up, data on the elasticity of shaft- 
ing of variable diameter, test data on the elasticity of crank- 
shaft, damping forces, stimulating forces due to inertia forces, 
and due to a 4-stage, 2-crank air compressor, the solution of the 
equations, etc., will be given. 

In order to define the terms used in the following pages, 


i 


FREQUENCY 


Fie. 1 AmpiitupeE Curves Fig. 2 RESONANCE CURVES OF ToR- 
oF TORSIONAL VIBRATION SIONAL VIBRATION FOR A SIMPLE’ UNI- 
FOR A SimPLE UNIFORM’ FORM SHAFT STIMULATED BY A Har- 
SHAFT AT SYNCHRONISM OF MONIC IMPULSE ACTING AT ONE END 
TypicaL Mopes or VIBRA- 

TION 


consider, for example, the torsional vibration of a simple uniform 
shaft. Twist the ends of the shaft opposite to each other and 
release them. The shaft will then attempt to recover its posi- 
tion of zero stress, cae end moving clockwise, the other counter- 
clockwise and the center remaining still. In this way, when the 
position of zero stress is reached, the ends will gain a velocity, 
the momentum of which will twist the shaft again opposite to 
the initial twist and with a slightly decreased amplitude. Simi- 
larly, the shaft will again untwist and twist, and will so continue 
with slightly decreased amplitude each time until the vibration 
dies away entirely. Such a vibration occurs at a certain definite 
frequency called a “natural frequency of the shaft.’’ The 
point which does not move, in this case the center of the shaft, 
is called the ‘‘node” of the vibration. In like manner, if the 
ends were twisted opposite to the center, the shaft would vibrate 
with two nodes at another natural frequency of the shaft higher 
than that for the one node vibration. The nodes for this vibra- 
tion would be at one-quarter and three-quarters the shaft’s 
length. A three-noded vibration may be caused by twisting 
the shaft at each third of its length, a four-noded one by twisting 
at each fourth, and so on for any number of nodes, the natural 
frequency being higher as the number of nodes increases. 

If a simple harmonic impulse, i.e., a twisting force whose 
value varies as a sine curve as time elapses, acts at the end of 
the shaft with a frequency that synchronizes with a natural 
frequency of the shaft, a vibration of the corresponding number 
of nodes will result. This is called a ‘synchronous vibration.” 
The deflection at any instant along the length of the uniform 
shaft will be a sine function of the length as illustrated in Fig. 1 
for the 1-, 2-, and 3-noded vibrations. 

If the frequency of the impulse is a little below or above 
synchronism, the resulting vibration takes on the frequency of 
the impulse with an amplitude smaller than that which occurs 
at the synchronous frequency.‘ This is called a “forced vibra- 
tion.” 

A graph of the forced and synchronous vibrations over a 


4A slight exception to this due to the effect of damping is noted 
later. 
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range of frequencies is called a “resonance curve.’’ Such a 
curve for the simple uniform shaft stimulated by a harmonic 
impulse acting at its end is shown in Fig. 2, which gives the 
amplitudes of the end acted upon by the impulse. 

If, as in an engine installation, the shaft is rotating at a uni- 
form rate, the torsional vibration of the shaft is unaffected by 
the rotation. The resulting motion is merely the sum of the two 
motions. In this case, the number of times a vibration repeats 
itself in one revolution is called its ‘‘order.’’ Thus if a vibration 
occurs three times a revolution and is of the type that has two 
nodes, it is called a third-order, two-noded vibration. 

The forces stimulating torsional vibrations in an engine 
shaft will now be described. A typical indicator card of the 
pressure forces in a Diesel-engine cylinder is shown in Fig. 3. 
Such pressure forces result in a twisting moment on the crank- 
shaft at each cylinder as shown in Fig. 4, where the twisting 
moment is plotted on angular travel of the crank from firing 
top center. These curves repeat themselves again and again 
at the end of each cycle. 

It is an experimental and mathematical fact (called Fourier’s 
theorem) that any periodic curve can be considered the sum of 
a great many sine or cosine curves having 1, 2, 3, 4, ete., com- 
plete waves in a cycle. These sine or cosine curves are called 
“harmonic components” of the original curve, and are obtained 
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mathematically by “harmonic analysis.” Fig. 5 shows a twist- 
ing-moment curve in the process of being built up by the addition 
of its harmonic components. 

In like manner the twisting moment due to the inertia and 
gravity forces is composed of harmonic components. When 
these are added to those of the pressure forces the components 
of the resultant twisting moment are obtained. 

Each of these harmonic components stimulates a vibration 
which may be large or small, according to its nearness to syn- 
chronism with a natural frequency of the shaft line-up. Thus 
the orders of vibration which may occur in a two-cycle engine 
are 1, 2, 3, 4, ete., and in a four-cycle engine '/2, 1, 1'/2, 2, ete. 
The resulting vibration of the shaft line-up at any speed due to 
the stimulating impulses at a single cylinder will be the resultant 
of all such component vibrations. Furthermore, the resultant 
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due to a number of cylinders will be the combination of the 
vibration stimulated at each cylinder. ‘Critical speeds’’ of the 
engine are then said to occur when synchronism occurs between 
any stimulatmg impulse and a natural frequency of the shaft. 

In combining the vibrations due to each cylinder to obtain 
the resultant for a multi-cylinder engine, it is found that certain 
orders tend to cancel each other, while others tend to add to- 
gether. It is also found that a change in the firing order of the 
cylinders affects the magnitude of some of the orders and leaves 
other orders unaffected. The vibrations whose orders equal 
any integral multiple of the number of firing impulses per revo- 
lution are called ‘“‘major vibrations,” and all others are called 
“minor vibrations.’”” The major vibrations are a characteristic 
of the number of cylinders and the shaft line-up of the installa- 
tion, and are unaffected by a change in firing order. The 
minor vibrations, however, depend on the firing order and may 
be either large or small, depending on whether that order of 
vibration for each cylinder tends to add up or cancel. 


DescriIPTION OF GEIGER TORSIOGRAPH 


Several instruments are now available for the recording of 
torsional vibrations. The instruments used in this investigation 
were torsiographs, invented by Dr. J. Geiger and based on a 
principle similar to that of the seismograph used in recording 
earth tremors. 

For a clear understanding of the torsiographic data given in 
the following pages it is considered advisable to include a de- 
scription of Geiger’s torsiograph. 

A light aluminum pulley is belted to the shaft. This pulley 
drives a comparatively heavy flywheel by a flexible spiral spring. 
The difference between the rotation of the aluminum pulley, 
which assumes the vibratory motion of the shaft, and the uniform 
rotation of the flywheel is transmitted to a pen, and is recorded 
on a moving paper tape. Simultaneously, there are two other 
pens writing on the tape. One of these is carried on a pendulum 
of known frequency giving the velocity of the paper at any 
instant. The other pen records the number of revolutions of 
the shaft. The pen recording the shaft vibration swings on a 
pivot in such a way that the linear motion of the aluminum 
pulley at its periphery, multiplied by the instrument magnifica- 
tion, is recorded by the length of an are whose radius is equal 
to the length of the recording pen. This is shown graphically 
in Fig. 6. 

The diameter of the aluminum pulley is 5.827 in., or, con- 
sidered to the center of the belt, about 57/s in. and the length 
of a recording pen is 3!/3,in. The scale of the recorded vibration 
of the shaft is therefore equal to 


57.3 
2.9135 X Instrument mag. X Pulley ratio of shaft to instrument. 


degrees per inch of the are whose radius is 3'/32 in. 
The speed of the shaft is obtained as follows: 


Let f = pendulum frequency in vibrations per minute 


l = length of a number of waves recorded by the pendulum 
pen 

n = number of waves in length l 

L = length of one revolution. 


zis 


l 
r.p.m. x L 
A sample calculation for determining the shaft speed from q 
torsiogram is given in Fig. 6. 
In testing the units to be described in the following pages the 
pen indicating the number of revolutions was connected to the 
motion of the spray valve of cylinder No. 1 by electrical con- 
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tactors which touched for an instant at firing top center of this 
cylinder. For an illustration of this arrangement refer to Fig. 7. 
The electrical contact by means of a magnet made a small jog 
in the line drawn by this pen. The distance between these 
jogs is the length of the graph during two revolutions (since the 
installations to be described are four-cycle engines and the cam- 
shafts turn at half crankshaft speed). The phase of the recorded 
shaft vibration with respect to firing top center of cylinder No. 1 
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is therefore obtained by measuring from the jog to the point 
where the recording pen was writing at the same time. 

Several instruments were used for each installation tested. 
In every case an instrument was placed at the free end of the 
crankshaft where the maximum amplitude of vibration was 
expected. Other instruments were placed between the flywheel 
and generator, and at the other end of the generator away 
from the engine. This arrangement is illustrated in Fig. 16. 
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By a coordinating device on the torsiographs, the vibration at 
the several points of the shaft was obtained simultaneously. 

In order to obtain an accurate record of the actual vibration 
of an engine at any speed it has been found necessary to maintain 
the speed of the engine constant for several revolutions. This 
is due to the fact that the vibration is built up by a number of 
relatively small impulses which take time to overcome the 
inertia of the whole shaft line-up. In choosing the recorded 
vibration for comparison with the calculated vibration, great 
care was exercised in choosing only those sections of the torsio- 
grams which had practically the same r.p.m. for five and six 
revolutions previously. 

Before discussing the comparison of the calculated and re- 
corded vibrations, a certain characteristic of the actual torsio- 
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grams will be considered. The recorded vibrations given in 
Figs. 9, 11, and 17 are a reproduction of the actual torsiograms 
occurring at these speeds. On each of these graphs has been 
drawn the line of centers of the recording pen, and two arcs 
representing the positions of the recording pen at firing top 
center of cylinder No. 1 at the beginning and end of two revolu- 
tions. A characteristic that is apparent upon an examination 
of these torsiograms is the presence of long waves with shorter 
waves superimposed. These long waves have a very low fre- 
quency and occur once or twice in two revolutions at low speeds 
and less than once in two revolutions at higher speeds. At 
some speeds they have a definite relation to the engine cycle of 
two revolutions and at others they have no apparent relation. 
These long waves are instrument vibrations. For instance, if 
the aluminum pulley of the torsiograph is fixed, the flywheels 
and springs of the instruments used in these tests have a fre- 
quency of about 80 vibrations per minute. Any vibration 
delivered to the instrument near this frequency will be greatly 
magnified by the natural vibration of the instrument. Thus the 
long waves of low frequency do not represent true shaft vibration 
and must be disregarded. The shorter waves superimposed on 
the long ones have a frequency many times the natural frequency 
of the flywheel and spring in each instrument. These will not 
be distorted by vibration within the torsiograph, and are 
therefore a true record of the shaft vibration. Accuracy of the 
torsiograph in recording shaft vibration is thus recognized to be 
limited by instrument vibration to those of relatively high 
frequencies, viz., for the combination of spring and flywheel 
used, to frequencies at least above 200 vibrations per minute. 
In interpreting the torsiograms in terms of shaft vibrations, 


correction should be made for the instrument vibration. This 
correction consists in drawing the mean line to the shorter 
waves of higher frequencies as nearly as can be judged by the 
eye. The exact position of the mean line is immaterial, pro- 
viding it is a fair curve. 

The seriousness of neglecting the torsional vibration in the 
main generator units of the four sea-going U. 8. Army dredges 
Dan C. Kingman and class, is well known.’ More than nine 
crankshafts were broken in twelve similar installations after a 
few hundred engine hours of operation. The New York Navy 
Yard was called upon to correct the vibration troubles. This 
was done at the New York Navy Yard by increasing the diameter 
of the journals in the crankshaft from 13 in. to 14 in., shifting 
the flywheel about 45 in. toward the engine and increasing the 
diameter of the generator shaft from the flywheel to the armature 
spider to 18 in. The success attending these calculations has 
also been described elsewhere.® 

The equivalent shaft line-up chosen for calculating the vibra- 
tion of the original shafting of the Army dredges is shown in 
Fig. 8. Except where otherwise stated, the units used are 
inches, pounds, and seconds. The results of the calculations 
for the resonance curves of the amplitude at the air-compressor 
end and a curve of the relative amplitudes along the shaft are 
also given in this figure. All orders of vibration that were 
stimulated at the cylinders between 100 and 240 r.p.m. are given 
for frequencies from 0 to 1110 vibrations per minute. Vibrations 
of higher frequencies between these speeds are negligible. Here, 
as throughout this paper, amplitude refers to the value of the 
vibration measured from zero or from its mean line. 

The amplitudes of any order a little removed from synchronism 
are the calculated undamped values. The amplitudes at syn- 
chronism are limited principally by the elastic hysteresis loss or 
internal molecular friction. These amplitudes were computed 
from the elastic hysteresis data at hand and an empirical factor 
that has been observed for a number of installations. The 
method of calculating these vibrations will be given later. 
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From the relative-amplitudes curve, it is seen that the greatest 
amplitude of vibration occurred at the air-compressor end and 
was 8.4 times the amplitude at the generator end. The node 
occurred at the steady bearing between the flywheel and the 
engine. As the maximum vibration twisting moment occurs 
at the node, it is to be expected that the weakest section near 
the node would be subjected to the greatest stresses. The 
smallest diameter of the shafting near this point was 13 in., 


5 John F. Fox, ‘Synchronous Torsional Vibrations,’’ The Military 
Engineer, November, 1925. 

John F. Fox, Some “Experiences with Torsional Vibration Prob- 
lems in Diesel Engine Installations,’ Journal, American Society of 
Naval Engineers, August, 1926 
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occurring at the end crankshaft journal (journal No. 7) extending 
up to the coupling flange, and in the generator shaft from the 
coupling flange to the steady bearing where it increased to 
14in. The journal No. 7 was increased to 14 in. diameter by a 
fillet of */,-in. radius at the crank-web where the web was shrunk 
on and keyed. There was also a '*/,-in. diameter oil hole in 
this journal, chamfered at the outside to 45 degrees and a depth 
of */;s in. The change in diameter at the coupling flange was 
made through a fillet of 1'/,in. radius. The material of this 
shafting was forged steel having an ultimate tensile strength of 
about 60,000 Ib. per sq. in. 

The calculated vibration stress at synchronism in the 13-in. 
diameter shaft at this section was found to be 6900 
lb. per sq. in. per deg. amplitude at the air-com- 
pressor end. 
6-order vibration having 1.85 deg. amplitude at 
157.5 r.p.m. was 12,800 lb. per sq. in. It is in- 
teresting to note that this stress was 14.5 times 
that due to the mean power torque. While the 
governor was supposed to hold the speed at 150 ( 
r.p.m., it is to be expected that the speed fluctuated 
a little with changes in load. Thus the vibration 
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at any speed is obtained from the resonance curves in Fig. 8 
by combining the various harmonic elements in their proper 
phase relation. If this is done, the resulting graph of the vibra- 
tion should be the same as that recorded by the torsiograph, 
provided that the calculations are successful and that the re- 
corded vibration is a faithful record of the actual vibration. 
Such a comparison has been made for the Army dredges and 
is shown in Fig. 9. In the actual torsiograms given (called 
recorded vibrations) the lapse of time is indicated by distance 
measured to the right, and the amplitude of vibration ahead 
of the uniform rotation of the shaft is measured down from the 
mean line described above. The calculated graphs are laid out 
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stresses were probably nearly equal to their value — 
at synchronism much of the time. J-41900 

Recently, much material has been published® on EQUIVALENT SHAFT LINE-UP FOR VIBRATION CALCULATIONS 
the endurance limit of steels subjected to re- aas vem 
versed vibration stresses. The results gathered ao ee 
from these sources show that the average en- | | _ prem TUDes 
durance limit for reversed tension is about 50 per 8 
cent of the ultimate tensile strength and in reversed 
torsion is about 25 per cent of the ultimate tensile a, 
strength. It was also found that square shoulders | | ~ 
and V-notches reduced the endurance limit 50 OREDGES BANC CLAS 
to 60 per cent. TALL ORDERS OF VIBRATION BETWEEN | | | , 

and attached shafting of an engine installation HIGHER FREQUENCIES BETWEEN THESE | | 
probably have nearly the same effect in reduc- Es 
ing the endurance limit of the shafting as square mt p++ 4 
shoulders and V-notches. Thus for example the | 
stress concentration around a small radial hole key a5 
in a uniform circular shaft under torsion isa 
tensile stress of four times the normal shear stress, ~<% gar 
acting at 45 deg. to the axis of the shaft. Like- Sa {iff ¥ 
wise there is a concentration of stress at the fillet P \. 
where a shaft increases in diameter. Such con- . — 
centrations of stress are more fully discussed later 


in this paper. 

In light of the above data, the maximum al- 
lowable torsional vibration stress for an engine 
shafting is about 10 per cent of the ultimate ten- 
sile strength. 

This places the maximum allowable vibration stress for,bearing 
No. 7 of the Army dredges at 6000 Ib. per sq. in. The calculated 
maximum stress for the 6 order was thus 2.14 times the maximum 
safe stress, showing that operation at the maximum point of this 
vibration would produce ultimate failure. It is a significant fact 
that the cracks in the shafts that failed extended from the oil 
holes at about 45 deg. to the axis of the shaft. 

The resultant calculated vibration at the air-compressor end 


* H. F. Moore and J. B. Kommers, “Investigation of the Fatigue 
of Metals,” Bulletin 124, Engineering Experiment Station, University 
of IMinois, 1921. 

H. F. Moore and T. M. Jasper, ‘Investigation of the Fatigue of 
Metals,”’ Bulletin 142, Engineering Experiment Station, University of 
Illinois, 1924. 

_H. F. Moore, “Fatigue Tests of Metals and the Theory of Elas- 
ticity,” Engineering News Record, Feb. 5, 1925. 
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Fie. 8 Equivavent SHart Line-Up (Or1GINAL DesiGn) AND RESONANCE CURVES, 
U.S. Army Drepaes, Dan C. Kingman Crass, INSTALLATION 
(4-cycle, 6-cylinder engines, rated at 1200 i.hp. at 150 r.p.m., bore, 22 in., stroke, 32 in., firing 


order 142635.) 


on the same coordinate axes, viz., time measured to the right 
and positive amplitudes measured down. The phases of the 
components for the calculated graphs given in the tables ad- 
jacent to each graph are the number of degrees that the maxi- 
mum positive amplitude is behind the firing top center of cylinder 
No. 1, where one cycle of the harmonic element referred to is 
considered 360 deg. 

As is seen in Fig. 9, the comparison of the calculated and re- 
corded vibrations is given at seven different speeds ranging 
from 102 to 170 r.p.m. Their similarity is considered very 
good. Apparently, the synchronous frequency of the recorded 
vibrations is 1 per cent lower than that for the calculated vibra- 
tions. This difference however is well within the limits of caleu- 
lation. 

In redesigning this unit to give safe operation at 150 r.p.m., 
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such changes were made to the shaft line-up that the large 
6-order vibration at 157.5 r.p.m. was raised to 183 r.p.m. This 
resulted in making the vibration at the operating speed of the 
redesigned unit about what it was for the original shaft line-up 


equipped with 8-cylinder, 4-cycle Nelseco Diesel engines, 600 
b.hp. at 380 r.p.m., 13'/:-in. bore, and 15 in. stroke. 

The results of the calculations for the resonance curves at 
the air-compressor end for two different firing orders are given 
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(Beginning of cycle taken at firing top center of cylinder No. 1; cycle completed in two 
revolutions.) 


in Fig. 10. All orders of vibration up to the 
10 order that were stimulated at the cylinders 
between 100 and 450 r.p.m. are given for fre- 
quencies from 0 to 3000 vibrations per minute. 
Vibrations of higher orders and frequencies be- 
tween these speeds are negligible. 

The curves of the relative amplitudes along 
the shaft and the equivalent shaft line-up chosen 
for the calculations are also given in Fig. 10. 
It will be observed that the amplitude at the 
propeller for the 1-node vibration is 12.25 times 
that at the air-compressor end. The principal 
damping force for this vibration is the propeller 
damping and was calculated from the data sub- 
mitted later in this paper. The 2- and 3-noded 
vibrations, however, have very small amplitudes 
at the propeller for one degree amplitude at the 
air-compressor end. The amplitudes of vibra- 
tions at synchronism for these modes are thus 
limited principally by the elastic hysteresis 
losses. These amplitudes were computed from 
the elastic hysteresis data at hand and as pre- 
viously mentioned an empirical factor that has 
been observed for a number of installations. The 
amplitudes of any order a little removed from syn- 
chronism are the calculated undamped values. 

The stress per degree of amplitude at the air- 
compressor end at the smallest sections near the 
nodes for the various modes of vibration is as 
follows: 


(a) 1-node vibration just aft of the motor 
armature in a 5'/,-in. by diam- 
eter hollow shaft, stress per degree, 20,800 
Ib. per sq. in. 

(b) 2-node vibration at the forward node near 
the clutch in an 8-in. by 3-in. diameter 
hellow shaft, stress per degree, 5930 Ib. 
per sq.in. 2-node vibration at the after 
node near the propeller in a 5'/,in. by 
25/;-in. diameter hollow shaft, stress per 
degree, 482 Ib. per sq. in. 

(c) The 3-node vibration was found of insig- 
nificant amplitude as may be seen from 
Fig. 10 and is omitted from further 
consideration. 


The maximum stresses in the shafting ac- 
companying the various vibrations for the original 
firing order is therefore as given in Table 1. 

The material for the shafting of these submarines 
is high-class steel having an ultimate strength of 
80,000 Ib. per sq. in. Thus the maximum allow- 
able vibration stress is about 8000 Ib. per sq. in. 
By comparing this stress with those given in 
Table 1 for the maximum calculated stresses for 


at 130 r.p.m. The greatest vibration for more than 20 revolu- 
tions above or below the operating speed was thus the 7'/,-order 
vibration of less than 0.5 deg. amplitude. The stress at the 
node accompanying this vibration was about 3450 lb. per sq. in. 
which was less than the maximum allowable stress. 

The second installation to be described is the main propelling 
units of the U.S. Submarines S-18 to 41 class. These are 


the various modes of vibration over the entire speed range of 
the engines, it is seen that none of the vibration stresses up to 450 
r.p.m. is objectionably large. 

Another condition however affects these installations. The 
camshafts are driven by a train of gears at the air-compressor 
end of the engine. A vibration with a degree amplitude at this 
point while producing a safe stress in the shaft will hammer the 
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camshaft gears very severely. This consideration makes un- 
desirable continued operation of the engines in the 8-order 
vibration between 234 and 245 r.p.m., and in the 5!/.-order 


TABLE 1 

Amp. Max. 
R.p.m Order Node at a.c stress 
144 t 1 0.229 4770 
192 10 2 0.071 420 
202 9/2 2 0.262 1550 
213 9 2 0.043 250 
226 8'/2 2 0.176 1040 
240 2 1.000 5930 
256 7'/2 2 0.231 1370 
274 7 2 0.072 430 
295 6'/2 2 0.580 3450 
320 6 2 0.216 1280 
349 5'/2 2 0.885 5250 
384 5 2 0.163 97 
427 4'/2 2 0.740 4390 


RELATIVE AMPLITUDE CURVES FOR FREE VIBRATION 
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tions respectively. The graph at 378 was obtained at the highest 
speed reached by the engines. The principal harmonic com- 
ponents of these graphs were obtained by harmoni¢ analysis, 
the results of which are given adjacent to each curve. A com- 
parison of these recorded components with the calculated com- 
ponent vibrations is made in Table 2. 

The check of the calculated and recorded vibrations is fairly 
good. The fact that the recorded 4-order vibration is consist- 
ently larger than the calculated values is probably due to the 
effect of the two-crank air compressor which was omitted in 
the calculations. 

Tests on the S-44 confirmed generally the tests of the S-29. 

The altered firing order given in Fig. 10 was tried on the 
starboard propelling units of the S-1. Torsiographic tests 
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Vibrations of higher frequencies between these speeds are negligible. 


vibration between 342 and 356 r.p.m. For this reason, the 
effect of changing the firing order was investigated with the 
purpose of decreasing the 5'/:-order without increasing other 
minor vibrations to objectionable amplitudes. It was of course 
recognized that the 8-order major vibration could not be affected 
by a change in the firing order. It was found that with the 
firing order altered to that given in Fig. 10, the 5'/2 and 61/2 
orders were considerably reduced, resulting in a much smoother 
running engine. The superiority of the altered firing order 
over the original firing order may be seen by referring to Fig. 10. 

Torsiographic tests checking the above calculations were 
performed on the U. S. Submarines S-29, S-44, and S-1, the 
latter two submarines having propelling installations identical 
to those of the S-18 to S-41 class. In Fig. 11 are given four 
torsiograms that were obtained on the S-29 in the surface condi- 
tion. The graphs at 241, 295, and 350 r.p.m. are those that 
showed the greatest values of the 8-, 6'/:-, and 5'/,-order vibra- 


Bore, 13.5 in.; stroke, 15 in. Amplitudes of vibration are 
given for frequencies from 0 to 3000 vibrations per minute. 


TABLE 2 
Amplitude (deg.) 
R.p.m Order Ic. Recorded 
241 8 1.000 0.99 
295 4 0.180 0.219 
295 6'/2 0.580 0.366 
350 4 0.272 0.411 
350 5/2 0.885 1.002 
378 21/2 0.121 0.156 
378 3'/2 0.060 0.079 
378 4 0.346 0.416 
378 4'/2 0.070 0.030 
378 51/2 0.100 0.167 


showed a considerable reduction in the vibration around 350 
r.p.m. and substantially checked the calculations. — 

The third installation to be described is the main propelling 
units of the U. S. Submarine T-3. This is equipped with 10- 
cylinder, 4-cycle, Bureau-type oil engines, 2350 b.hp. at 345 
r.p.m., 207/s-in. bore, 207/s-in. stroke. In Fig. 12 is given the 
shaft line-up for this installation and the constants for the 
equivalent line-up chosen for the calculations. 
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The results of the calculations for the resonance curves at 
the air-compressor end are given in Fig. 13. The vibrations 
stimulated by the cylinders alone are given by the full lines, 
while those due to the combined effect of the cylinders and air 
compressor are given by the broken lines. All orders of vibra- 
tion up to the 10'/. order between 100 and 460 r.p.m. are given 
for frequencies from 0 to 2220 vibrations per minute. Vibrations 
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of higher orders and frequencies between these speeds are 
negligible. 

The curves of the relative amplitudes along the shaft are 
also given in Fig. 13. It will be observed that the amplitude 
at the propeller for the 1-node vibration is 7.52 times that at 


the air-compressor end. The principal damping force for this 
vibration is the propeller damping and was calculated from 
the data submitted later in this paper. The 2- and 3-noded 
vibrations, however, have very small amplitudes at the propeller 
for one-degree amplitudes at the air-compressor end. The am- 
plitudes of vibrations at synchronism for these modes are thus 
limited principally by the elastic hysteresis losses. These 
amplitudes were computed from the elastic hysteresis data at 
hand and as previously mentioned an empirical factor that has 
been observed for a number of installations. The amplitudes 
of any order a little removed from synchronism are the calculated 
undamped values. 

The vibrations given in Fig. 13 were computed for the star- 
board engine. The vibrations for both port and starboard en- 
gines, however, were calculated. Those stimulated at the main 
cylinders and at the air-compressor cylinders were computed 
individually and then combined. It was found that any of the 
component vibrations due to the main cylinders or air compressor 
had the same amplitude for the port and starboard engines, but 
that some of the phases of the minor orders for the main cylinders 
were different. This resulted in slight differences in the com- 
bined vibrations for the port and starboard units. Except for 
the differences in the phase angles, however, the amplitudes of 
the larger vibrations for either unit were practically the same. 
As may be seen in Fig. 13, the 4-order, 2-noded vibration at 
about 309 r.p.m. is almost entirely stimulated by the air com- 
pressor, while the other vibrations affected are only slightly 
increased. 

Before describing the torsiographic test data checking these 
calculated vibrations, the calculated stresses accompanying 
them will be considered. 

The determination of amplitudes of vibration is an indirect 
way to indicate dangerous vibrations. It is one, however, 
which lends itself readily to experimental determination. The 
real criterion for dangerous vibration is not the amplitude but 
rather the resulting stresses. Calculations will give the vibration 
stresses in the uniform shaft sections just as easily as it gives 
the amplitudes. Although of course many of the values of 
stress concentrations at the various discontinuities along the 
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shaft can only be guessed, yet intelligent guesses can be made 
if the stresses in the uniform shaft sections of the line-up are 
known. 

For this reason the vibration stresses at several sections of 
the shafting were computed. The results obtained for the 
10'/,-in. diameter motor shaft just forward of the motor arma- 
ture is given in Fig. 14. By combining the various component 
cyclic stresses in their proper phase relation, as was done to 
obtain the resultant calculated vibration at the air-compressor 
end of the Army dredges, a graph of the resultant stress variation 
may be obtained. Such a process is the inverse of harmonic 
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shafting of the submarine 7-3 is 80,000 Ib. per sq. in. which 
indicates a maximum allowable vibration stress of 8000 Ib. per 
sq.in. With this stress as a maximum, the speeds to be avoided 
in continuous operation below 460 r.p.m. are as follows: 235 
to 260 r.p.m.; 366 to 379 r.p.m.; 410 to 418 r.p.m. 

For a check on the calculations for the T-3 installation, very 
complete torsional vibration tests were performed on both port 
and starboard units. Four torsiographs were used, three being 
operated simultaneously on each unit. Their arrangement is 
shown in Fig. 16. The instruments were all set for a magni- 
fication of three, while the pulley ratios for each were practically 


analysis and is called “harmonic synthesis.’ The maximum two to one. All recorded graphs were therefore magnified six 
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once per engine cycle is represented in Fig. 14 by the broken 
line. Similarly the combined vibration stresses at other uniform 
sections of the shaft line-up were computed. The results ob- 
tained for the sections more severely stressed by vibration are 
summarized in Fig. 15. 

The vibration stress occurring at 247 r.p.m. is seen to be a 
very dangerous one for the shafting between the clutch and 
the motor armature. The maximum stress in the 10'/-in. 
diameter shaft just forward of the armature reaches a value of 
24,600 Ib. per sq. in. Much larger stresses than this value 
are sure to occur due to stress concentrations at the keyway 
under the armature and at the fillet at the forward coupling 
flange of this section. 

The stresses at other speeds are also seen to be objectionably 
large. In this respect, as has been stated above, the maximum 


allowable vibration stress from zero to its maximum value for 
shafts containing ordinary discontinuities such as oil holes, 
flanges, cranks, keyways, etc., is considered to be 10 per cent 
of its ultimate tensile strength. 

The ultimate tensile strength of the material used for the 


The test of each unit consisted in obtaining torsiograms at 
as nearly constant speed as possible every 10 revolutions apart 
between 100 and 360 r.p.m. 

That calculated vibrations obtained by combining the various 
components at any speed in their proper phase relation compare 
very well with the recorded vibrations may be seen in Fig. 17. 
The calculated and recorded vibrations at four different speeds 
of the engine slightly removed from any synchronous speed 
are given. As was the case of this comparison of the Army- 
dredge installation previously described, the agreement is quite 
striking. Such an agreement if borne out by a more critical 
quantitative comparison would indicate both correctness of 
the theory giving the calculated vibration and the accuracy of 
the torsiograph in recording actual vibrations. 

The analysis of the test data, as undertaken, was rather long 
and laborious. Simultaneous torsiograms taken at the three 
points of the shaft line-up and at 17 different speeds on each 
of the installations approximately 10 revolutions apart between 
193 and 366 r.p.m. were chosen for accurate harmonic analysis. 
To prepare them for ease in handling and for as great accuracy 
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as possible, they were photographically enlarged so that the 
engine cycle of two revolutions equaled 12 in. This resulted 
in 95 enlargements magnified anywhere from 2.48 to 8.54 times 
with an average enlargement of 4.72 times. More than 140 
of the principal harmonic components in these graphs were then 
obtained by an accurate graphical method of harmonic analysis. 

It was found that the phases of the vibration were not recorded 
with very great accuracy. The reason for this lack of accuracy 
lies in the method of recording the top center of cylinder No. 1. 
Referring to Figs. 6 and 7, the length of the jog in the line of 
the top center marker depends on the distance between the two 


line-up for both the port and starboard engines. Fig. 19 gives 
the comparison of other orders of vibration for both engines 
at only the air-compressor end. On the whole the check is very 
good except at the maximum amplitudes. The closeness that 
the recorded components fall on fair curves even for relatively 
small vibrations indicates again the accuracy of the torsiograph 
in recording actual vibrations. 

Referring to Fig. 18 it is seen that the recorded maximum 
amplitude for the 5-order, 2-noded vibration of the starboard 
unit is smaller than that for the port unit. In this connection 
it may be stated that the main engine clutch for the port engine 
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(Component stresses of all orders of vibration between 100 and 460 r.p.m. are given for frequencies from 0 to 2220 vibrations per minute. Vibration 
stresses of higher frequencies between these speeds are negligible. The continued vibration stress is given as a broken line.) 


points of the contactors attached to the spray valve and rocker 
arm. It was observed that wear of the contacts changed this 
distance and that together with a certain lag of the pen in the 
instrument in responding to the pull of the magnet necessitated 
the adjusting of the distance between the contactors before the 
tests were completed. While approximately correct in record- 
ing the top center of cylinder No. 1 in degrees of shaft rotation, 
errors of 10 to 15 degrees of shaft rotation are considered possible 
which would result in many degrees of vibration cycle of the 
various orders. Thus for a 5-order vibration this results in 
50 to 75 deg. error in the phase of the vibration. 

The recorded component elements of vibration obtained as 
just described have been used to check the calculated values. 
Figs. 18 and 19 compare the calculated and recorded resonance 
curves of the various orders sufficiently large to be determined 
accurately from the recorded torsiogram. Fig. 18 gives the 
comparison of the 5-order vibration at three points of the shaft 


was jammed so hard as to prevent its disengaging, whereas 
the clutch for the starboard engine was relatively loose and 
easy to disengage. It was therefore believed that the lesser 
amplitude of the starboard unit’s vibration was due to additional 
damping from a slight looseness in the main engine clutch. 
This opinion was borne out later when the clutch was made 
solid. The maximum amplitude was then found to be very 
nearly equal to that of the port unit. 

It is also seen in Fig. 18 that the frequency of the 2-noded 
vibration for the starboard unit is 2 per cent higher than that 
for the port unit. The reason for this is not definitely known, 
but two of the possible contributing causes are the above- 
mentioned slippage in the starboard unit’s clutch, or a lesser 
clearance in the main bearings of the starboard engine. This 
was set at */, of a thousandth of an inch per inch of crankshaft 
diameter, whereas the port engine clearance was set at a thou- 
sandth per inch. 
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Fig. 18 points out the fact that the calculated frequency of 
the 2-noded synchronous vibration is within 1 per cent of that 
recorded for either the port or starboard unit. Fig. 19 also 
indicates this and shows further that the calculated frequency 
for the 3-noded vibration is practically the same as the recorded. 
This is observed from the resonance curves for the 5'/, and 
7'/2 orders of vibration. 

While, as was explained above, the phases recorded by the 
torsiographs are not very accurate, they do show qualitative 
results and are a fair check on the calculated values. 

The agreement of the calculated and recorded vibrations a 
little removed from the synchronous speeds of these vibrations 


APM-50-8 35 


vibrations. It is believed however that a careful compilation 
of the calculated and recorded peak amplitudes of many other 
Diesel installations together with further experimental results on 
elastic hysteresis losses in the materials used for shafting will 
result in a closer agreement of the calculated and actual vibration 
at the speeds of peak amplitudes. 

The recorded vibrations below 190 r.p.m. showed relatively 
small vibrations. Hammering of the propeller clutch, observed 
by its clatter at speeds below 135 r.p.ma., was observed on the 
after instrument (instrument No. 168, Fig. 16) by very small 
vibrations that were apparently stimulated ten times in two 
revolutions. Since this was close to the synchronous speed of 
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is very good. This is attributed to the fact that nearly all the 
damping for these vibrations occurs in the form of elastic hys- 
teresis which varies as the 2.3 power of the stress. Thus since 
the stress falls away from the peak approximately in the same 
proportion as the amplitude, the damping will fall off many 
times more rapidly and will have no appreciable effect at speeds 
a little removed from synchronism. 

The agreement at the peak amplitudes is not very good. 
The recorded vibration is smaller than was expected not only for 
the larger 5-order vibration but also for the smaller vibrations. 
It is observed that the discrepancy for the 3-noded vibrations is 
greater than for the 2-noded ones. The reason for this is not 
known. It may be due to the material and heat treatment of 
the shaft line-up. It indicates that greater damping should have 
been attributed to the crankshaft, for the reason that damping 
in this section of the line-up plays a more important part in 
limiting the amplitudes for the 3-noded than for the 2-noded 


the 5-order 1-node vibration, it was investigated mathematically. 
It was found that at synchronism, the maximum torque of the 
5-order, l-node vibration was 362,000 in-lb. Thus the vibra- 
tion torque at this clutch changed from +362,000 to —362,000, 
ten times in two revolutions. Since the propeller torque was 
only 223,000 in-lb., it is evident that the combined torque 
at this point had a cyclic variation from +585,000 to —139,000. 
The calculations showed the existence of such a negative torque 
from 130 to 110 r.p.m. Since the propeller clutch was a jaw 
type of clutch with a slight clearance between the jaws, it was 
evident that such a vibratory torque, first positive and then 
negative, caused the clutch to hammer at about these speeds. 

In the foregoing pages the agreement of the calculated and 
recorded vibrations has been illustrated by the results of calcu- 
lations and tests for three typical Diesel-engine installations. 
On the whole this agreement was very good. The conclusions 
drawn from the results described are as follows: 
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1 The range of torsional vibrations in a Diesel-engine in- 
stallation can be obtained very accurately from the calculated 
undamped resonance curves. 

2 The severity or maximum amplitude of torsional vibrations 
can be calculated with a fair degree of accuracy. 

3 Thus the range and severity of torsional vibrations can 
be calculated before the engine is built with fair reliability. 
This makes possible the correction of vibration troubles by 
changes in design. 
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Fig. 16 DiaGram SHOWING Location OF TORSIOGRAPHS FOR TESTS 
On U.S. SUBMARINE T-3 


4 Careful use of Geiger’s torsiograph will give faithful 
records of actual shaft vibrations whose frequencies are well 
above the frequency of the instrument itself. Amplitudes and 


speeds were found to be determinable from a tor- 
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[1] 
ox 


For any mass having a weight polar moment of inertia of J 


, the inertia torque is 
ol? 


and an angular acceleration of 


Let the impressed torques acting at the various sections be 
denoted by 
M,(z,t) 


Let the twisting moment due to the damping forces be denoted 
by 
p(6,x,t) 


Then the sum of the torques acting on one side of any section 
is equal to the torque in the shaft at that section. Thus it 
follows that 


> Mi(z,t) + p(0,x,t) = GJ. [3] 
g ot? 


where the summations are taken to include all the forces from 
the beginning of the shaft up to the section for which the right- 
hand member of the equation is written. 

The shaft can vibrate torsionally in an infinite variety of ways, 
in every one of which the torsional displacements satisfy Equa- 


siogram within one or two per cent. 
5 The interpretation of the torsiograms has 


been shown to require much study. A graph at 
any speed is composed of several component 
vibrations. Long waves of low frequencies due 
to vibration within the instrument are found 
recorded with the shaft vibrations of higher fre- 
quencies superimposed upon them. Neglecting 
the long waves, the shaft vibrations may be 


Anh nh Aree 


measured from the graph directly and the com- 
ponent vibrations by harmonic analysis. 


The general theory of torsional vibration will 
now be developed, and its application to the solu- 
tion of the results submitted above will be given. 


PARTIIL TORSIONAL VIBRATION OF IR- 
REGULAR SHAFTS 


To solve for the torsional vibration of an irreg- , 
ular shaft such as the shaft line-up of an oil- 


or gas-engine installation, an irregular shaft is 
assumed which has approximately equivalent 
torsional vibration characteristics. This equiva- 
lent shaft may be composed of combinations of 
the following three types of sections: 


(a) A uniform shaft having mass and elasticity 
(b) A shaft having elasticity but no mass aN 


CALCULATED AT 


The varying torques which stimulate the vibra- 
tions and the damping forces affecting them are 
then applied to the equivalent shaft line-up and 
the resulting torsional vibrations computed. 

The equations for an irregular shaft having 


(c) A concentrated mass having no elasticity. - IZ 
| 
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all three of the above types of sections may be 
developed as follows: 

In a uniform shaft having ' a twist per unit 
length of 00/dz, the torque at this section is 


Fig. 17 Comparison oF CALCULATED AND RECORDED VIBRATIONS AT ArIR-Com- 


PRESSOR Enp For U.S. SuBMARINE 7-3 


(Beginning of cycle taken at firing top center of cylinder No. 1, cycle completed in two revo- 
lutions. Graphs given for starboard unit, surface condition.) 
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tion [3]. The vibration may be periodic or changing, depending 
on the impulses and the length of the time of their application. 
If periodic impulses are applied to the shaft for a long time, the 


subscript together with the step number. 


APM-50-8 37 


is referred to, let the value of x at this section be included in the 
Thus, let the value of 6 


at the beginning of the k-th step be given by 6, at the end 


vibration will become periodic in nature. There are also certain of this step by x, or at any other section by 6.x. Refer to 
types of periodic vibrations which may be stimu- 
lated to great amplitudes by the continued repe- be 
tition of relatively small stimulating torques, their a 
amplitudes being limited only by the damping he PHASE FOR S ORDER AT INSTRUMENT? 166 
forces. If p is a complicated function of 1, is t STARBOARD ENGINE | PORT ENGINE 
these types of vibration will be complicated and 
difficult to express. It is therefore assumed that 33 | 283 | 249 
the simple types or modes of periodic vibrations itl 
which may be stimulated to great amplitudes ule PORT 168) 4073 264 | 220 
when p is zero are not far different than those wo | 250 300 _|23c| 2c | 256 
which occur when p is not zero. These modes 
are called normal modes of vibration. | & { 108 
7 \ Bes 323 | 90 
\ +24 
330 [117 | 301 
Putting p = in Equation [3], the normal 7 1 ry 
modes of undamped vibrations are obtained from 7 
wim 
g ot or PHASE FOR 5 ORDER AT INST.# 180 
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If, now, @ were a harmonic function of ¢ such as “ ms CALC CALC ae 
6 = O(xz)sin(pt + y).......... [5] : 5 935 | 7283] 264 
207 | 284| 235 
|284| 250 | 218 | tod 
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type as Equation [5], Equation [6] reduces to 15 gpm CALC 
an equation containing only two variables, @(x) artes 
and z, which may then be solved. If 2M,(z,t) 13 207 | 108 3 
is a periodic function of t and is expanded by He 4 es + 77 
the variable ¢, the solution for the vibration |= 
23 
stimulated by each term may therefore be ob- ! | 265 
tained. The algebraic sum of all such elements T (sr #}79) 
of vibration will satisfy [4] and will thus be the | 3001 £19. 
resultant vibration stimulated by 2M,(z,t). 24 | 15] 
A mode of vibration is thus seen to be £7) 
expressed by 7 52] 118 366 | 120 
3 
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and is stimulated by a harmonically varying [_{ 
180 200 220 240 260 280 300 320 340 360 380 REVOLUTIONS PER MINUTE 


torque. The function @(x) is called the normal 
function of the vibration and its determination 
for an irregular shaft composed of the three types 
of sections described above will now be undertaken. 

Let the quantities for the different sections of 
the shaft line-up be designated by subscripts. Refer 
to the various shaft sections having elasticity with or without mass 
(these sections will be called “steps’’ of the shaft line-up) by num- 
bers in the order in which they occur. Let the origin in each case 
be taken at the beginning of each step. Then, if the value of a 
quantity varies along the step and its value at a certain section 


Fic. 18 Comparison oF CALCULATED AND RecorDED VIBRATIONS FOR U. 8. SuB- 
MARINE 7-3 FOR THE 5-OrDER RESONANCE CURVES AT THREE POINTS OF THE 


Suart Line-Up For THE SuRFACE CONDITION 


(Recorded 5-order vibrations at the points marked were obtained by harmonic analysis of 


photographically enlarged torsiograms.) 


quantities between steps by including the number of the pre- 
ceding and succeeding steps in the subscript. Thus, let the con- 


centrated inertia occurring between the k- and (k + 1)-th step 
be denoted by Jz, «+; and the concentrated inertia occurring at 
the beginning of the line-up be denoted by Jo. 
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Assume that an impressed torque having the value of 
(7] 


acts at a certain section. Thus the reference point of time is 
assumed when M; has its maximum value. 

In this case y in Equation [5] will be x/2 and 6 will be given by 


For those portions of the steps that have mass and elasticity 


T PHASE FOR Z ve O} 
| STARBOARD ENGINE 
T 


where Bok +1 = Ox. 


If the concentrated mass and impressed torque were within 
the k-th step at a section ¢ from the beginning of the step 


Jen 28 at 


where O 4+ = 


and e approaches 0 as a limit. 


If the k-th step has elasticity but no mass 

VIBRATION 

RT ENGINE 


193 | | 


00, +1 — Box 


or or 


+ 


All the special differential equations arising in 


the solution of the undamped forced vibrations 


of irregular shafts made up of any combination 


of the three types of sections described above, 


stimulated by the torque m cos pt that is im- 


pressed at certain sections, are expressed by the 


200 «220 
20 


T 
{ 


0 
180 200 wo 320 340 360 107 | 6: 


Equations [9], [10], [11], and [12]. 


60 0 
— 7 4 
4}, ot MASE FOR AZ ORDER VIBRATION 
286[345| 57 


Thus for a concentrated mass and an impressed 


torque between steps k and k + 1 which have 


797 | 346) £46 


elasticity but no mass, there results by combining 


3i5 | 44 
14 


{10] and [12] 


DEGREES AMPLITUDE. 

\ 
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J +1 0760, 
—- —— — pl 


g ot? 


5} 


+1 J sk +1 
le “(PHASE FOR 5 V2 ORDER VIBRATION le +1 


Gids 
— (0 ou), {13] 
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For a concentrated mass and impressed torque 


between steps k and k + 1, the former having 


mass and elasticity and the latter having only 


1231199 elasticity, 


268|307| 299 


200 220 260 280 300 320 3400-340 
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Fie. 19 Comparison oF CALCULATED AND RECORDED VIBRATIONS FOR U. 8S. 
SuBMARINE 7-3 FOR THE 2!/2, 4, 41/2, 51/2, AND 7!/2 ORDERS RESONANCE CURVES 
AT THE Arr-COMPRESSOR END IN THE SURFACE CONDITION 


07, +1 


ot? 


Cy + 
tess) 
le 


— Mk,k +1 pl 


(The curves give the calculated vibration while the points marked X and @ are the 
recorded vibrations for the port and starboard engines, respectively. Recorded vibrations ‘ Oi 
at all points marked were obtained by harmonic analysis of photographically enlarged — Gita —.... [14] 


torsiograms.) 


and do not include concentrated masses or points of application 
of the impressed torque 


Of 
or_taking the partial derivative with respect to z 
Jw 00 
[9] 
g Ot? Ox? 


For a concentrated mass and an impressed torque occurring 
between steps k and k + 1 which have mass and elasticity, 
there is obtained by expressing Equation [4] indefinitely close 
to the mass and impressed torque on one side, then on the 
other and taking the difference, 

J kk +1 +1 +1 


— C08 pt = Guo: 


— see [10] 


For a concentrated mass and impressed torque between 
steps k and k + 1 the former having only elasticity and the 
latter having both mass and elasticity, 


k,k+1 +1 — min +1 C08 pt = 41 
ox 


G.J. 
om 
kk 


Also if the line-up begins with a concentrated mass and the 
first step has mass and elasticity, putting k = 0 in [10], there 
results 


Jo 0° 
— mo cos pt = = [16] 


or if in this case the first step has no mass 


Jou 07601 


G Jan 
— ma cos pt = (Gm — be. [17] 


g Ot? 


| 

a 

2 

Je = dz + function of t = GJ, = 
2 
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Likewise if the line-up ends with a concentrated mass and 
the last step has mass and elasticity putting k = e in 


there results 


"Bie 
+1 — Me,e+1 COB pt = .. [18] 


g 
or if in this case the last step has no mass 
Fas +1 

ar —— Me,e+1 COS 


= — (00,241 Boe) [19] 


Putting Equations [7] and [8] in Equation [4] 
or in any of the resulting special cases of this 
equation such as those from [9] to [19], it is 
found as previously explained that cos pt is 
eliminated and all the equations for the solution 
reduce to two variables 6(x) and z. 

When this elimination is made and @(zx) is ob- 
viously a function of z alone, it will be written 
6. This should not be confused with @ where 
considered a function of both x and t. 

For those portions of the steps that have mass 
and elasticity and do not include concentrated 
masses or the point of application of the im- 
pressed torque, Equation [9] becomes 


Je 
p(x) cos pt = GJ, cos pl 
g ox? 


d*6(z) J 
gGJ, 


the general solution of which is 


Top 
6(r) = cos gas, 7 +>)... [21] 


where a and 6 are the constants of integration and 
are evaluated by the end conditions of the portion 
of the step considered. 

Up to this point it has been assumed that all 
the angles considered were expressed in radians. 
It is more convenient, however, in performing 
numerical computations to have them expressed 
in degrees. 

In degrees Equation [21] may be written 


6° = acos (on + [22] 
where 
360 VJ 
V9C 


J = Jwl is the total weight polar moment of 
inertia of the step 
GJ, 
c= — 
l 
‘ 
= 3,” the frequency of the vibration 


a and + are angles in degrees. 


Therefore 
do ona . x 


[10], 
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Hence the solution for the normal function @°(z) reduces to 
solving for a, y, and 6° in a system of simultaneous equations, 
where the values of 6° are the values of 6°(x) at certain sections. 


Lng — 


SHAFT ®\,FOR CYLINDER 4CYCLE ENGINE 
RESULTS OF TWISTING TESTS. 


| FREE | SHAFT IN BEPPLATE 
SHAFT |HORIZONTALCLEARANCE .007 
IVERT ICALCLEARANCE AS FOLLOWS 


002° | | O14 


940 |1.029 984 {1.000 
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1007 |1.008 
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CHROME VANADIUM STEEL(FORGING) 


MATERIAL 
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SHAFT*2,FOR © CYLINDERA CYCLE ENGINE 
RE SULTS OF TWISTING TESTS 


FREE | SHAFT IN BEDPLATE 

SHAFT |HORIZONTAL CLEARANCE -.0085 

VEPTICAL CLEARANCE ASFOLLOWS 
002 006°| 014° 


5,2 


943 |1.0z0 | .985 | 967 


CHROME VANADIUM STEEL(FORG ING) 


MATERIAL 
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SHAFT CYLINDER 4 CYCLE ENGINE 
RESULTS OF TWISTING TESTS 


CHROME VANADIUM STEEL (FORGING) 


SHAFTINBEDPLATE 
ONTAL CLEARANCE 
NCE AS FOLLOW 
| 012" 
RATION 927 | .927 


MATERIAL 


WEBS 


SHAFT #4, G CYLINDER 4 CYCLE ENGINE 
RESULTS OF TWISTING TESTS 
RATIO FOR FREE SHAFT = 1.133 


JOURNALS CLASS'B STEEL(FORGINGS) 


MATERIAL 
CLASS'B CAST STEEL 
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SHAFT #5, 6 CYLINDER CYCLE ENGINE 
RESULTS OF TWISTING TESTS 
5 RATIOFOR SHAFT IN BEPPLATE 
WITH BEARING CAPS REMOVED=1.25 


MATERIAL 
HEARTH STEEL (FORGING) 


CYLINDERS ARE NUMBERED CONSECUTIVELY FROM FREE END OF CRANKSHAFTS 
RATIO REFERRED TO ABOVE ISTHE RATIO OF THE EQUIVALENT GU, — GJ, OF JOURNAL SECTION. 


Fie. 20 Twistinec Tests or CRANKSHAFTS 


(Cylinders are numbered consecutively from free end of crankshaft. Ratio referred to above 
is the ratio of the equivalent GJ; + GJs of journal section.) 


Assume masses concentrated between steps and at the ends 
of the line-up, and consider a single impressed torque m cos pt 


acting at some section. 
I. At the beginning of the first step 


(a) If the first step has mass and elasticity, putting mo = 0, 


Equation [16] becomes 


Ja 
— 4r2n? — a 


2 


| £4 # a 

ay 

: 

\ "| 5,6 

wo 
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or 


720r Jon 
gC 


(b) If it has elasticity but no mass Equation [17] reduces to 


Jo ball 
— — = — — C,(0n° — 
4x?n 180 180 1 (Boe on”) 
or 
J yn? 
gC: 


Il. Between the k- and (k + 1)-th step 
(a) If both steps have mass and elasticity putting mz,.+1 = 0, 
Equation [10] becomes 


J 
Ok+1 COS Yk+1 
2 
us 
= (=) Cx Nax + yx) 
and 


COS COS (Pen + yx)... (26] 


which may be written 


Cx dk ; 
SiN = ——— aax Bin (Pin + x) 
or 
Cs dk 720m J 
tan = tan(gin + yx) + 28 


(b) If the k-th step has mass and elasticity and the (&k + 1)-th 
step has only elasticity, Equation [14] becomes 


Jk, 
wh 4r*n? O°ok+1 = — iso (0°0,4+2 — 0° 0,441) 
and 


= ae COB (Pen + [29] 


which may be written 


0°o,k+2 — = — nm + ve) 
ax + yx)..-..... [30] 
or 
0° ok +2 w Jk [31] 
—— = | — — 
O° 180 gCk +1 


(c) If the k-th step has only elasticity and the (k + 1)-th 
step has both mass and elasticity, Equation [15] becomes 
2 


180 Gk 4+1 Nok +1 SIM Ye 41 


+ Cr (O° o,% 0° on) 


and 
O° ok+1 = COB [32] 


which may be written 


180 Cy 
+1 


720mn J +1 O° ok +1 


ax +1 Sin = (0°o,% 0° ox) 


. .[33] 
+1 Ok +1 
or 
180 Cy 0° ) 7200n +1 
tan = — | 1 — .. [34 
( O° ok +1 +1 +1 [34] 


(d) If both the k- and (k + 1)-th steps have only elasticity, 
Equation [13] becomes 


4r*n? = — +2 — 0° 0,4 41) 
+ 180 +1 — 8 ok) 
which may be written 
Cy 0° ox ) — (35) 
Panes 0° +1 gCr+1 


III. Concentrated mass within the k-th step 

If the k-th step has mass and elasticity and a concentrated 
mass is placed within the step at a section ¢ from the beginning 
of the step, Equation [11] becomes 


= 
180 k Pk ak di i, Yk 
— a, sin | den + 
and 


a”; COS (om! v's) = a’, COS (oo! + v's) [36] 
k k 


as « approaches zero as a limit. The constants with a prime 
mark referring to the step from 0 to — and with a double-prime 
mark to the step from ¢é to l. 

This may be written 


a", sin oun = + = a’; sin on + 7's 
lk 


g 


tan (om +7 tan (om + + [38] 


or 


IV. At the end of the last step 
(a) If the last step has mass and elasticity, Equation [18] 
becomes 


J 


a. C08 (pn + Ye) 


2 
= — (=) de Nae SIN (oe n+ Ye) 


or 


| 
| 
1 
| 
| 
= 
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J 
tan + = — .. [89 
[39] 
(b) If the last step has only elasticity, Equation [19] becomes 
J ° ° 
or 
O° ve 4 fee 2 
6 gle 


V. Impressed torque within the k-th step 

If the k-th step has mass and elasticity and an impressed 
torque acts within the step at a section — from the beginning 
of the step, Equation [11] may be written 


\’ 
mek = Ci pen E sin (om + 1") 
( g ’ 
a’, sin din + 7's 
and 


+ 
a”, COS (om! + = a’; COS (om + vs) 
k k 


as « approaches zero as a limit. The constants with a prime 
mark referring to the step from 0 to — and with a double prime 
mark to the step from ¢ to l. 

Hence omitting the subscripts that denote the k-th step 
and letting the subscripts a and b take the place of the prime 
and double-prime marks 


m 
Conaa COS 


+») 


rs) — cos + ») sin (? + vs) 
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be infinite for values of n that make sin(y, — ya) = 0, unless 
m is zero. This means that vibrations of any amplitude will 
exist indefinitely at these frequencies with no impressed torque. 
The vibration at such a frequency is called “the normal mode 
of free vibration,” and the frequency is called the “natural 
frequency,” “‘synchronous frequency,” or the “frequency of free 
vibration.” 

The sign of the amplitude at the point of impressed torque 
depends on the sign of the ratio 


cos + cos + vs) 


sin(ys — ya) 


ya increases and y, and y» — ya decrease as n increases. 

It is convenient to consider sin(y» — ya) always positive. 
This can be done without changing the sign of the above ratio 
by so choosing ye and y» that 


03 — ve < 180 


considering ys» a discontinuous function at the points of the 
synchronous frequencies. 
A little below synchronism 


— Ya = 


where 6 is a small positive angle. In this case the above ratio 


becomes 
cos cos + ¥e + s) 


sin 6 


which obviously is a positive value as 6 approaches zero as a 
limit. 
Likewise a little above synchronism 
yo — Ya = 180 — 


In this case the above ratio 


— +180) 


where 6 is a small positive angle. 


becomes 
cos rs) cos + Ya 


cos + cos + 


sin(ys — ye) 


cos + cos ‘Gi + 


so that 


Con sin(ys — Ya) 


and similarly 


ong 
2 m Cos + 
a, = [43] 


Con sin(y. — va) 


These values of aa and a together with Equations [24] 
to [40] determine all the values of a, y, and 6° for the various 
steps necessary in expressing the normal function @°(z) of the 
vibration stimulated by the impressed torque m cos pt acting 
within a step. 

It is seen that the value of @°(z) at any section is directly 


= It will thus 


proportional to a and therefore to ——_————. 
sin(y. — ya) 


sin(180 — 5) 


which obviously is a negative value as 6 approaches 
zero as a limit. 

Therefore a little below a synchronous frequency, the ampli- 
tude at the section of impressed torque is in phase with the 
impressed torque and a little above the synchronous frequency 
it is 180 deg. out of phase. 

The resultant vibration stimulated by a number of torques 
impressed at various sections having the same frequency, but 
different phases, will be the vector sum of the component vibra- 
tions stimulated by each impulse. The values of a@ for the 
resultant vibration are thus the vector sum of their values for 
the component vibrations. 

Hence, for a number of equal impulses of different phases 
given by m cos(pt — y.) acting within a step at various sections 
t, from the beginning of the step, there is obtained 


180 m 
= — 2po......... 4 
( ) Con sin(ys — va) (45) 
180 m 
where 


( 

ae 

| ong 

l 

= — 

# 
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= vector E + rs) [48] 


a. referring to the step from xz = 0 to the first impulse and 
a» to the step from the last impulse to x = 1, and0 S ys — Ya 


< 180. 
Thus the vibration in this step ahead of the first impulse is 


given by 
6° = aa + —wyo)........ [49] 
and after the last impulse by 
6° = a, cos + cos (pt — Wa)....... [50] 


where y» and ya are the vector angles for 28» and YBa, respec- 
tively. 

For a section of the shaft between impressed torques, the 
amplitude may be obtained as follows: Let the prefixed sub- 
script 1 denote the constants for the impulses on the side of the 
section toward the beginning of the shaft and the prefixed 
subscript 2 denote those on the side toward the end of the shaft. 
Then 


6° = cos + cos(pt — We) 


+ COS (= + cos (pt — w»)....[51] 
or 


, m one 
Con sin(ys — ve) | ( l ») 


+ cos (= + rs) cos (pt — vy)... . [52] 


where the sum in the brackets represents the vector sum, the 
angles We and w» being the phase angles for 2,8. and 22», 
respectively, and y is the resultant vector angle. 

Equations [45] and [46] may be applied to vibrations stimu- 
lated at the cylinders of a multi-cylinder engine when the crank- 
shaft is assumed a uniform shaft having approximately equivalent 
inertia and elastic characteristics. 

Equations for determining @ when the crankshaft is considered 
a series of concentrated masses at the various cylinders are not 
so convenient to handle as [45] and [46] in obtaining the vibra- 
tion at all frequencies. For this reason they will not be de- 
scribed here. 


VIBRATION MOMENTS AND STRESSES 
The twisting moment at any section of the shaft is 


M = GJ, 4 
or 


as given by Equation [1]. 
The vibration twisting moment in the k-th step which has 
elasticity but no mass will be 


M = Cx (80,4 +1 60,%) [53] 
Then for this case the stress in any uniform circular portion of 
the step will be 


16 


Ss 


where d, and d2 are the inside and outside diameters of the 
shaft. 
In a step having mass and elasticity and no impressed torque, 


19 
PS for the normal function is given by Equation [23], and the 


vibration twisting moment will be 


M = Mosin (= + (pt —y)......... [55] 
2 
where My = — (= ) Cona is the maximum vibration twisting 


moment at the node of this step extended if necessary. The 
phase of M is the same as that for 0. 

Thus for this case the stress in any uniform circular portion 
of the step will be 


16 dy One 
5 = — sin (= cos (pt wii: [56] 


For the step having impressed torques, the vibration twisting 
moment £<¢ any section in the step is obtained by differentiating 
Equation [52] and substituting in Equation [1]. Thus 


sin (yo — Ya) l 


+ sin + cos (pt — y).. . [57] 


where the sum in the brackets represents the vector sum as 
explained for Equation [52] and y is the resultant vector angle. 
Thus for this case the stress in any uniform circular portion 
will be 


16 dom onx + 


+ sin (= + cos (pt — y)...... [58] 


DaMPED VIBRATION FOR A SINGLE DAMPING Force 
PROPORTIONAL TO THE VELOCITY 


Consider a single damping force proportional to the velocity 
acting at a certain section of the shaft line-up. Let it be 


00 
given as a torque by 7 where x is the angular velocity in 


radians per unit time. 
Consider an impressed torque acting at another section 
given by 


as Equation [7] above. Thus the reference point of time is 
chosen as the instant the impressed torque has its maximum 
value. 

The equations for the solution at points away from the point 
of damping will be the same as Equations [9] to [19]. 

At the point of damping the equations for the solution may 
be had for the various possible combinations of mass, elasticity, 
and impressed torque by adding 


to the left-hand member of Equations [10] to [19]. 
These equations may all be satisfied by proceeding in the 
following manner: 
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Replace the impressed torque with two components having 
a 90-deg. phase difference. Thus let 


m cos pt = mvxy cos (pt — w) — mca) sin (pt — w) | 


m | 
where = — > ..(61] 
mn) 
m? = + mca) } 
Consider that the component my) cos (pt — w) stimulates 


an undamped vibration in the whole shaft line-up such that 
the motion at the point of damping is the resultant motion at 
this point. Consider that the component —mya) sin (pt — w) 
and the damping torque both stimulate undamped vibrations 
in the whole shaft line-up such that the sum of the amplitudes 
at the point of damping is zero. 

Consider the case of the impressed torque acting in the k-th 
step, & from the beginning of the step and the damping force 
acting in the r-th step, & from the beginning, both steps having 
mass and elasticity. 

Adding [60] to the left member of [11] and putting r for k 
and mg, = Jg = 0, the condition to be satisfied at the damping 


point is 
ox or ) [62] 


00° ty 


as ¢ approaches zero as a limit. 
Determining the vibration due to the component my) cos 
(pt —- w) by [22] to [43], it may be expressed for the r-th step as 
nz 
0° (N)r = Q(N)r cos + cos (pt w). [63] 


Similarly that due to the component —mvay sin (pt — w) is 


O° (di)r = COS L 


+ rer) sin (pt —w)... .. [64] 
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where 
m(d) 


Q(di)jr = an) 


Likewise for the damping torque from z = 0 to x = & 


180 p cos + cos + 


aC, orn sin (" (d2)r — (a2)r) 


and from z = & tor = 1, 


180 p ( + cos + 


aC sin — Y'(a2)r) 


where the prime and double-prime marks refer to the constants 
for the shaft before and after the point of damping. 
Now, assuming 
at xz = £, also makes 
0° (a1) 0° (42) [68] 


from x = &, to the end of the shaft. 
That these expressions satisfy Equation [62] may be shown 
as follows: 


20° 
CL E (ee + 0° (a1)r + | = +e 


re) 
— Cl, [2 (0 + 0° + wor) 
x=tr—e 


where ¢ approaches zero as a limit or 


limit 00° (a2)r 
e= or 


p +9 — | 


06° sin + cos + — cos (tt + sin + 
= p— lL, L 


ot 


sin — Y'(a2)r) 


which is an identity. 
Substituting Equations [64] and [65] in [67] there results 


360 pac), COS + cos + cos 


md) ) 
—— cos | —— + sin (pt — w) 


sin (pt — w) = 0 


Crpr — '(a2yr) 


This gives so that from Equation [61] 
r r r né, 
360 p cos + cos “ar) 360 p cos (eet + ray) cos wr) 
my dy L, L, 
(y"(a2yr — ¥'(a2yr) Crp 8in — Y'(a2yr) 
=m sin ("(a2)r — 
mn = (71) 
: 360 p orné, Grn, 
— ¥'(a2yr) + cost ( + cy wr) 
360 
m cos + vn) cos + 
L Ll, 
md) = 


(y"(a2ye — + cot ( wr) cot ( +7 wor) 


: 
[65] 
= 

ag 
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The sign of tanw depends on the sign of the ratio 


ng, 
cos + cos + or) 


sin (¥"(d2yr — Y'(d2)r) 


The sign of this ratio as n increases through a synchronous 
frequency is the same as that for [44] which was shown to be 
plus a little below synchronism and minus a little above. Thus 
the value of tan w passes from +o to —o as n increases 
through the synchronous value. Hence, if me) is arbitrarily 
chosen to be always positive, w is a positive angle which at 
synchronism is 90 deg. 

The above equations are sufficient to express the damped 
vibration for the case considered. The solution will thus be 
in the form of 


6 = (x) (x) cos (pt — w) + Oa) (x) sin (pt — w)... . [73] 


where @) (x) is the normal function for undamped vibration. 
The component 6.x) (x) cos (pt — w) is called the normal phase 
of the motion, and the component 6(a)(z) sin (pt — w) is called 
the damping phase of the motion. In regard to a), it is the 
sum of two functions 6,2) and @4) illustrated by Equations 
[64], [65], and [66]. At a synchronous value of m, @;«) -will 
thus become the difference of two infinite functions. 

Another way to obtain @(2) which will evaluate it in this 
case is as follows: An assumption which is exactly equivalent 
to that made to obtain 6a) and 6,42) is, that the component 
— mya) sin (pt —w) stimulates an undamped vibration from 
the beginning of the shaft up to the point of damping whose 
amplitude at the point of damping is zero but whose vibratory 
torque at this point is equal and opposite to the damping torque. 

Such a vibration may be determined by Equations [22] to 
[43] together with the additional condition that 


L, 


+ (2u 1) 90 . [74] 


where y» is any positive integer not zero. Thus from z = & 
in the r-th step to the end of the shaft line-up 


For the r-th step from x = 0 tox = & 
O° = COS + rr) sin (pl [76] 
Condition [62] will be satisfied if 
i re) 


re) 
+ 


/ 


or 


) 


= Crbrma(dyr sin + vr) 


180 
which gives 
360 p cos + ver) 
sie 
Q(N)r 


The significance of Equation [77] is best seen by a numerical 
application. Consider the 1-node vibration of the propelling 


installation of the U. 8. Submarine 7-3. The solution for the 
synchronous frequency, the y constants for the normal phase, 
and the synchronous amplitude for the normal phase of the 
motion are given later in the paper. 


Thus = 17,900 in-b., 


L, 
117.54 deg. 
The values of C, = 9,000,000 and ¢, = 2.76 are given in Fig. 12. 
Hence in absolute values 


+ = on + nu = 


_ (aye 360 17,900 X cos 117.54 = 0.1200 
9,000,000 2.76 


The ratio of the twisting moment at the propeller (the point of 
damping) for the damping phase and normal phase of the motion 
may be deduced from Equation [55]. Thus at the propeller 
the ratio in absolute value is 

0.1200 


sin 117.54 


Torque of damping phase O(a)s 


sin (gin + Ya) 


Torque of normal phase 
= 0.1352. 

This illustrates the fact. that the vibration of the damping phase 
is small in comparison with the vibration of the normal phase. 

Equations [71] and [72] show that mjy) and mca) are inde- 
pendent of the point of application of the impressed torque. 
Hence for a number of equal impulses of different phases given 
by mcos(pt — y.) acting within a step at various sections ¢, 
from the beginning of the step, the a constants from the beginning 
of the step up to the first impulse and from the last impulse to 
the end of the step will be given by Equations [45] and [46], 
where mcy) and ma) are put for m. 

At synchronism @4”) may be evaluated by equating the 
work done by the impressed torque to the work absorbed by 
the damping torque. 

Let the motion at the impressed torque be given by 


6°, = ay sin pt — az cos pl 
and at the point of damping by 


6°, = by sin pt 


an, aa, and by, being in degrees. 
The work done by the impressed torque in one vibration is 


360 
E= — mcos pt 
o 180 


pt = 
- J — m cos pt [an cos pt + aasin pt] dpt 
180 


If ao represents the amplitude at the beginning of the shaft 


and ay represents the amplitude at the point of impressed 
torque for 1-deg. amplitude at the beginning, then 


The work absorbed at the point of damping in one vibration 
is 


360 2 
062° 
K = — d6,° 
pt = 
= 2 2 dpt 
180 p pby* cos? pt 


| 
3? 
iy E = — man 
E = ma [78] 
180 
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K = mppbn? 


and if by represents the amplitude at the point of damping for 
1-deg. amplitude at the beginning of the shaft line-up 


the phase of the vibration at the point of impressed torque 
being 90 deg. behind the impulse. 

Hence, for a number of equal impulses of different phases 
given by m cos(pt — y,) acting at various points & from the 
beginning of a step, the energy given the shaft by the impulses 
divided by the resultant maximum amplitude ap at the beginning 
of the shaft will be 

= maze [81] 
— = — 
ay 180 
a being the @ constant for this step of the normal function for 
free vibration for l-deg. amplitude at the beginning of the 


shaft_and 


Thus 2@ is the value at synchronism of 28, and 28, given by 
Equations [47] and [48]. 

The energy absorbed at the damping point divided by the 
square of the resultant maximum amplitude at the beginning 
of the shaft is 


Hence ay is given by 


Thus the vibration of the normal phase at synchronism in 
the step containing the impulses is given by 


O(N) = acos + sin (pi —y)........ [84] 


where y is the vector angle for 28. 


DAMPED VIBRATION 
GENERAL Case FOR DistrRIBUTED DAMPING Forcgs 


The characteristics of the damped vibration for the general 
case of distributed damping forces are assumed to follow those 
deduced for the case of a single damping force proportional to 
the velocity. The normal phase of the vibration stimulated 
by a single impressed torque given by m cos pt is assumed to 
have the form of the normal function for undamped vibrations 
and to be stimulated by a component of the impressed torque. 
The other component with 90-deg. difference in phase is assumed 
in equilibrium with the damping forces. The whole torque does 
work on the shaft, equal to that absorbed by the damping forces. 
The damping phase of the motion is neglected since it is small in 
comparison to the motion of the normal phase. The phase angle, 
behind the maximum value of the impulse, of the resulting maxi- 
mum vibration at the point of the impressed torque is then taken 
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ma 
as w = tan~! 
mn) 


which at synchronism is 90 deg. 

At synchronism if a number of equal impulses act on the 
shaft at various sections in a certain step, the energy given the 
shaft is given by Equation [81]. The vibration in this step 
is thus given by Equation [84], where a is determined by equating 
the energy given the shaft to the energy absorbed by the damping 
forces. 


THe EQuivaLent SuHart Line-Up 


The choice of an irregular shaft that has approximately 
equivalent torsional-vibration characteristics as the original 
shaft depends largely upon the judgment of the calculator. 
A few general observations, however, can be made. A large 
mass standing alone, such as the flywheel, the generator or 
motor armature, a marine propeller, etc., which is attached 
to the shaft over a relatively short length should be considered 
a concentrated mass. If there are several equal masses sepa- 
rated by equal elasticities such as occur in the crankshaft of 
a multi-cylinder engine, they may be considered either as a series 
of equal masses having only elasticity between them, or they 
may be averaged into a uniform shaft. Light shafting between 
heavy masses or between heavy uniform shafts may be considered 
to have no mass. In general the attempt should be made to 
retain the main characteristics of the actual shafting in respect 
to the distribution of the mass and elasticity while at the same 
time simplifying it as much as possible. 

Connecting Rod. The mass of the connecting rod is considered 
in two parts, one a rotating mass acting on the crankpin and 
the other a reciprocating one acting on the wristpin. The values 
of these parts are taken inversely proportional to their distance 
from the center of mass of the rod. 

Reciprocating Mass. The exact effect of a reciprocating 
mass on torsional vibrations is difficult to calculate. An ap- 
proximate value of its effect, however, can be obtained by 
assuming that the crankpin, in addition to its uniform rotation, 
is vibrating in a simple harmonic motion. Assume also that 
the twisting moment due to the reciprocating mass is replaced 
by the twisting moment of a variable rotating mass concentrated 
on the crankpin. Then averaging this variable mass over one 
cycle of the engine an approximate value of the effect of the re- 
ciprocating mass may be obtained. 

In this way it will be found that the reciprocating mass W 
has approximately the same effect as a rotating mass concentrated 
on the crankpin equal to W times the factor 


2 8 16 


where k is the radius of the crank divided by the length of the 
connecting rod. For an infinite connecting rod this factor is 
1/,, and for k = '/4.5 it is 0.507. Thus very little error is in- 
volved if the factor is assumed '/; for any ordinary crank-to- 
connecting-rod ratio. 

Masses Geared to the Shaft. If a mass having an inertia J 
is geared to the vibrating shaft such that the speed of rotation 
of the mass divided by that for the shaft equals h, then it has 
the effect of a mass concentrated on the shaft equal to h?J. 
This is due to the fact that the speed of rotation of the mass is 
that of the shaft multiplied by h and that the arm of the twisting 
moment for the mass acting through the gear is that of the 
shaft divided by h. 

Mass Equivalent to Line-Up on One Side of Any Section. The 
shaft line-up on one side of any section may be reduced to an 
equivalent mass concentrated on the shaft at that section. 


4 
4 
K = (=) [79] 
180 
Equating [78] and [79] “4 
4 
| 
! 
| 
—_ = — 
a*y epb 
180 ma pes, 
mppby? 
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Assume that the equivalent inertia J for the line-up on one 
side of the end of the k-th step is desired. 

The twisting moment of the substituted mass at this section 
is 


Je 
g 


Equating this to Equations [53] or [55], there results for 
the case where the k-th step has elasticity but no mass 


gCx Box 
Je \ 00,4 +1 [85] 
and where the k-th step has both mass and elasticity 
J eq 720 xn tan (pen + vk) [86] 


Mass Attached to Shaft by an Elasticity. Considering the first 
step of a line-up as a section having elasticity, but no mass, 
Equations [85] and [25] can be used to obtain the equivalent 


it 
ols mitt CURVES BASED ON FOLLOWING 
T | NES 0 RESULTS FROM TWISTING TESTS 
CLEARWAR. VERT. SHAFT®| 
TT_| BROKEN LINES ARE CLEARANCE Ratio oF G3, RATIOOFCS, 
| UIA 1.029 
010 002 1.020 
006 98% 
984 
007 008 
1 000 
5.005 >= 014 483 67 
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RATIO OF EQUIVALENT GJ,+ GZ OF JOURNAL SECTION 

Fie. 21 Errect oF JouRNAL CLEARANCE ON STIFFNESS OF SHAFTS 
Nos. 1 anp 2 or Fie. 20 


inertia of a mass attached to a given shaft by an elasticity, 
that may be considered concentrated on the shaft to have the 
same effect. In this case 


where J is the inertia of the mass 
C refers to the elasticity 
J eq is the equivalent inertia concentrated on the shaft. 
Heavy Ring Connected to Shaft by Flexible Spokes. The formula 
for the equivalent stiffness of the spokes is obtained as follows: 
Consider each spoke as a beam fixed at both ends with one 
support lower than the others. The resulting load at each 
support for this beam will be 


12 EI 
P= f 


modulus of elasticity in tension 

moment of inertia of the section 

length of the spoke 

distance of one support below the other. 


where E 


~ 
oi 


If N is the number of spokes, then the torque transmitted for 
the linear deflection of f at the outer radius R of the spoke is 
NPI and the angular deflection is 


PH 
12 EIR 


so that the equivalent value of C for the spokes is 


C= 12 NEIR 


The equivalent inertia concentrated on the shaft can then be 
obtained by using Formula [87]. 

Propeller. A marine propeller in vibration is affected in two 
ways by the surrounding water. The vibration is damped and 
the effective inertia of the propeller is increased. The factor 
for the increase in inertia that has been used by several investi- 
gators is 25 per cent of the propeller inertia. The indefinite- 
ness of such a factor, however, is recognized and model experi- 
ments for a more accurate method of determining this effect 
have been suggested. 

The stiffness factor C, for any step is the reciprocal of the 
total deflection of the step in radians per unit twisting moment. 

Crankshaft Stiffness. Various formulas have been given or 
calculating the stiffness of a crankshaft.? There are, however, 
so many factors affecting this stiffness that it seems improbable 
that such formulas can be considered more than roughly ap- 
proximate. 

Figs. 20 and 21 give the results of twisting experiments per- 
formed on five different crankshafts. Shaft No. 3 is that for 
the U. 8S. Submarine 7-3 and shaft No. 4 is that for the re- 
designed installation on the U.S. Army Dredges, Dan C. King- 
man and class. 

The tests consisted in measuring the deflections at each 
end of the shaft after a number of twisting moments were suc- 
¢essively applied and then taken off from one end while the 
other end was held fixed. The free shafts were tested on roller 
supports under three points while the others were tested in 
the bed plates of the engines. 

An attempt was made in the tests on shafts Nos. 1 and 2 
to obtain the effect of restraint at the journals. Several tests 
were conducted with different vertical clearances from 0.002 
to 0.014 in. These were made with a view to approximating 
the stiffening effect on the shafts of the oil films in the running 
condition. The results obtained are shown in Fig. 21, where 
curves of the equivalent GJ, divided by the GJ, of the journal 
section are plotted against clearance. By equivalent GJ, is 
meant the GJ, of a uniform circular shaft having the same 
deflection over the same length. Fig. 21 indicates that the 
crankshafts increased in stiffness very rapidly as the mean 
effective clearance around the bearings decreased. While the 
exact effect of the oil film in taking up the clearance is not in- 
dicated by these tests, they do indicate that if the oil film 
effectively takes up this clearance the stiffness will be appre- 
ciably affected. It is believed that ratio of equivalent GJ, 
to the GJ, of the journal section in the running condition for 
both shafts No. 1 and No. 2 is somewhat above 1.04 and that 
1.05 is a good factor to use. Thus the stiffening effect of the 
journals and oil film on these rather flexible shafts is considered 
as increasing the stiffness factor for the free shaft by about 11 
per cent. For such stiff shafts as shafts No. 4 and No. 5, Fig. 
21, this stiffening effect would probably be considerably smaller. 
These values are submitted as being approximately indicated 
by the test data and other calculations. Refined laboratory 
tests would be of value in obtaining more accurate data. 

Stiffness of a Circular Shaft With Varying Diameter. The solu- 
tion of the stiffness of a circular shaft with the diameter varying 


7 Geiger, “Zur Berechnung der Verdrehungsschwingungen von 
Wellenleitungen,” V.DJ., 1921, p. 1241. 

Holzer, “‘Die Berechnung der Drehschwingungen,” Verlag von 
Julius Springer, 1921. 

Timoshenko, ‘‘Applied Elasticity,"’ Westinghouse Technical Night 
School Press, East Pittsburgh, Pa., 1925. 
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along its length may be obtained from the mathematical theory 
of elasticity by an approximate graphical construction. 

The solution depends upon the assumption that there is no 
axial or radial motion of the material and that the angular 
rotation of any point depends merely upon its distance along 
the shaft from some reference point and its radial distance from 
the center of the shaft. These assumptions reduce the problem 
from a three-dimensional to a two-dimensional one requiring 
a solution of the differential equation 


ov fe) ov 
or ¢ oz ~) [89] 


where v is the angular deflection of any point, r the radius, and 
z the axial length. 

The boundary conditions for the shaft, i.e., that the action 
on the surface of the rod is everywhere zero, are stated in terms 
of another function u that is given by 


and .. [90] 
1 du /1 ou | 
=-0 
or dr dz dz 

Thus the boundary conditions are satisfied when 

u = constant.......... 


Furthermore the resultant torque on any section for which 
v = constant is given in terms of u by the expression 


where G is the shearing modulus of elasticity, and @ is the value 
of u for the boundary of the shaft. 


The two families of lines u = constant and v = constant 
are orthogonal trajectories, and may be obtained by a graphical 
construction. The lines u = a constant are called “‘equi- 


momental lines’’ since they represent shafts that resist a con- 
stant twisting moment throughout their length, and the lines 
v = a constant are called ‘“equiangular lines” since they repre- 
sent sections that are twisted through the same angle. 

Let a = the length of v = constant measured from the 
axis and b = the length of u = constant from some con- 
venient section, then 


1 du 


Thus by drawing the orthogonal system of u and v lines as 
nearly as can be judged by the eye, such that Au or Av are 


3 
constant along any one of them, the values of = can be ob- 


tained from the drawing and plotted on a. From the integra- 
tions of such curves new values of a for equal intervals of u 
can be obtained which will be closer to their correct values. 


1 
Similarly values of —— can be obtained and plotted on b, from 


the integrations of which new values of 6 for equal intervals of 
» can be obtained. 
Proceeding in this way the u and v lines are found to converge 
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to definite positions, which after several alternated attempts for 
each may be obtained with a fair degree of accuracy.® 

Fig. 22 shows the equimomental and equiangular lines that 
were obtained for the case of a uniform circular shaft extend- 
ing from the surface of an infinite mass having a fillet radius 
at the point of change equal to one-tenth of the diameter of the 
shaft. As is seen in this figure the equimomental lines in the 
shaft are asymptotes to similar lines for the twist at a point 
on the surface of an infinite elastic material and for the twist 
of a uniform circular shaft. Since the same angular deflection 
was taken to occur between successive equiangular lines, the 
effective length of the shaft can be obtained by counting the 
number of lines that occur. In doing this it is found that the 
sections remote from the infinite mass have a greater deflection 
than would occur over the same length of the shaft outside of 
the mass if the shaft were continuous through the mass. Thus 
the shaft has the effect of burying itself to a certain depth into 
the infinite mass. 

Similarly a shaft made up of two uniform circular sections 
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Fig. 22 EQvuIMOMENTAL AND EQuIANGULAR LINES FOR SHAFT 
EXTENDING From INFINITE Mass 


of different diameter has greater elasticity than the sum of 
the elasticities of each section obtained over an equal length 
of a continuous shaft having the same diameter as each section. 
This increased elasticity depends upon the ratio of the diameter 
D of the larger section to the diameter d of the smaller section, 
and the ratio of the fillet radius to d. In order to obtain the 
actual deflection that occurs over a certain length of continuous 
shafting for each of the two sections, the length of the smaller 
section may be considered increased and the length of the 
larger section decreased by the same amount. 

A curve of the effective increase in length of the smaller 
section when the shaft is composed of two uniform circular 
sections of different diameter is given in Fig. 23. The points 
from which this curve was drawn are also given in this figure. 

The above solution may also be used to obtain the effect 
of flanges and flanged couplings. 

Stiffness of the Frustrum of a Circular Cone. An analytical 
solution for the case of a circular cone has been obtained? 


§ This solution was given by F. A. Willers, Zeitschrift fir Mathe- 
matik und Physik, vol. 55, 1907, pp. 225-263, where he applied it to 
obtaining the concentration of stress in circular shafts with varying 
diameter. 

* A compilation of the literature on the problem of the torsion of 
circular shafts of variable cross-section is given in an article by Th. 
Poeschl, Zeitschrift fiir Angewandte Mathematik und Mechanik, vol. 
2, 1922, p. 137. 
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and may be stated by the equations 


M [2 2 + sin? 
[95] 
[2 — cos (2 + sin? 


[2 — cos (2 + sin? 


v 


where 7 is the angle between u = constant and the axis of the 
cone, 7 is 7 for the boundary, and R is the radius from the vertex 
of the cone. The above expressions for u and v may be expressed 
in terms of the coordinates r and z by putting » = tan~'(r/z) 
and R? = r? + 22, 

The deflection over the frustrum of a cone is given by Equa- 
tion [96], by stating the deflection between any two radii R, 
and R, from the vertex. It is 


M 

[2 — cosy (2 + sin?y)] \R 
D 
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For small vertex angles this reduces to 


108) 
—_ d;) d,3 d.3 


where | is the axial length of the frustrum and d; and d, are 
the diameters of the smaller and larger sections respectively. 

Stiffness of Keyed Couplings and Other Discontinuities. There 
are other kinds of discontinuities, such as, for example, keyed 
couplings, whose elasticities have not as yet been reduced to 
a formula. For these the judgment of the calculator is called 
upon. 

Keyed couplings that are also shrunk on the shaft may be 
considered as approximating solid material. For a consistent 
manner of treating keyed couplings that are merely “‘size in 
size” it is suggested that the shaft be considered elastic half 
way through the key length and the keyed member elastic the 
remaining length. 


Srress CONCENTRATION 


When the shaft of a reciprocating engine is subjected to a 
certain twist, the various discontinuities along its length cause 
stresses that may be several times the stress in any of its uniform 
circular sections. Such stress concentrations may be of highly 
localized nature and have no appreciable effect upon the re- 
sulting elasticity of the shaft. For ductile material under a 
static load these stress concentrations do not in general affect 
the strength of the shaft for the reason that the material yields 
when it passes its elastic limit and allows the lesser stressed 
material to take more of the load. 

The danger of concentrations of stress enters as an important 
limitation of the strength of the shaft when the stress is a vibra- 
tory one. It has been found that vibratory stresses below the 


ultimate strength will cause failure of the material due to fatigue 
if repeated a sufficient number of times. The number of cycles 
before failure depends upon the range together with the maxi- 
mum value of the vibratory stress. Furthermore the number 
of cycles before failure for a given maximum stress is greater 
if the stress range is smaller, and this number is infinite, i.e., 
failure never occurs, when the stress is less than a certain value 
called the “endurance limit.” 

The endurance limit for steel appears to have no relation to 
the elastic limit except in general that its value is less than 
the elastic limit. Recent investigations” show that the en- 
durance limit for steel in reversed tension is about 50 per cent 
of the ultimate tensile strength and in reversed torsion is about 
25 per cent of the ultimate tensile strength. A knowledge of 
the nature of stress concentrations is thus seen to be very im- 
portant. 

The mathematical theory of elasticity lends itself to the 
solution of some cases of stress concentrations. 

Stress Concentration Around a Small Radial Hole in a Uniform 
Circular Shaft Subjected to Torsion. Twisting a uniform circular 
shaft produces shear stresses as shown in Fig. 24. 

The shear stresses shown may be produced by tensional and 
compressive forces equal to the shear forces acting on the cor- 
ners of the cube as given in Fig. 25. This may be seen by 
considering the equilibrium of the little triangular shaped 
prism shown in Fig. 26. Let 4 AOD be a right angle, “DAO 
= 6, and the area of the face AO equal a. Then the area of the 


face DO is atan@ and of face AD is —. By resolving the 
cos 


forces along the face AD, there must result for equilibrium, 
a : 
S — = Pasiné+ Patan @ cos 
cos 6 
or S = P sin 26 
and the maximum shear is equal to P at 45 deg. to the tensional 


or compressive force P. Therefore the forces shown in Fig. 24 
are the same as those that may be obtained by stretching a 
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thin plate. The effect of a small circular hole through the 
shaft perpendicular to the axis may therefore be obtained by 
considering the effect of a small circular hole in a strained plate. 

Let a be the radius of a small hole in an infinite plate, and 
let the principal stresses in the plate at an infinite distance 
from the center of the hole in any direction be P and Q, these 
being constant and in the same direction (but mutually per- 
pendicular) at all infinitely distant points. Also let r be the 
distance from the center of the hole. Then the circumferential 
stress 7’ is given by the formula."! 


1 a® 3 a‘ 

T = Psin?@ + Qcos?@ + —(P + Q)——— (P — Q) — cos 20 
2 r= 2 

where @ is the polar coordinate angle between a line parallel to 


P at an infinite distance, and a line joining the center of the 
hole and the point where T' is acting. 


10 See footnote 6. 
11 Formula 13.94, ‘‘Applied Elasticity,’’ by Prescott, Longmans, 
Green and Co., 1924. 
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At the edge of the hole r = a, and the above formula becomes 


T = P sin? @ + Qcos?0 +5(P +0) (P — Q) cos20 


= P+ Q— 2(P — Q)cos 20 
Suppose P is greater than Q in magnitude. The maximum 
value of T at the edge of the hole is the greatest in the plate. 


This maximum occurs where 6 = u ° (u being any positive 


integer) or on the lines EG and FH, Fig. 27. 
Its magnitude is 


T =P+Q+2(P—Q) 


= 3P—Q 
When Q = —P, the case which is equivalent to the shears 
shown in Fig. 24 results. So that the maximum stress 
T =4P =4S 


acting at 45 deg. to the axis of the shaft. 

This is the nature of the stress concentration around radial 
oil holes drilled in the crankshaft. Failures of shafts starting 
from the oil holes and extending at 45 deg. to the axis have 
in the past characterized many of the fractured shafts resulting 
from torsional vibration. This is due to the high concentration 
of stress at this point as seen from the above solution. 

Stress in a Circular Shaft With Variable Diameter. The stress 
at any point in a circular shaft with its diameter varying along 
its length is given by the mathematical theory of elasticity 
from the solution given under the heading, “Stiffness of a circular 
shaft with varying diameter.” 

The resultant shear stress at any point is given by 


dv G du 


and acts in a plane whose normal is perpendicular to the curve 
u = constant and tangent to the curve v = constant. 

Referring to Fig. 22, it may be seen that by applying Equa- 
tion [99] the stress at all points of the shaft may be obtained. 
If this is done, it will be found that the maximum stress, for this 
case 1.42 times that which occurs at the surface of the shaft 
at an infinite distance, occurs at the fillet in a section that is 
larger in diameter than the shaft itself. 

If the radius of the fillet were smaller it would be found that 
this stress concentration factor would be greater. Theoretically 
for a zero fillet or at a square shoulder the 
concentration factor is infinite. 

Fig. 28 gives ‘the stress concentration 
factor at the fillet of a uniform circular 
shaft projecting from the surface of an in- 
finite mass. Similar concentrations of stress 
occur in a shaft at the fillet between two 
uniform circular sections of different di- 
ameter." For a given fillet radius, the 
value of the stress concentration increases 
from zero where the ratio of the diameter D of the larger section 
to the diameter d of the smaller is unity, up to the value given in 
Fig. 28 for the ratio ?/d equal of infinity. This is also illustrated 
in Fig. 28 by the curve of stress concentration plotted on the 
ratio ?/d for the fillet radius of '/;9d. It is found that for values 
of ?/d > 1.3 the concentration is very nearly that for ?/d = 
© for the same fillet radius. 


Qa 


Fig. 27 


12 For a very complete study of this refer to L. S. Jacobsen, ‘‘Tor- 
sional Stress Concentration in Shafts of Circular Cross-Section and 
Variable Diameter,”’ Trans. A.S.M.E., vol. 47, 1925, p. 619. 
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Importance of Stress Concentration in Fatigue. Circular or 
axial grooves, notches, or keyways, all cause high stress con- 
centrations. Theoretically a sharp inwardly projecting angle 
causes an infinite stress. Actually, however, for a ductile 
material, high local stress concentrations never greatly exceed 
the elastic limit, where the material yields and allows the lesser 
stressed material to take more of the load. 

Such is not the case, however, when the stress passes the 
endurance limit of the material. Since the endurance limit in 
torsion is much below the elastic limit, the stress may repeatedly 
extend above the endurance limit without the occurrence of a 
yield and a lessening of the stress. 

In this connection, however, some sort of redistribution of 
stress must take place when a member with local stress con- 
centrations is subjected to a fatigue load.'* It has been found 
that the stress concentration factor obtained from fatigue 
tests to failure for a tensile or compressive stress is less than 
one-half this factor obtained by the mathematical theory of 


elasticity. There is also reason to believe that a similar dif- 
= 
a fi RFACE OF INFINITE MASS) 
T 
os WARIABLE FILLET RAQIUS 
wiz 
4 
alk | | | CIRCULAR SHAFT OF DIAMETERS 
wie 20 | 7 T 
T TTI TT 
0 02 05 06 07 06 40 .\2 
FILLET RADIUS + DIAMETER OF SHAFT FOR 2-= 00 
10 ia 42 3 wa bs 1.6 20 24 22 


7 18 19 
D +d FOR FILLET R=.10d 
Fie. 28 


ference exists between the stress concentration factor from fatigue 
tests to failure for shear and this factor cbtained by the mathe- 
matical theory of elasticity. Taking this difference into account, 
dangerous stress concentrations can be inferred from the results 
of the theory. 

The most severe concentrations occur as previously men- 
tioned at sharp angles projecting inward. Tests'* show that 
square shoulders and V-notches reduce the endurance limit of 
any member 50 per cent to 60 per cent. In light of the previous 
discussion of stress concentrations that occur around the ordinary 
discontinuities in the shafting of a reciprocating engine, it is 
believed that the endurance limit of the shafting will be reduced 
no more than that for the case of square shoulders and V-notches. 
Thus, since the endurance limit of steel in reversed torsion is 
about 25 per cent of its ultimate tensile strength, the maximum 
allowable torsional-vibration stress occurring in any uniform 
circular section of the shaft line-up should not exceed 10 per 
cent of the ultimate tensile strength. In fact, stresses nearly 
equal to 10 per cent should be used with discretion. 


STIMULATING IMPULSES 
Pressure Forces. The stimulating impulses due to the pressure 


13 Refer to footnote 6, and to Timoshenko and Dietz, ‘‘Stress Con- 
centration Produced by Holes and Fillets,’’ Trans. A.S.M.E., vol. 47, 
1925, p. 199, and to R. E. Peterson, ‘“‘An Investigation of Stress Con- 
centration by Means of Plaster-of-Paris Specimens,’’ Mechanical 
Engineering, vol. 48, no. 12, December, 1926, p. 1449. 
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forces in the cylinders used in obtaining the calculated vibrations 
submitted in this paper were obtained from the coefficients 
given by Prof. Frank M. Lewis" with the exception that the 
signs of the coefficients for the cosine terms were taken opposite 
those given. Thus the signs of all the sine terms were taken 
as positive; the signs of the cosine terms for the orders !/2, 1, 
1!/. were taken positive and for the orders from 2 to 12 were 
taken negative. These coefficients were obtained by harmonic 
analysis from a series of actual Diesel-engine indicator cards. 
It has been found that the higher harmonics that stimulate 
the vibrations observed in an ordinary Diesel engine are char- 
acteristic of the high pressures that occur. For this reason 
Professor Lewis’ coefficients may be considered typical for any 
2- or 4-cycle Diesel engine with a fair degree of accuracy. 

The stimulating impulses due to the pressure forces in the 
air-compressor cylinder for the calculations on the U. 8. Sub- 
marine 7-3 submitted with this paper were obtained by harmonic 
analysis of actual indicator cards taken on the air compressor 


INDICATOR CARDS 
ST. STAGE FOR'D 2-ND STAGE 


R.PM.=275 RPM=275 
RECEIVER= RECEIVER= 195 
MEP MEP= 82.8Y, 
3RD. STAGE 4-TH. STAGE 
R.P.M.= 275 R.PM=275 


RECEIVER = MAX.= 1430 


MAK.= 635 MEP = 545 

MEP = 
1,284 STAGE 
PISTON IN LINE 

\ WITH CYLINDER*). 

AREA OF STACES 
I-FOR'D= 273 

f I-AFT = 249 
2 = 66.1 
3 = 3S 


HARMONIC COEFFICIENTS OF PRESSURE FORCES OF AIR COMR 
PER UNIT RADIUS AND AREA 


[SRDSTACE [4TH.S 
Mas | My. | Ma: | Me. | Ms. Me, | Mee 
64 |-7.2| 63.1-25.8| 304|-97.1| 974-8 
i.) | 491420 140 191 | 164) 
4.1 | 65) 12.2) 22.0] 44.5 | 740% 14} 
5 |-3.3| 1.7}-184| 16.7/ 13.8) 22. 
--3 |-.6 |-.5 |-1.7|-8.94|--3] | 145 
71-5 |-.5 11.7 |-.6| .4]-2.113.4] 2. 
8 | .6/ 9.4) 24/6. 
\-.7 | .7|-1.2] 3.3] .6 .2) 
=2 © |-.3 |-1.4 4.2 


Fie. 29 Harmonic ANALYSIS OF AIR-COMPRESSOR TURNING 
Errort oF Two-THrRow Arr-CoMPRESSOR FOR 10-CYLINDER 
Bureau-Type ENGINE 


when on the test stand. These coefficients with the cards 
analyzed are given in Fig. 29. 

Reciprocating Masses. The harmonic stimulating impulses 
due to the inertia forces of the reciprocating masses for uniform 
rotation of the crankshaft may be obtained from a harmonic 
expansion of the mathematical expression for the twisting 
moment. Thus if 


k = the crank radius divided by connecting-rod length 
r = crank radius 

a = angle of crank from top center 

W = weight of reciprocating mass 


then the twisting moment Q caused by the inertia force of W 
is given by 


14 Refer to paragraph 3. 


Ww da\?/ k sin 2a 
Q=——ri — sin + 
g dt 1—k* sin? a 


k cos 2a k3 sin? 2a ‘ia 
V1 — k? sin? a 4(1 — k? sin? 


x (cos « + 


or since the last factor is the derivative of the one before it, 
this may be written 


Ww da\?1 d /., k sin 2a 
fi — sin + .. [101] 
g 2V 1— k* sin’? a 


dt) 2da 
Putting 
2 da 20/1 — k? sin? a 
then 
Q =F. r? [103] 


by 


k |2n |2n + 2+! 
un=@ 
1 |2n (n — 1) k™ 
+ +2 sin 2e@ 
n=1 
n= @ 
k 
n=1 
s=@ n= @ 2 
27+ |n—s In+s+2 
s=1 n=s+1 


xX (—1)**! (s + 1) sin (28 + 2)a 


s=o@ n= @ 
|2ske"* (2s + 3) |2n |2n + 
s=1 n=s+l1 
xX (—1)'* (28 + 3) sin (2s + 3) a@.. [104] 
a few terms of which are as follows: 


2° 32° 32 256 


ks in 4 


— + —— +... jan7Za — | — + — +... 


4 5k 4 75k5 
32 512 1024 


4096 32 64 


7 kes 


| 
“ _— The harmonic expansion of F, can be written and is given 
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TABLE 3 HARMONIC COMPONENTS OF Fa FOR TORQUE DUE TO INERTIA FORCE OF 
RECIPROCATING PARTS The turning moment, due to the 
( Weight rotating part of the connecting rod, 


Torque = Fg X < Crank Raduis—? X Angular Velocity —? 


Gravity Constant 
Component of Fa 
J 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 


the crankpin, and the webs, is given 
by 


Sign 
Q=Wrsina...... [110] 

+ sin a 0.06351 0.06192 0.06038 0.05894 0.05757 0.05626 0.05500 0.05380 0.05266 
sin 2a 0.50012 0.50011 0.50010 0.50009 0.50008 0.50008 0.50007 0.50006 0.50006 
’ sin 3a 0.19217 0.18718 0.18246 0.17804 0.17385 0.16973 0.16601 0.16234 0.15886 where r is the radius to center of mass 
— sin4da 0.01613 0.01532 0.01458 0.01389 0.01325 0.01265 0.01200 0.01159 0.01110 : : 
I + sin 5a 0.00258 0.00239 0.00222 0.00206 0.00193 0.00180 0.00167 0.00157 0.00148 Of W, and a is the crank angle from 
+ sin 6a 0.00014 0.00013 0.00012 0.00010 0.00009 0.00009 0.00008 0.00007 0.00007 ton center 

— sin 7a 0.00004 0.00004 0.00003 0.00003 0.00002 0.00002 0.00002 0.00002 0.00002 conver. 
; — sin 8a 0.00001 000001 0.00001 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000 Connecting Rod. The twisting mo- 


ment due to the inertia of the con- 


TABLE 4 HARMONIC COMPONENTS OF Fs FOR TORQUE DUE TO GRAVITY FORCE OF 
™ RECIPROCATING PARTS FOR A VERTICAL ENGINE “necting rod is not exactly obtained by 
Torque = F» X Vertical Force X Crank Radius the two-mass substitution for the con- 
q : Components of Fb necting rod mentioned on page 21. 
Sign 5 = 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 This discrepancy is so small in compari- 
+ sin a 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 son with the other forces that it may 
sin 2a 0.12701 0.12381 0.12077 0.11789 0.11515 0.11251 0.11001 0.10761 0.10531 
+ Sn 42 0.00103 0.00095 0:00088 0.00081 0.00076 0.00072 0.00066 0.00062 0.00039 Usually beneglected. It may, however, 
+  sin6a 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00000 0.00000 for uniform rotation of the crankshaft, 
be stated as follows: 
Table 3 gives values of F, for various values of the crank- Let H = the radius of gyration of the connecting rod 
to-connecting-rod ratio k. h, = the distance of the center of mass from the center 
Gravity Forces. The gravity forces of the reciprocating and line of the crank pin 
rotating parts of the piston, connecting rod, and crank also h, = the distance of the center of mass from the center 
have harmonic stimulating forces. These forces are so small line of the wrist pin 
in comparison with the other forces that they may usually be @ = angle between the line of travel of the piston and the 
neglected. They may, however, be stated as follows: center line of the connecting rod. This angle is 
For a vertical engine the gravity force of the reciprocating so chosen that its value is always greater than 90 
weight W causes a twisting moment Q given by deg. and less than 270 deg. 
W = weight of the connecting rod. 
k sin 2a 
Q = Wr| sina + 2 Viana seen [106] The force causing translation of the connecting rod is the 
) 1 — sin same as that causing translation of the two masses substituted 
J Putting the factor in the brackets equal Fs, then for the rod. 
The couple causing rotation of the rod is 
ne [107] 
The harmonic expansion of F, can be written and is given — H? — 
by ail 
— and that causing rotation of the two masses is 
k (2n + 1) (|2n) *k2"* 
= gj - i 4 12 
Fy, = sina + 5 +2)n+D sin 2@ W d*p 
n=1 g dt? 
Qs +1 Thus the inertia effect of the connecting rod resisting rotation 
+ [asker i———— is completely given by the two-mass substitution of page 21 
ae* aye 2" * 8(|s)? together with a couple acting on the rod equal to 
$= 
W d* d* Ww d* 
(2n + + 1)k**+! _ ¢ H? —— hike = — (hh, — H?) 
+ = -| (—1)* sin 2(s + g dt g dt g dt 
2"(|n)? in —s in +3s+2 
n=s+2 7 which when transformed into a torque on the crankshaft becomes 
108 
hh k cos @ dp 
a few terms of which are as follows: ( di? 
PF k + k* + 15k* + 4 or since 
= sin -+—+— 
“TL2* 8 256 1024 sing = ksin 
3 7 
sin 4a cos = — 0/1 — sin? 
16 1024 de 
3k5 «15k? and 3 is assumed constant, this torque becomes 
256 * 1024 + sin 6a 
* k2(1 — k*) sin 2 
5k? + [109] 2(1 — k? sin? a)? 
—| — +... | sin8a+...... 
2048 Putting 
Table 4 gives values of F, for various values of the crank- a k*(1 — k*) sin 2a 


to-connecting-rod ratio k. me 2(1 — k? sin? a)? 


ane 
wef 
co” 
Ay 
Aw 
> 
ely 
= 
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then the twisting moment on the crankshaft due to the inertia 
of the connecting rod that must also be considered acting when 
using the two-mass substitution for the rod becomes 


Ww da 
= F. — (hh, — H*) | — 
Q ) 


The harmonic expansion of F. can be written and is given 
by 
= n= 


> (¢ +1) +2k™ 
2 2 n—s |nt+s+2 


s=0 n=s 


X sin 2(s + l)a 


a few terms of which are as follows: 


k2(1 — k?) 15k4 105k* 
3k* k8 j= 
16 8 256 J 


16° 32 


+... |sin 10@ 


256 


Table 5 gives values of F. for various values of the crank- 
to-connecting-rod ratio k. 


E 
— + +... | sin 8a 


R = revolutions per minute 
V = speed of advance of propeller in knots relative to the 
water in which it moves 
m = subscript denoting corresponding properties of model 
of propeller. 
Now 
a@ _ or 
ds OK ds 
60 60 
and R = — a, so that OR = — da, 
or 
_ 2x 
oR 60 Oar 
Also P(1 — s)R = speed of advance in ft. per min. 
6080 
= — V = a constant 
60 
so that 
oR OR 
ds 8 
Therefore 
og 2r R 
ds 60 1 — 8 da, 
Thus 
1— 
[112] 
0a» 2rR Q 


The model experiments may then be used since 


TABLE 5 HARMONIC COMPONENTS OF F-. FOR TORQUE THAT MUST ALSO BE CON- 
SIDERED ACTING WHEN USING THE SWO-SanS SUBSTITUTION FOR THE CONNECTING 
OD 


Be Weight of Rod 


Gravity Constant 


X (ihe — H*) X Angular Velocity 


Where h; and he are the distances of the center of mass of the rod from the centerlines of the crankpin and 


wristpin, and H is the radius of gyration of the rod. 


Components of Fe 


Sign is 4.0 4.1 4.2 4.3 


4.4 4.5 4.6 4.7- 4.8 


— sin2a@ 0.03124 0.02974 0.02834 0.02704 0.02582 0.02469 0.02362 0.02263 0.02170 


+ sin4a 0.00101 0.00091 0.00083 


0. 75 0.00068 0.00063 0.00057 0.00052 0.00048 


— sin6a 0.00002 0.00002 0.00002 0.00002 0.00001 0.00001 0.00001 0.00001 0.00001 


DampPpInG Forces 


The damping forces may be classed under two heads: those 
following definite laws which render them calculable, and those 
depending on chance or unknown circumstances, which up to 
the present time are incalculable. 

Marine Propeller Damping. If Q is the torque of the pro- 
peller and a, its angular velocity in radians per second, the 
damping factor p for the propeller is given by 


where the speed of advance is constant. 


Prof. F. M. Lewis® has given a means of obtaining a 
Ay 


for constant ship speed and variable slip by utilizing the model- 
propeller experiments of D. W. Taylor. 


Let s = nominal slip or slip in still water 
P = pitch in feet 


15 Loc. cit. 


22 
os os 
| 
[113] 
Hence 
20. 
_ _ 60Q (1 de 


OQ) m 


Values of —— at the nominal slip corresponding to the maxi- 


mum propeller efficiencies obtained from the model experiments 
by D. W. Taylor are given in Table 6. These nominal slips 
were from 12 to 17 per cent. 

The model propellers used were elliptically bladed having 
3 blades, 16 in. diameter, 3.2 in. hub diameter, 5/¢-in. tip thick- 
ness, towed at 5 knots speed of advance. The characteristics 
of the models are given in terms of pitch ratio, mean width ratio, 
projected area divided by disk area, and blade thickness ratio. 

Pitch ratio = pitch + diameter. 


T 

q 

| 

dQ = 
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Developed area is the area of the helicoidal surface of the 
driving faces. 

Projected area is the area of the projections of the blade 
faces upon a transverse plane perpendicular to the axis. 

Disk area is the area of the circle touching the blade tips. 

Mean-width ratio = h + diameter, where h is the width of a 
rectangle, whose length is the distance from the tip to the hub 
and whose area is the developed area of a blade. 

Blade-thickness ratio = AC + diameter, where AC is obtained 
as follows: Let a plane through the axis cut the center of a blade. 
Extend the lines of intersection of the plane with the faces to 
the axis. The distance along the axis between these inter- 
sections is AC (see Fig. 30). 

Elastic Hysteresis Damping. When an elastic material is 
put through a stress cycle, a small amount of work is absorbed 
by the material due to internal friction or elastic hysteresis. 
This absorbed energy is transformed into heat. Thus actual 
material does not follow Hook’s law exactly, more work being 
required to deflect the material than is recovered upon the 
removal of the deflecting force. This is true for all stress cycles 
whether they extend over a stress range below or above the 
elastic limit. 

Experiments on the energy absorbed by steel in reversed 
torsion show that it varies as a power of the stress range between 
the square and the cube. It may be stated per cubic unit by 
the equation 


K = fS>. ... (118) 
where S = one-half the stress range 
f = the hysteresis constant 
\ = the hysteresis exponent. 


There are as yet very few experimental data on elastic hys- 
teresis. Prof. F. M. Lewis'® states that from experiments of 
Rowett made on thin-walled mild-steel tubes, stressed alter- 
nately in torsion to a point below the elastic limit, that f = 
1.37 & 10- and \ = 2.3 in inch-pound-second units for stresses 
less than 8000 Ib. per sq. in., and for stresses greater than 8000 
lb. per sq. in. the value of \ increases rapidly. 

For a uniform circular shaft, the hysteresis loss per unit length 
will be 


K = (s x) dr 20m 
2r = d, 


Val f 
af S* + d,2 + 


m 
experiments by D. W. Taylor. 
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K = To~ (d,*-* — d,*-*) sin?-* dz 


Hysteresis Loss in a Circular Shaft With Variable Diameter. As 
previously stated, the stress at any point in a circular shaft 
with its diameter varying along its length may be obtained 
from the mathematical theory of elasticity. Then by using 
Equation [115], the hysteresis loss can be obtained. This has 
been done for the shaft projecting from the surface of an infinite 
mass shown in Fig. 22, assuming f = 1.37 X 10-" and A = 2.3. 
For this case it was found that the loss that occurred was the 
same as for a uniform shaft over a length that was 0.092 d 
longer than the shaft outside of the sur- 
face of the infinite mass. This effective 
increase in length for the hysteresis loss 
is fairly close to the effective increase in 
length of 0.125 d for the torsional deflec- 
tion. For this case therefore the stress 
concentration is of such a local character 


that the effective length for the hysteresis YY) 
loss is about the same as the effective P cA 


elastic length. It is believed that this 
characteristic for all similar cases of con- 
centration of stress may be assumed without great error until 
more data are obtained. 

Hysteresis Loss in Crankshaft. In light of the preceding para- 
graph, the hysteresis loss in the crankshaft may be considered 
the same as that for a uniform shaft having the same diameter 
as the various uniform sections and a proper length to give the 
same torsional deflection. This way of considering hysteresis 
loss in the crankshaft is practically the same as obtaining the 
loss over a uniform shaft of the same length and a proper diameter 
to give the same elasticity. 

Other Damping Losses. Other sources of damping losses are 
the surface friction between the moving and stationary parts, 
energy absorbed by the oil film, slight slippage at the union of 
two parts of the shaft line-up, energy transmitted by side thrust 
of the crankshaft journals into the frame of the engine, etc. 
Such damping as occurs in a generator, a hydraulic pump, etc. 


Fic. 30 


TABLE6 PROPELLER DAMPING COEFFICIENTS 


at nominal slip corresponding to maximum propeller efficiency obtained from model 


K 2 (2 + r) d.» ay {116} Models used were elliptically bladed having three blades, 16 in. diameter, 3.2-in. hub diameter, 5/s-in. 
tip thickness, towed at 5 knots speed of advance. 20m 
where S is the maximum fiber stress. Pitch Projected on ratio and respectively 
Propeller in ite widt area + igina m 
The hysteresis damping losses at syn . No. inches ratio ratio disk area thickness A-cut B-cut C-cut 
; 2 0.5 0.2 0.0 ‘6 0.0672 2.9 0. 2 0.0224 3. 
tions of the shaft may thus be ob- 3 96 0.6 0.25 0.3548 0.0800 3.0 0.0600 3.5 0.0400 3.8 0.0200 4.4 
tained by substituting Equations [54] 4 96 06 0.30 0.4257 0.0730 3.4 0.0544 3.8 0.0363 4.2 0.0181 4.8 
: 5 96 06 0.35 0.4966 0.0676 3.7 0.0507 4.1 0.0338 4.6 0.0169 5.2 
and [56] for the stresses in Equation 8 12.8 0-8 0-15 0.2023 0.1033 2-4 0.0774 2-8 0.0516 3.2 0.0258 3.7 
7 28 0: 0.2698 0.0894 3.0 0.0672 3.3 0.04 ‘8 0. 
[116]. Assuming f = 1.37 X 10 and 8 128 0.8 0.25 0.3373 0.0800 3.3 0.0600 3.7 0.0400 4.3 0.0200 4.9 
\ = 2.3 there results the following 9 12.8 0.8 0.30 0.4047 0.0730 3.6 0.0544 4.1 0.0363 4.7 0.0181 5.3 
‘reall 10 12.8 08 0.35 0.4721 0.0676 4.0 0.0507 4.4 0.0338 5.0 0.0169 5.6 
12 013857 3.2 0.0072 3.6 0.0448 4.2 0.0224 4:8 
2 08 ‘2 0. 6 0. 0.0224 4. 
The hysteresis loss for a length zof = 43 16 1:0 0.25 0.3198 0.0800 3.6 0.0600 3.9 0.0400 4.7 0.0200 5.2 
the r-th step which has elasticity but 14 16 1.0 0.30 0.3837 0.0730 3.8 0.0544 4.2 0.0363 5.1 0.0181 5.5 
. 15 16 1.0 0.35 0.4476 0.0676 4.1 0.0507 4.6 0.0338 5.4 0.0169 5.8 
no mass is 16 19.2 1.2 0.15 0.1814 0.1033 2.9 0.0774 3.2 0.0516 3.7 0.0258 4.4 
17 192 1.2 0.20 0.2418 0.0894 3.3 0.0672 3.7 0.0448 4.1 0.0224 4.9 
212 2.3 18 19.2 1.2 0.25 0.3023 0.0800 3.7 0.0600 4.0 0.0400 4.6 0.0200 5.2 
K =——~ (d,.8—d,“3) . 19 19.2 1.2 0.30 0.3627 0.0730 4.0 0.0544 4.4 0.0363 5.0 0.0181 5.6 
10” 1 a’ —d, 2 19.2 1.2 0.36 0.4231 0.0676 4.3 0.0507 4.8 0.0338 5.4 0.0169 5.9 
i 21 24 1.5 0.15 0.1656 0.1033 3.2 0.0774 3.4 0.0516 4.0 0.0258 4.4 
AS [117] 22 24 15 0.20 0.2209 0.0894 3.6 0.0672 3.9 0.0448 4.3 0.0224 4.8 
24 0. ‘2 0. 0.0363 5.0 0. 
The hysteresis loss for a length be- 25 24 1.5 0.35 0.3865 0.0676 4.5 0.0507 4.9 0.0338 5.4 0.0169 5.6 
tween z = 2, and z = 2 of a certain 26 32 2.0 0.15 0.1394 0.1033 3.4 0.0774 3.6 0.0516 4.1 0.0258 4.6 
4 pcm 27 32 2:0 0.20 0.1887 0.0894 3.7 0.0672 4.0 0.0448 4.5 0.0224 5.2 
step which has mass and elasticity is 28 32 2.0 0.25 0.2323 0.0800 4.0 0.0600 4.4 0.0400 5.0 0.0200 5.8 
—— 29 32 2.0 0.30 0.2788 0.0730 4.3 0.0544 4.8 0.0363 5.4 0.0181 6.1 
* Loe. cit. 30 32 2.0 0.35 0.3253 0.0676 4.7 0.0507 5.2 0.0338 5.6 0.0169 6.4 
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A constant surface friction that is independent of velocity 
has no effect on damping the torsional vibrations of a rotating 
shaft. Such a friction is balanced by part of the mean torque 
of the engine. A surface friction, however, that is proportional 
to some power of the velocity contributes to the damping of a 
rotating shaft. Exactly how the engine friction varies with 
speed is difficult to say. It seems probable that a greater part 
of the engine friction is independent of the velocity of the shaft 
and for this reason has very little effect on damping the shaft 
vibration. 

The oil film on the bearing surfaces along the crankshaft 
has another effect in addition to its frictional influence. As 
pointed out previously the oil film has a stiffening effect on the 
crankshaft by tending to keep the journals from lateral de- 
flections. In this way, when the crankshaft is vibrating, the 
oil film must sustain a series of lateral impulses of relatively 
high pressure. Calculations have not as yet been made by 
the writer to determine the damping effect of the oil film, but it 
seems possible that appreciable damping may result from 
this source. 

A slight slippage between two of the members of the shaft 
line-up, such as between bolted flanged couplings, keyed cou- 
plings, friction clutch, etc., may be the source of a great damping. 
That this occurred in the main engine clutch of the 7-3 has 
been pointed out. If such slippage is excessive the natural 
frequency of the shaft line-up may also be affected. 

Other forms of damping occur in particular installations 
and often can be calculated from the characteristics of 


or substituting the first in the second, n will be found to be 


J od i2 


The relative amplitudes of vibration at synchronism for the 
two masses is then given by 


6 Jou 


Ou 
Three Masses. The natural frequency of torsional vibration 


for three concentrated masses connected by shafts having 
elasticity but no mass may be obtained from Equations [25], 


[35], and [40]. Thus, the equations for the solutions are 
62 
— =] — n 
gC, 
C2 ( gC2 
2 
0 = 
603 gC2 


which may be reduced to a quadratic in n? resulting in two roots 
of n, viz. 


CxJi2 + J23) 


the driven machinery when these characteristics are known. 

Often torsional vibrations occur in a marine installation that 
are damped primarily by the propeller. This was pointed out 
above in connection with the installations on the S-18 to S-41 
class submarines and on the 7-3. The actual amplitudes of 
such vibrations have been found to be determined accurately 
by the data given in Table 6. 

It has been found also that torsional vibrations often occur 
in any Diesel engine installation that are damped principally 
by the elastic hysteresis losses of the shafting material. For 
these vibrations the damping may be calculated by Formula 
[115]. Using f = 1.37 X 10-” and \ = 2.3, it has been ob- 
served on a number of installations that the actual amplitude 
of the resulting vibration is about 0.4 of the calculated value. 
This is equivalent to increasing the hysteresis damping, as 
computed, by 3.29 times to obtain the overall damping of the 
shaft. This relatively large correction is believed to be due in 
a large measure to the probable differences in the material tested 
by Rowett!? and that used for shafting. In this respect it is 
recognized that the heat treatment of steel has a large effect 
on the elastic hysteresis characteristics. The calculated peak 
amplitudes for the installations described in this paper were 
obtained by increasing the hysteresis loss by the empirical 
factor 3.29 as just mentioned to obtain the overall damping. 


SOLUTION OF EQUATIONS 


Two Masses. The natural frequency of torsional vibration 
for two concentrated masses connected by a shaft having elas- 
ticity but no mass may be obtained from Equations [25] and 


[40]. Thus, the equations for the solution are 
602 2 
—_ = —— 
G01 


17 See footnote 3. 


CiJa + Ji) 
\| 2S od 12 


QS 23 J 23 


The two roots give the two natural frequencies of the system. 
The relative amplitudes of vibration at synchronism for the 
three masses may then be obtained by substituting Equation 
[121] in Equations [120]. 
K Masses. The natural frequency of torsional vibration for 
K concentrated masses connected by shafts having elasticity 
but no mass may be obtained from Equations [25], [35], and 


[40]. Thus, the equations for the solution are 
B02 
gC, 
6 6 J 
C2 602 2 
C3 
+1 
0=1— ———  n’? 
Oo,e+1 gle 
which may also be written 
On 
Bos 601 
Bon gC ( :) 
B04 60 G02 eves .[123] 
— = 1 —— [Ja 
Oca qs ( + + 
0 1 Boe = 0641 n? 
60.641 gCe ] 
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Either of these series of equations may be reduced to an 
equation of the (K — 1) order in n*? whose roots will give (K -— 1) 
natural frequencies of the system. Instead of actually per- 
forming such a reduction, however, for shaft systems of more 
than three masses, it is usually easier to proceed by a process 
of trial and error. This may be done by assuming a trial value 


6 
of n. Then = may be obtained from the first equation in 


OL 
either series of equations and substituted in the second. This 


will give = which in turn may be substituted in the third. 
02 


Proceeding in this way the correct value of n will be found 
when the last equation is satisfied. The relative amplitudes 
of vibration at synchronism will then be given by substituting 
n in either series of equations. 

Uniform Shaft. The natural frequency of a uniform circular 
shaft having mass and elasticity may be obtained from Equa- 
tions [24] and [39]. These give tan y; = 0, tan ¢n = 0, and 


n [124] 


where u is any positive integer. Corresponding to the various 
values 1, 2, 3, etc. of u, the various values of n are the natural 
frequencies for the 1, 2, 3, ete., noded modes of vibration respec- 
tively. 

The relative amplitudes of vibration for the different sections 
of the shaft at the synchronous frequency is then given by 


Equations [124] and [22]. These give 
6 180 
- = . [125] 
a l 


Shaft of Various Uniform Sections. The natural frequency of 
a shaft composed of various uniform sections, each having mass 
and elasticity, may be obtained from Equations [24], [28], 
and [39]. Thus the equations for the solution are 


tan y, = 0 
Cid 
tan = tan (¢in + 


tan y3 = tan (¢2n + 
COs 


tan (en + Ye) =0 


If there are concentrated masses at the beginning and end 
of the shaft line-up and at various sections along it, the equations 
for the solution will be [24], [28], [38], and [39]. 

The natural frequency may be obtained by the process of 
trial and error. The work may be performed numerically in a 
tabular form, or graphically by the polar diagram shown in 
Fig. 31. 

The solution of the equations may be obtained by the tabular 
solution to any degree of accuracy desired. The accuracy of 
the results from the graphical solution is limited to about the 
same accuracy as calculations performed on the slide rule. The 
accuracy of the slide rule, however, is usually sufficient. 

If the tabular solution is used the various values of y are 
obtained in the calculation for the natural frequency. Thus 
the values of the a constants for the various steps may be ob- 
tained from Equations [26] and [36]. The relative ampli- 
tudes of vibration at synchronism then follow from Equation [22]. 

If the graphical solution is used, the polar diagram can be 
completed to give the relative amplitudes of vibration at all 
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points of the shaft line-up.'* Fig. 32 shows the completed 
polar diagram and is a graphical representation of Equations 
[22], [24], [26], [27], [28], [36], [37], [38], and [39). 

The ares BD, EH, GK, etc., represent the various steps, the 
beginning of the steps being at the points, B, E, G, etc., the 
ends at D, H, ete., and the intermediate points proportionally 
situated on these ares. The amplitude of any section along the 
shaft for an amplitude OA at the beginning is given by the dis- 
tance measured along the line AOF between O and the projec- 
tion of the corresponding point in BD, EH, GK, etc., upon the 
line AOF. 

General Case of Irregular Shafts. The natural frequency of a 
shaft composed of all three of the types of sections described 
may be obtained from Equations [24] to [40]. The work may 
be performed in tabular or graphical form, the polar diagram 
being adapted to suit the equations. 

Fig. 33 illustrates a shaft line-up composed of all three types 
of sections. 

The equations for the solution of the natural frequency for this 
line-up, obtained by substituting the known constants in Equa- 
tions [24], [28], [31], [34], [35], and [39], are as follows: 


Beginning of step No. 1; tan y; = 0 
Between steps No. 1 and No. 2; tan yz = 0.280 tan (¢in + y:) 


Between steps No. 2 and No. 3; = = 1— 0.094 n tan (¢n + 
03 
8 

ETC. 

FINIAL CONDITION FOR tan (ten je)=- 222 


SYNCHRONOUS VALUE OF Ce Be 


Fie. 31 


6, 
Between steps No. 3 and No. 4; 3 = 1 + 0.1878 (: — ) 


o4 


— 0.0017 n? 
2.35 0 
Between steps No. 4 and No. 5; tan ys = — | 1— 9) 


End of step No. 5; tan (gsm + ys) = 0. 


The tabular solution can be used to advantage. Assume 
n = 12.5, then 
Step No. 1, 1. = 0 
gin = 0.342 X 12.5 = 4.28 
tan ¢:n = 0.0748] 0.280 = 0.0209 
1.20 
Step No. 2, = 3.74 X 12.5 = 46.75 


18 This form of the polar diagram was given by F. M. Lewis, 
“Torsional Vibrations of Irregular Shafts,” Journal of the American 
Society of Naval Engineers, November, 1919, p. 857, also ‘Critical 
Speeds of Torsional Vibration,” Journal of the Society of Automotive 
Engineers, November, 1920, p. 413, also ‘‘Torsional Vibration in the 
Diesel Engine,”’ Society of Naval Architects and Marine Engineers, 
November, 1925. 
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tan(¢@on + ye) = 1.1067] XK 0.94 12.5 


6. 
= 1.3004] — 1 = 0.3004 = — — 
603 
6. 
Step No. 3, — = = 3.329] + 1 = 4.329] x 
04 
O.187B=............... 0.8130 
1 — 0.0017n? = 1— 0.2656 ...... 0.7344 
23.5 
Step No. 4, — = 0.6462] — 1 = —0.3538] — 
= — 0.6651 tan -! = y5 = 146.37 
Step No. 5, gn = 2.59 KX 12.5 = ............. 32.38 
on + = SUM = ................ 178.75 


Note: The bracket ] is used by the author to indicate that the 
number at its left is the value of the preceding equality, and that this 
number, by means of the operation or operations indicated at the right 
of the bracket, results in the value beyond the subsequent equality 
sign as far as the next bracket.—EpirTor. 


The value of ¢sn + ys computed in this way should be 180 deg. 
to satisfy the equation at the end of Step 5. Thus ¢sn + v5 


H STEP*, 

E 
== = , 7207 — 72075, 7 
FG FO cE==— Bh + 

Q - 
° On| AB= T20T AO 
ETC. 
c a 


FINIAL CONDITION FOR * 7207 
SYNCHRONOUS VALUE oF n Ye) =- 


Fig. 32 


is 1.25 deg. too small for n = 12.5 to satisfy the equations. 
Trying n = 12.6 it will be found that ¢:n + ys = 181.16 or is 
1.16 deg. too large. Thus the value of the smallest root of 
n lies between 12.5 and 12.6 and is closely equal to 12.55. This 
value of n is the natural frequency for the 1-node vibration of 
the system. Proceeding in the same way the next larger root 
of n is 29.05 which is the natural frequency for the 2-node vi- 
bration. 

As another illustration of the tabular solution, the frequency 
for the line-up shown in Fig. 12 will be given. The equations 
for the solution obtained by substituting the known constants 
in Equations [24], [28], and [29] are as follows: 


tan ni = 0 
tan y2 = 0.280 tan (¢in + v1) 
tan y; = 5.12 tan (gon + v2) + 0.482 n 
tan ys = 2.10 tan (¢3n + ys) + 0.765 n 
+ ys) = —0.1875 n 
Assume n = 10.21, then 
=0 
Step No. 1, gm = 0.342 X 10.21 = 3.49 
tan ¢in = 0.0610] X 0.280 = 0.0171 tan 


=y = 0.98 
Step No. 2, gm = 3.74 X 10.21 = ................... 38.19 
tan + = 0.8147] 

4.171 

0463 KX 1021 = ....... 4.921 
9.092 tan=! = y; = 83.72 
Step No. 3, dm = 0.472 X 10.21 = ................. 4.82 


tan + 73) = 39.28] 
0.765 K 10.21 .. 7.81 
90.30 tan-! = y, = 89.36 
Step No. 4, dan = 2.76 X 10.21 = 
.... . 117.54 


Final condition for first root requires that 
oan + vy, = tan~! — 0.1875 X 10.21 = tan-! — 1.914 = 117.59 


Thus the natural frequency for the 1l-node vibration is very 
closely equal to 10.21. In a similar manner the natural fre- 
quencies for the 2-, 3-, and 4-node vibrations will be found to 
be 20.61, 31.16, and about 66, respectively. 

Mazimum Amplitude. The maximum amplitude of damped 
vibration does not occur precisely at the synchronous frequency. 
Illustrating this, consider the case of a uniform shaft stimulated 
and damped at one end. Take the stimulating torque as m 
cos pt and consider the damping force to be proportional to the 
velocity. 

Let the motion at the point of application of the torque be 
given by 

6° = ay cos (pt — w) 


Then the work done by the impressed torque in one vibration is 


360 
E = —— m cos pt 
o 180 


pt 
— — m cos pt ay sin (pt — w)d 
4 180 plan (p w) dpt 


E = —maysinw 
180 


The work absorbed by the damping force in one vibration is 
360 2 
K= one p — 
0 180 ot 
pl=27 2 
p sin? (pt — w)dpt 
2 
(=) 


CLUTCH 
GENERATOR 


CRANKSHAFT A.C. 
} 


* 
STEP*S5 ™2 rer 
Cs=250x10° 49.7410" 71.8410", 
Jy 2.9810 J=16,100 
$,= 2.59 3.74 .342 
=235| —=.1878 | =,001700 =,094|-— =.280 
Fie. 33 
Hence equating K and E 
90 m sin w 
an = ——— 
360 
Now from Equation [70], tan w = mec nl 
C¢ sin y 


APPLIED MECHANICS 


and from Equation [39], tan(@n + y”) = 0 
so that @n + 7” = uw 180 where yz is any positive integer, which 
makes tan y” = —tan @n, and 


360 p 
tanw = — ——— 
Co tan on 
or 
1 
sinw = 
—— tan gon 
360p 
Thus 
90m 
an 


= 
y+ tan ov) 


This can be reduced to the following form 


A 
ay = 
V pi? + tan? 
180m 360p on 
h = = com 
where A pi Ce and 


iT 
13) 


VALUES OF 


Fig. 34. RESONANCE CURVES FOR UNIFORM SHAFT SHOWING MAXI- 
MUM AMPLITUDES FOR DAMPED VIBRATION OccURRING BELOW 
SYNCHRONISM 


It is seen that the maximum amplitude for the damped vibra- 
tions occur slightly below the synchronous frequency. Except 
where the damping is relatively very large, however, the ampli- 
tude at synchronism is close to the maximum amplitude. Thus 
no appreciable error is involved in taking the synchronous 
amplitude as the maximum. 

Synchronous Amplitude Calculations. The synchronous ampli- 
tude of vibrations damped principally by propeller damping or 
some similar damping that is proportional to the velocity is 
given by Equation [83]. 

The synchronous amplitude of vibrations damped principally 
by elastic hysteresis damping is obtained as follows: 

Let K, be hysteresis loss per degree of amplitude at the begin- 
ning of the shaft. Then the hysteresis loss for the amplitude ap» at 
the beginning is given by 


K = 


Let E, be the energy given the shaft per degree amplitude at 
the beginning of the shaft. Then the energy given the shaft 
for the amplitude a» at the beginning is given by 


E = 
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Equating E and K, the amplitude at the beginning of the shaft 
is found to be 


[127] 


Illustrating the procedure followed in computing the syn- 
chronous amplitudes, the calculations for the shaft line-up of 
the U.S. Submarine 7-3 will be described. 

Consider first the amplitude of the 5-order, 1-node vibration. 
The ratio of the amplitude at the air-compressor end divided 
by the amplitude at the propeller is given in Fig. 13 equal to 
1/7.52. Thus it is seen that the principal damping will come 
from the action of the propeller. In this case the equation to 
be evaluated is Equation [83], or 


180 ma 
= 
mppb*y 


The synchronous speed of the engine for the 5-order, 1-node 
vibration is 122.5 r.p.m. The propeller torque at this speed 
is about 54,200 in-Ib. and the mean effective pressure in the 
engine cylinders is about 39 lb. per sq. in. From Lewis’ har- 
monic coefficients, m,; = 8. Cylinder area = 342, crank radius 
= 10.44,a = 1, 28 = 10, p = 2an = 2x X 10.21, and by 
= 7.52. The remaining factor p is obtained from Equation 
[114], or 


(1 
= 


(r.p.m.) 
200 
oe. 
—— is chosen from Table 6 to suit the propeller characteristics 


Qm 
given in Fig. 12. It is found to be 4.5. The value of (1 — s) 


is about 0.94. This gives 


_ 60 X 54,200 X 0.94 X 4.5 
Qe 122.5 


p = 17,900 in-lb. 


og = DUB X 342 X 10.44 X 8 X 10 
17,900 X 2" X 10.21 X (7.52)? 


= 0.252 degree 


This is the amplitude at the air compressor and due to the main 
cylinders. The vibration due to the air compressor may be 
calculated in the same way and the two vibrations combined. 
Next, consider the synchronous amplitude of the 2-node 
vibrations. These are limited almost entirely by elastic hys- 
teresis damping losses. Calculating this loss from Equation 


[118] in which + 7) dz may be obtained by 


Simpson’s rule, the hysteresis loss is found to be 1458 in-lb. per 
vibration per degree amplitude at the air compressor. Then using 
the empirical factor described under the side heading ‘other 
damping losses,” the total loss per vibration per degree amplitude 
at the air compressor is 1458 XK 3.29 = 4800 in-lb. 

The energy given the shaft is expressed by Equation [81], or 


= MenXB 
Illustrating the evaluation of Equation [81] consider the 
synchronous amplitude of the 5-order, 2-node vibration. For 
this vibration n = 20.61, r.p.m. = 247, m.e.p. = 67, m = 8.3, 
and the phase of m, behind firing top center is 107 deg. of 5-order 
cycle. The value of a: was found from the equations to be 


7 
E, 
K, 
{ 
oe 
) 
ig 

Abi 
an 
Curves of a7 for various values of p,; are shown in Fig. 34. se 
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0.992, and the value of 8 obtained as described later was 
found to be 7.35 with a phase angle of 0. Hence 


E, = 180 X 342 X 10.44 X 8.3 XK 0.992 X 7.35 = 11,900 


The amplitude at the beginning of the shaft is then given by 


1.3 
11,900 
a = s = 2.02 deg. 
4800 


The phase of the maximum amplitude of this vibration is 107 
+ 90 = 197 degrees of 5-order cycle behind firing top center of 
cylinder No. 1. 

Undamped Resonance Curves. In computing the undamped 
resonance curves, several constants, such as the a, y, and 28 
constants must be evaluated from the equations. The value 
of y. for any value of n is obtained by evaluating the y con- 
stants for this value of n starting with the equation for the 
beginning of the shaft, using either the tabular or graphical 
solution. The value of the y constant for the step containing 
the impulses will be ys. Similarly the value of y» is the value 
of the y constant obtained for the step containing the impulses 
by evaluating the constants starting with the equation for the 
end of the shaft. 

The value of 28 for crankshafts of engines having equal an- 
gles between cranks over 360 or 720 deg. is as follows: 


Let 32, 3s, etc., be the values of cos( successively 
firing cylinders. 

Then 

where 


360 . 2¢ 360 
A = 8. sin —— + 9; sin 


360 


and the phase angle of 28 is tan~! (A/B) in degrees of the cycle 
of the harmonic behind the first cylinder, o or ¢/ 2being the 
order of the harmonic impulse for a 2-cycle or 4-cycle engine, 
respectively, and » being the number of cylinders. 

Illustrating the solution for the undamped resonance curves, 
the calculations for the U.S. Submarine 7-3 will be described. 
The equations for the solution of the y constants have been 
given. 

The y constants are obtained from these equations as shown 
in the following tabular solution for n = 20 


om + = tan-!— 0.1875 X 20 = tan- 
— 3.750 = 
Step No. 4, om = 2.76 X 20 = 
vs = difference = 
tany= ... 
0.765 X 20 = 15.30 
difference = — 14.12] + 2.10 = —6.724 
tan“! = + ¥3 = 
Step No. 3, @m = 0.472 XK 20 = 
73 = difference = 


tan y3 = .. 58.56 


0.482 X 20 = 9.64 
difference = 48.92] + 65.12 
= 9.555 tan-! = + yo = 
Step No. 2, @.n = 3.74 X 20 = 
v2, = difference = ..... 
Step No.1, gin = 0.342 XK 20 = 6.86 
tan ¢n = 0.1203] + 0.280 = 0.0337 tan! 
7.30 


84.03 
74.80 


9.23 


— Ye = difference 


Curves of the y constants plotted on values of n are then 
obtained by a number of such tabular solutions. Next curves 
of =8 for the various orders of vibration are also plotted on n 
from the results of a number of calculations such as that shown 
for n = 20 in Table 7. 

Obtaining m, from Lewis’ harmonic coefficients, the ampli- 
tudes of the undamped resonance curves follow from Equations 
[45] to [52]. Illustrating this, consider the 5-order 2-node 
vibration at n = 20, r.p.m. = 240, me.p. = 65, m = 8.3, 
phase of m, behind firing top center = 106 deg. of 5-order cycle. 


342 10.44 X 83 X 6.73 
71,800,000 X 3.74 X 20 sin 7.30 


The amplitude at the beginning of the shaft is then given by 


0.962 


COS COS 


= ——__ an = 0.962 deg. 
cos (gn + 7 


The phase of the maximum amplitude of this vibration behind 
firing top center is 106 deg. of 5-order cycle. 

In actually performing a resonance-curve calculation it will 
be found that the work can be so tabulated that the complete 
resonance curve for each order may be calculated with fair 
accuracy without too much work. 

If the effect of damping were to be taken into account at all 
points of the resonance curves, the work of the calculations 
for the case of hysteresis damping would be very great. It so 
happens, however, that the hysteresis damping is proportional 
to the 2.3 power of the stress, so that its effect on the amplitude 
decreases very rapidly as the frequency of the impressed torques 
moves away from synchronism. The undamped resonance 
curves for such vibrations are therefore very close to the actual 
curves except near synchronism. This fact has been demon- 
strated in the preceding pages by the close agreement of the 
calculated and recorded vibrations. 

The undamped vibrations calculated in this way are slightly 
greater than the damped vibrations. Thus any result based 
on the undamped resonance curves will be on the safe side. 


ELIMINATION OF EXcCEssIVE VIBRATION 


The elimination of excessive torsional. vibration from the 
operating speeds of an installation should be made during the 
design of the installation. This elimination may be accomplished 
by (1) adjusting the mass and elasticity of the shaft line-up to 
place excessive vibrations remote from the operating speeds, 
(2) arranging the cylinders and firing order to neutralize the 
vibration, or (3) introducing a damping device to absorb the 
energy of vibration before the vibration reaches an excessive 
value. 

Adjusting the mass and elasticity of the shaft line-up to 
place excessive vibrations remote from the operating speeds, 
is a method that may often be used to advantage. In general, 
increasing the stiffness or decreasing the mass polar moment 
of inertia of any part of the shaft increases the natural frequency 


* of the system, and opposite changes decrease the natural fre- 


30 360 
| —— + —— 
. 284.93 
. 85.20 
. 229.73 
|. 98.46 
9.44 
89.02 
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TABLE 7 SOLUTION FOR 
(n = 20, y2b = 9.23) 


Bb = cos Sub- ‘ 
Cyl. on on Cyl. script 
1 17.125 3.46 12.69 0.975 1 1 0.975 0.975 sins SS ee 
2 51.375 10.38 19 61 0.942 7 2 0.573 0.573 0.668 1.241 -0.095 
3 85.625 17.32 26.55 0.895 3 3 0.895 0.895 0.942 1.837 —0.047 
4 119.875 24.24 33.47 0. 834 9 4 0.361 0.361 0.471 0.832 —0.110 
5 154.125 31.16 40.39 0.762 5 5 0.762 0.762 0. 834 1.596 ~0.072 
6 192.375 38.88 48.11 0 668 10 6 0.245 0.245 0.245 
7 226.625 45.82 55.05 0.573 4 7 0. 834 
8 260.875 52.74 61.97 0.471 8 8 0.471 
9 295.125 59.66 68.89 0.361 2 9 0.942 
10 329.375 66.58 75.81 0.245 6 10 0.668 
Signs for Cos Products Signs for Cos Products Signs for 
summing 1 factor exe summing 5 factor x1 summing 9 
1 2 3 , 5 6 7 8 9 10 11 
a 0.975 + + 1 0.975 + + 1 0.975 + + 
} + de 1.241 + 0.809 1.004 > 0.309 0.383 + 
Os + oy 1.837 + + 0.309 0.568 + + 0.809 1.486 - - 
He + ds 0.832 + - 0.309 0.257 - + 0.809 0.673 - + 
+0: 1.596 + + 0.809 1.291 - - 0.309 0.493 + 
0.245 + 1 0.245 1 0.245 + - 
Algebraic sums Bs Bris Bij2= Bai/2 Bo= Bs By = By Baise 
. 6.726 2.090 0.754 —0.250 —0.063 0.027 
Sin Products Signs for Sin Products Signs for 
factor 2x1 summing 3 factor 6x1 summing 7 
1 4 5 6 7 8 9 
— de —0.095 0.588 —0.056 0.951 -—0.000 + 
ds — —0.047 0.951 —0.045 + - 0. 588 -0.028 + 
— —0.110 0.951 —0.105 + + 0. 588 -0.065 — - 
% — —0.072 0.588 —0.042 + - 0.951 -0.068 — 
Algebraic sums = A: = i, = = 
—Aai/2 —As —As —Asi/2 
—0.248 —0.074 0.015  —0.065 
DBi/2 = = VO. 248)? + O.754)? = 0.795; = = V(O.074)? + 0.250)? = 0.260 
= = V (0.015)? + (0.063)? = 0.0647; = = (0.065)? + (0.027)? = 0.0705 
= 2.090 = 6.726 
Phase angle behind maximum ampfhitude of Cylinder No. 1 ‘ 
order = tan-? tan-1 — 0.329 = 360 — 18.2; 41/2 order = 18.2 
1 order = tan-! tan-1 — 0.248 = 180 — 13.9; 4 order = 180 + 13.9 
order = tan™! = tan~! — 2.41 = 360 — 67.5; 3'/2 order = 67.5 
order = tan-1 0.205 = 180 + 16.5;3 order = 180 — 16.5 
quency. Thus the critical speeds of torsional vibration can be line v = constant; or area of face AO in Fig. 26; 
raised or lowered to avoid the operating speeds. It is usually or radius of small hole in stressed plate. 
considered better practice to raise a critical speed above the a) = amplitude at beginning of shaft. 
operating speeds of the engine where it is possible to do so. ag = amplitude of the damping phase of the motion at the 
Such changes as these were used in correcting the vibration point of impressed torque. 
troubles on the U.S. Army Dredges Dan C. Kingman and ay = amplitude of the normal function at the point of 
class. impressed torque. 

The arrangement of the cylinders and the firing order may be ay = amplitude of the normal function at the point of 
used to eliminate certain orders of vibration. An example of impressed torque for one-degree amplitude at the 
the effect of changing the firing order on the U. S. Submarines beginning of the shaft. 

S-18 to S-41 is shown in Fig. 10. In 4-cycle multi-cylinder A = sine component of a vector. 

engines, each balanced crank arrangement offers several possible b = a constant of intergration in radians; or length of 
firing orders. In this case the proper choice of crank arrange- line u = constant. 

ment and firing order may reduce some orders of vibration by = amplitude of the normal function at the point of 
considerably. In a 2-cycle engine where there is only one damping. 

a — ” — aperapon crank arrangement the possibilities, by = amplitude of the normal function at the point of 
damping for one-degree amplitude at the beginni 

A well-known damping device that has been used successfully of 

in gas engines of relatively small power is the Lanchester damper. = cosine component of a vector. 

This consists in connecting a flywheel to the free end of the shaft GJ 

through friction surfaces. When the shaft begins to vibrate, the Cs— 

slipping of the friction surfaces between the shaft and flywheel ; : j 

absorbs much of the energy of vibration and tends to keep the d, = inside diameter of hollow shaft; or diameter of 

amplitude from reaching an objectionable size. For heavy smaller face of the fustrum of a right circular cone. 

Diesel engines, however, this device has not as yet proved reliable. d, = outside diameter of hollow shaft; or diameter of 

It is more satisfactory to neutralize the vibrations or remove larger face of the frustrum of a right circular cone. 

them from the operating speeds by changing the natural fre- e = end step of shaft line-up. ’ 

quency. E = energy given the shaft by the impressed torque; or | 
L s modulus of elasticity in tension. : 

wert rs core pone E, = energy given the shaft per degree amplitude at the 
The following symbols are used in the text: beginning of the shaft. 


a = a constant of intergration in radians; or length of f = elastic hysteresis constant; or pendulum frequency 
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in vibrations per minute; or distance of one support 
below the other. 

factor in torque due to inertia force of reciprocating 
mass. 

factor in torque due to gravity force of reciprocating 
mass. 


= gravitational constant. 
= shearing modulus of elasticity. For steel this is 


equal to 11,800,000. 


= gear ratio of mass geared to shaft. 


moment of inertia of a section. 

weight polar moment of inertia. 

equivalent weight polar moment of inertia. 

sectional polar moment of inertia. 

weight polar moment of inertia per unit length. 

subscript denoting a certain step; or crank-to-con- 
necting-rod ratio. 


= energy absorbed by the damping forces. 
= energy absorbed by the damping forces for one- 


degree amplitude at the beginning of the shaft. 

length of a step; or length of a number of waves 
recorded on a torsiogram by the pendulum pen; or 
length of a spoke. 


= length of one revolution on a torsiogram. 


maximum value of harmonically impressed torque. — 

value of m per unit cylinder area and unit crank 
radius. 

maximum value of sine component of m. 

value of ms per unit cylinder area and unit crank 
radius. 


= maximum value of cosine component of m. 


value of ms, per unit cylinder area and unit crank 
radius. 

maximum value of the component of m stimulating 
the damping phase of the motion. 


= maximum value of the component of m stimulating 


the normal phase of the motion. 


= impressed torque. 


twisting moment. 
maximum twisting moment at the node. 


= frequency; or number of waves in length / on torsio- 


gram. 
subscript representing the normal phase of the 
motion; or number of spokes. 


= frequency constant = 2xn. 


force; or pitch of propeller. 

torque; or force. 

torque of model propeller. 

radius also subscript denoting any step. 
outer radius of spoke; or r.p.m. 


= Radial distances from the vertex of a cone, R; < Re. 


W= 
z= 
z= 


subscript denoting any particular section or point of 
impressed torque; or slip ratio. 

stress. 

time variable. 

a function defined by Equation [90]. The equimo- 
mental lines are given by u = constant. 

angular deflection at points of a circular shaft whose 
diameter varies along its length. The equiangular 
lines are given by v = constant. 

speed of ship in knots. 

weight. 

length variable. 

length variable for circular shaft whose diameter 
varies along its length. 


a = Constant given in degrees occurring in the expression 


for the normal function of undamped vibration over 
a uniform section of the shaft line-up having mass 
and elasticity; or crank travel in radians from top 
center. 

a constant for any step for one-degree amplitude at 
the beginning of the shaft. 


a constant from the beginning of a step up to the first 
impulse. 

a constant from the beginning of a step up to the 
first impulse in the second group of impulses 


a’ constant from the last impulse to the end of the 
step. 

a constant from the last impulse in the first group of 
impulses to the end of the step. 


a constants occurring in the expression for the 
damping phase of the motion. 

a constant occurring in the expression for the normal 
phase of the motion. 


= angular velocity. 


the value at a certain section of the cosine term 
occurring in the normal function of undamped 
vibration, the subscript a or b corresponds to the 
subscript of y in the normal function. * 


= vector sum of 8, 8a, or 8» considered a vector placed 


on the time phase angle y of the various impressed 
torques. 
8a for the first group of impulses in a certain step. 
2s for the second group of impulses in a certain step. 


= constant given in degrees occurring in the expression 


for the normal function of undamped vibration over 
a uniform section of the shaft line-up having mass 
and elasticity. 


y constant from the beginning of a step up to each 
impulse in this step. 


y constant from any impulse in a step to the end of 
the step. 


y constants occurring in the expression for the 
damping phase of the motion. 

y constant occurring in the expression for the normal 
phase of the motion. 

a small positive angle. 

a small positive number. 

angle at the vertex of a cone between the centerline 
and any radial line. 


= values of 8 for successively firing cylinders. 


amplitude of vibration in radians. 

value of 6°:y) for synchronism at the impressed torque. 

value of @°() for synchronism at the point of damp- 
ing. 

amplitude of vibration in degrees. 

expression for the damping phase of the motion. 

part of the damping phase of the motion considered 
as an undamped vibration stimulated in the whole 
shaft line-up by the component — mia) sin (pt — w) 
of the impressed torque. 

part of the damping phase of the motion considered 
as an undamped vibration, stimulated in the whole 
shaft line-up by the damping torque. 

the expression for the normal phase of the motion. 


\ 60 
= 
Fy, = 
g 
J = a” 
Jw = 
aca) 
a(d2) 
= 
| 8 
| Ba = 
Bo 
m= 
= 
= 
= 
m(d) = 
My, = 
a= 
Y(41) 
(42) 
Q = 
$ = 
Qm 
r= 
R= n 
R, 
= 
S = 62° 
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hysteresis exponent; or effective increase in length of 
a shaft. 

any positive integer; or number of cylinders. 

a particular value of z. 

torque due to damping forces. 

any positive integer. 

a constant for steps having mass and elasticity, viz., 


360 VJ 
V 9C 


where J and C refer to the step. 


time phase angle of the impulses. 
vector angle for 
vector angle for 
vector angle for Lp. 
vector angle for 228». 
time phase angle of impulse at a section & from the 
beginning of a step. 
w = time phase angle of the resulting vibration. 
The dimensions of the numerical values given in this paper 
are inches, pounds, and seconds, except where otherwise stated 
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Progress in Aeronautics 


Contributed by the Aeronautics Division 


Executive Committee: Edwin E. Aldrin, Chairman, Alexander Klemin, Secretary, William 
Knight, Archibald Black, Elmer A. Sperry, and William F. Durand 


HE year has been marked by rapid growth in every phase 
| of aviation activity. The remarkable flights of Lind- 
bergh, Chamberlin, and Byrd were a testimonial to 
the reliability of the modern air-cooled engine, and to the value 
of such navigating instruments as the earth-inductor compass. 
They did not demonstrate the immediate possibility of regular 
transatlantic services. Rather the general impression remains 
that an immense amount of work is still to be done: in securing 
an adequate weather service for ocean pilots, far more complete 
that the spasmodic reports now received from surface craft; 
in constructing very large multi-engined seaplanes, capable of 
continuing flights with one or two engines out of commission 
and quite seaworthy after alighting; and in the improvement 
of methods of aerial navigation. But the flights did have the 
effect of focusing the attention of the entire country on aviation. 
The tremendous popular interest they aroused has had a most 
gratifying effect in stimulating air-transport operations, in the 
construction of a large number of airports (with the exception 
of New York, practically every city of importance has already 
established an airport), in increasing the sale of commercial 
craft of every description, and in the increase of flying instruction, 
air-taxi work, and every other form of aerial-service activity; 
and while technical developments have been steady and suc- 
cessful in many phases of the art, it is the remarkable develop- 
ments of commercial aviation that is the outstanding phenom- 
enon of the year. 


Power Puant! 


An interesting feature of the year has been the predominance 
of the air-cooled type of engine; only two water-cooled engines 
worthy of note have been brought out during the past twelve 
months, namely, a twelve-cylinder V-engine built by the Curtiss 
Aeroplane & Motor Company, and a _ twenty-four-cylinder 
X-engine built by the Packard Motor Car Company. 

The Curtiss engine has a displacement of approximately 
1550 cu. in. and is built both in direct and geared models. The 
weight of the geared model (Gv-1550) is approximately 840 lb. 
and that of the direct drive (V-1550) is 755 lb. With normal 
compression ratio the engine develops 600 hp. at 2400 r.p.m. 
By resorting to high compression and slightly increased r.p.m. 
the direct-drive engine can develop sufficient power to bring 
its weight rating to practically one pound per horsepower. This 
is a distinct advance for American engines, though it is believed 
that the racing Napier Lion and Fiat engines come well within 
the pound-per-horsepower class. 

The Packard twenty-four-cylinder X-engine is virtually 
two Packard 1500 engines, one upright and the other inverted, 
assembled to a common crankcase, having a displacement 
of 2775 cu. in. and developing approximately 1300 hp. and weigh- 
ing about 1475 lb. It is built for the Navy and passed its accep- 
tance tests in a very satisfactory manner. It is an exceptionally 
light and compact engine for its power rating. 

The Wright Whirlwind, a nine-cylinder air-cooled radial engine 
—the result of seven years’ development—rated at 225 hp. at 
2000 r.p.m., has been adopted as the standard training engine 


1 Prepared by Capt. T. E. Tillinghast, Chief, Power Plant 
Branch, Army Air Corps., Wright Field, Dayton, O 


for both the Navy and the Army, and has contributed in no small 
amount to the success of such feasts as Lindbergh’s New York- 
to-Paris Flight, Byrd’s Transatlantic Flight, the San Francisco 
and Hawaii Flights, and Schlee and Brock’s attempted flight 
around the world. 

The Pratt & Whitney Wasp engine brought out last year is 
a nine-cylinder radial engine rated at 425 hp. at 1900 r.p.m., 
at normal compression ratio, weighing approximately 650 lb. 
without accessories. It has been adopted as standard by the 
Navy for their single-seater fighters and for their two-seater 
observation planes for shipboard use. 

Both of these types of airplanes equipped with the Wasp 
have an all-around performance at least equal to, if not better 
than, that of the same types equipped with a water-covled 
engine of comparable horsepower. The excellent cooling qualities 
of the Wasp cylinder are amply demonstrated by its performance 
under supercharged conditions. Lt. C.C. Champion of the Navy 
flying the Wright Apache, equipped as a seaplane and powered 
with a supercharged Wasp, attained an officially recognized 
altitude of 37,995 ft., a new altitude record for seaplanes. 

In conjunction with the Navy the Pratt & Whitney Com- 
pany have designed and built a larger nine-cylinder radial 
of approximately 1700 cu. in. displacement, known as the 
Hornet, of which the Wasp was the prototype. This engine 
weighs about 750 lb. without starter and generator, and is rated 
conservatively at 525 hp. at 1900 r.p.m. It has passed all of 
its preliminary ground and air tests with great success, and 
the Navy has placed a substantial production order for the 
engines for a single-engine torpedoplane. 

The Wright Aeronautical Corporation have also developed 
for the Navy a nine-cylinder radial air-cooled engine of approxi- 
mately 1750 cu. in. displacement, known as the Wright Cyclone. 
This engine is rated conservatively at 525 hp. at 1900 r.p.m. 
and weighs approximately 795 lb. It has made an excellent 
showing on its preliminary tests. 

As a result of the promising results obtained with the air-cooled 
Liberty engine built for the Air Corps by the Allison Engineering 
Company, Indianapolis, Ind., the Wright Aeronautical Cor- 
poration have been encouraged by the Army to design a V 
air-cooled engine. The first engine of this type is now prac- 
tically completed and is expected to go on test shortly. It is 
an inverted V-engine having a displacement of approximately 
1456 cu. in., and designated as the V-1460. It is smaller than 
the air-cooled Liberty in overall dimensions and is estimated to 
develop 600 hp. at 2500 r.p.m., and to weigh 900 lb. 

The Curtiss Aeroplane & Motor Company are developing 
a very interesting air-cooled engine for the Air Corps, known 
as the Hex-1640. It is a double-row radial engine having 
twelve cylinders, with the cylinders in tandem instead of the 
conventional staggered arrangement. It has a displacement 
of approximately 1640 cu. in. and employs the air-cooled V 
method of cooling the cylinders. The first engine, weighing 
900 Ib. and developing 600 hp. at 2250 r.p.m., is now undergoing 
development tests. 

It will be seen in comparing the weights of the 525-hp. radial 
engines with those of the V and Hex types, that the radials 
are much lighter per cubic inch of displacement and slightly 
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lighter in weight per horsepower. There is, however, an excellent 
possibility of obtaining a greater displacement per minute in 
the V and Hex types by resorting to higher crankshaft speeds than 
would be safe in the radial, thereby obtaining weights per horse- 
power comparable to those of the radial types. It is also thought 
that due to the smaller frontal area the Hex and V types may 
have less resistance than the radial, and better fighting visi- 
bility. 

For the past few years the war surplus of Curtiss OX engines 
has been fast diminishing, and the need for some replacement 
for commercial service has encouraged many engineers to pro- 
duce air-cooled engines in this size. Brief mention of some 
of these engines follows. 

The Cam engine, built by the Fairchild Caminez Engine Cor- 
poration, has recently passed a very successful 50-hour test, 
developing 100 hp., and is being placed in regular commercial 
operation. It is a 4-cylinder engine with pistons acting directly 
on a cam, dispensing with the conventional crank and con- 
necting rods. This results in each of the four cylinders complet- 
ing its four-stroke cycle for one revolution of the crankshaft. 
The engine weighs approximately 340 lb. 

The Aeronautical Industries, Inc., of Detroit, Mich. have 
recently designed and built a small seven-cylinder radial air- 
cooled engine weighing approximately 275 lb. and developing 
110 hp. The engine has passed a very creditable 50-hour test 
at 110 hp. at 1800 r.p.m., and is undergoing flight tests at present. 

The Klamath Air Service Company, of Klamath Falls, Ore., 
are building the Bailey Bull’s Eye engine, a seven-cylinder, 
L-head, air-cooled radial developing 140 hp. at 1850 r.p.m. 
and weighing 325 lb. 

The Kinney Manufacturing Company, of Boston, Mass., 
are building the Kinney-Noble five-cylinder air-cooled radial 
which develops 75 hp. at 1800 r.p.m. and weighs 147 lb. An 
interesting feature of this design is its hydraulic valve gear. 

It is particularly gratifying to note that the many new engines 
built have been forced to undergo no laborious periods of testing 
and changes. Almost from their first layout on the board, their 
design, while not lacking in originality and improvements, 
has been consistent with good engineering practice, and the 
first model has acquitted itself remarkably well on test. This 
marks a new era in the art of aeronautical-engine design. 


AIRPLANE DESIGN AND CONSTRUCTION 


The airplane has for the time being reached a stage where 


progress is a matter of gradual evolution. American designers 
are constantly improving the structure and aerodynamics of 
their craft, but it is only in what might be called the subsidiary 
parts of the airplane that decided novelties may be noted. 
Some of these are: independent wheel brakes; hydraulic wheel 
brakes, as employed by the Curtiss Aeroplane & Motor Cor- 
poration; general use of oleo gear in application to the landing 
gear, and sometimes to the tail skid; differential aileron con- 
trol; balanced ailerons of the “Bristol Frise” type; adjustable 
seats with automatically compensating pedals; single-dual 
control for large two-pilot machines, duralumin tanks, nickel- 
plated and soldered. In the Loening Amphibians the adjustable 
stabilizer has been replaced by a “Bungee” system in which 
a spring adjustment on the elevator compensates for tail or 
nose heaviness. 

A number of new amphibian planes have been produced by 
constructors such as Sikorsky and Ireland, and this type of 
craft is now generally recognized as being of real commercial 
utility. 

Metal construction is now largely recognized as likely to re- 
place wood construction completely. American designers such 
as Charles Ward Hall, W. B. Stout, and others have carried 


metal construction to a high degree of excellence and to remark- 
able values of strength-weight ratio. Designers are now turning 
their attention to ease of production by the substitution of open 
tubes for closed tubes, the use of pressed sections and similar 
methods both for wing, spars, ribs, and pontoon and hull parts. 
Much attention has also successfully been given to the easy 
production of corrugated-metal covering and to riveting proc- 
esses. 

In commercial airplanes a great many new firms are engaging 
in the construction of small three-seater planes for aerial service 
work. These planes when equipped with the OX-5 engine are 
sold at prices around $2250, and are entering on a real production 
phase. Some factories are said to be producing and selling three 
planes a day of this type, which is a condition unprecedented 
in the airplane industry either here or abroad. A larger and 
more expensive commercial type is that of the five-seater, en- 
closed-cabin monoplane such as the Ryan, Fairchild, Bellanca, 
Stinson, ete., equipped with the Wright Whirlwind engine and 
selling at about $11,500. 

This type of plane has almost been standardized in the form 
of a braced monoplane, with pilot as well as passengers enclosed 
and with considerable attention given to interior finish and passen- 
ger accommodation. It is also being used for carrying mail on 
the feeder air lines. 

So many small commercial planes are now on the market that 
a statistical summary is impossible. The two following planes 
may, however, be taken as fairly representative of their types. 

Advance Aircraft, “Waco” biplane; pilot and two passengers; 
Curtiss OX-5 engine, 90 hp. at 1400 r.p.m.; overall length, 
23 ft. 5 in.; overall height, 9 ft. 3 in.; span, 31 ft. 7 in.; chord, 
62'/2 in.; area, 283.6 sq. ft.; weight empty, 1148.5 lb.; gas and 
oil, 254 lb.; useful load, 800 lb.; gross weight, 1948.5 lb.; high 
speed, 100 m.p.h.; landing speed, 36 m.p.h.; cruising speed, 
85 m.p.h.; cruising range, 3.7 hr.; climb to 1000 ft., 1 min. 48 sec.; 
useful load in per cent of gross weight, 41.67; weight per hp., 
21.64 lb.; weight per sq. ft., 6.87 lb. 

Fairchild FC-2 monoplane; pilot and four passengers; Wright 
Whirlwind engine, 200 hp. at 1800 r.p.m.; overall length, 
30 ft. 11 in.; overall height, 9 ft.; span, 44 ft.; chord, 7 ft.; area, 
290 sq. ft.; weight empty, 775 lb.; gas and oil, 560 lb.; useful 
load, 1425 lb.; gross weight, 3200 lb.; high speed, 120 m.p.h.; 
landing speed, 47.5 m.p.h.; cruising range 4.75 hr.; climb to 
10,000 ft., 25 min.; useful load in per cent of gross weight, 
44.53; weight per hp., 16 lb.; weight per sq. ft., 11 Ib. 

Particularly in Europe where passenger travel is much more 
common, the following problems in multi-engine design have been 
the subject of much discussion and some experimentation: 
namely, the heating and ventilating of passenger cabins, and the 
muffling of gas-engine exhausts and in general the decrease of 
noise. Preliminary reports in England indicate that a pusher- 
screw airplane can be made as efficient as one having a tractor 
screw. Such a design would be particularly interesting from the 
same point of view of noise elimination in the cabin. In the 
larger three-engine types the number designed and built has 
been small. Yet the multi-engined plane is considered by 
many constructors and operators an essential preliminary to 
the carrying of passengers. The Daniel Guggenheim Fund for 
the Promotion of Aeronautics has announced a plan whereby 
equipment loans will be made to a selected airline for the pur- 
chase of multi-engined passenger-carrying planes. 

That airplane speed has not yet reached its final value is 
demonstrated by the results of the Schneider Trophy race. The 
race, held in Venice on September 26, was won by Lt. S. N. 
Webster of the British Royal Air Force, flying the supermarine 
Napier 8 5. The average speed over a course of 217.483 miles 
was 281.488 m.p.h. TheS 5, a twin-float, low-wing monoplane, 
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is powered with a twelve-cylinder Napier Lion engine with three 
banks of four cylinders each. The seaplane exemplifies the last 
word in aerodynamic refinement, with the engine cowling 
fairing into the fuselage, tail surfaces fairing into the rear part 
of the fuselage, wing-surface radiators, and a type of windshield 
which offers a minimum of resistance. A Gloster-Napier 
biplane actually attained a speed of 289.75 m.p.h. over one 
lap of the course. A comparison of the high speed of the winners 
of the Schneider Trophy race for various years brings out the 
interesting fact that from 1921 the high speed has increased 
approximately 30 m.p.h. each year. 

The only design of a radically novel character which has 
appeared during the year is that of the Focke-Wulf “Ente,” 
in which the horizontal tail surfaces are placed ahead of the wing. 
Apparently longitudinal stability has been secured, and the 
design offers two great advantages: (1) As the tail surfaces 
reach their maximum lift first, the craft cannot be readily stalled; 
and (2) the danger of nosing over is eliminated. 


AERODYNAMICS 


In aerodynamics, progress is a matter of completely inter- 
national character, and no developments can be regarded as 
belonging specifically to the United States. 

Perhaps the outstanding event of aerodynamic importance 
during the past year has been the announcement of the Daniel 
Guggenheim Safe Aircraft competition for the improvement of 
the aerodynamic safety characteristics of heavier-than-air 
craft. The carefully framed rules of the competition call for a 
plane capable of slow landing, short landing run, short get- 
away run, steep climb, with ability to land in restricted territory 
by a slow, steep glide, stability in varied flight conditions, and the 
avoidance of all danger of spinning at the “stall.” The com- 
petition is engaging the world-wide attention of designers and 
aerodynamicists, and is expected to forward the art con- 
siderably. 

As a means of achieving slow landings without sacrifice of 
the high-speed characteristics of the plane, a variety of high- 
lift-producing devices are being studied. These include the 
Handley Page front slot in conjunction with a rear slotted 
flap, which has now been developed so as to be automatic in 
action, the application of suction to the upper surface of the 
wing to prevent breaking away of the air flow at high angles of inci- 
dence, and the ejection of compressed air for the same purpose. 
German periodicals report several important investigations on 
the latter two methods. The removal of the boundary layer 
by suction has also been investigated by British and American 
laboratories. There seems little doubt that this method can 
be made to improve the flow at high incidence with the expen- 
diture of little power. 

The National Advisory Committee for Aeronautics has given 
much attention to the elucidation of scale effects, correlating 
work in the compressed-air tunnel with full-flight tests. 

The British have continued their studies of slot-and-flap 
ailerons and aileron control, and have definitely succeeded in 
securing lateral control effective at angles at or beyond the 
“stall.” The British Air Ministry has fitted this control to 
airplanes of various services, apparently with little reduction 
of maximum speed. 

American designers have given special attention to the use 
of constant-pressure wings with slightly-turned-up trailing 
edges, as a means of reducing structural weight and combining 
stability with good maneuverability. The results have not been 
as promising as was at first anticipated, because movement of 
the ailerons causes an appreciable displacement of the center 
of pressure. 

Designers have also sought to combine the two wings of a 


biplane with different center-of-pressure motions to secure a 
constant center of pressure for the entire cellule. 

Important British publications have appeared during the 
year dealing with the problem of spinning, which give promise 
of a complete understanding of its phenomena. At the National 
Physical Laboratory apparatus is being constructed which will 
allow the full representation of a spin in the wind tunnel. 

Investigations on wing flutter appear in the reports of several 
American and European laboratories. It has been found possible 
to reproduce every type of wing flutter by the construction 
of special models in the wind tunnel. To eliminate flutter it ap- 
pears desirable to design ailerons so that their center of gravity 
comes on the hinge and so that an appreciable part of their length 
comes inside the outer strut. A stiffer structure should also be 
of assistance in preventing flutter at anything but the highest 
speeds. 

A valuable addition to photographic studies of air flow has 
been made by the Aeronautical Research Institute of Tokyo. A 
wheel about two feet in diameter is accurately ground with highly 
polished facets on its circumference. The image to be photo- 
graphed is reflected by these polished surfaces to a cylinder 
on which the film is wound. By having the wheel and cylinder 
revolve in synchronism, with the cylinder at the same time 
moving along its axis, a new portion of film is continually pre- 
sented for the reflected picture. In this manner 20,000 exposures 
per second have been obtained. 


Ark TRANSPORT AND AERIAL SERVICE? 


In the Progress Report for 1926 it was stated that the air- 
transport industry in this country was then passing through a 
period of probation. 

Substantial results have now been accomplished in the build- 
ing up of traffic. The volume of mail, packages, and passengers 
has been increased by the constant pressure of the various opera- 
tors. One of the most substantial of the operators of scheduled 
routes is known to be making a comfortable profit, while several 
others are earning enough to cover actual costs. The outlook is 
excellent, and there is every reason to expect that many others 
will bring their accounts “out of the red’’ within the next year 
or so. Since the 1926 Report, however, some of the “weaker 
sisters’ among the operating companies have been forced to 
suspend. 

TABLE 1 MILEAGE AND TRAFFIC STATISTICS FOR PRIVATELY 
OPERATED U. S. AIRMAIL ROUTES FOR YEAR ENDING 
JUNE 30, 1927 
(Post Office Department figures.) 


Pounds Mail 
of mail revenue! 


$78,072 


Miles 
flown 
189,457 
186,675 
199,993 
239,532 
213,969 
215,686 
205,612 
191,383 
233,308 
231,998 
248,109 
250,491 


2,606,213 


December 


$1,326,211 

1 This figure represents the amount paid to the contractor, not the sum 
received by the Post Office. 

Air-mail traffic has undergone constant development, the 
extent of which will be better appreciated by study of Table 1, 
based upon information furnished by Mr. C. C. Gove, Acting 
Assistant Postmaster-General. The carriage of express matter 
in cooperation with the American Railway Express Company 
has been in operation for only a few months, and the figures 
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4 
H 
28,158 
October... 39,140 113,118 
35,495 103,314 
37,823 109,488 
32,510 93,550 
35,037 101,263 
46,132 133,733 
55,026 159,202 
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available to date on such traffic TABLE 2 


are of limited value. However, 
a report of the Department of 


(Figures from U, 
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STATISTICS ON SCHEDULED AIR-TRANSPORT ROUTES FOR SIX MONTHS ENDING 


JUNE 30, 1927 


S. Department of Commerce.) 


Miles flown, Mail Express 
Commerce (see Table 2) includes scheduled Passengers carried, carried, Air-mail 
the incidental trips (f) carried Ib. Ib. income 
MAES San Francisco-New York (a) (b) (x).. 913,031 none 212,976 none 
traffic in packages carried by Chicago-New York Overnight (6) (x). 233,417 none 88,048 none 
» before h A . M_ New York-Boston (x)............. , 53,020 231 8,164 100 $ 24, 458.06 
operators before the American St. Louis-Chicago...... 2 16,999 21,651 43,024.77 
ilwav 343,708 59 51,274 none 153,654. 36 
Railway Express contracts became M Los Angeles-Salt Laie City ( 204.972 147 88.746 20 266,235.93 
effective. Several of the routes M_ Salt Lake City-Pasco....... 147,340 ~— none 22,612 none 67,838.63 
M _Detroit-Cleveland ‘ 78,144 none 82 646,599 894.30 
are now carrying passengers and = _Detroit-Chicago (d) . 81,732 4,741 364,099 5,120.85 
imite , j M_ Los Angeles-Seattle . 212,454 318 31,420 none 89,374.89 
. limite 1 . lume f traffic is de M_ Chicago- Minneapolis. St. Paul 88,320 none 11,418 none 31,400.70 
veloping in this field also, al- M Cleveland-Pittsburgh (¢)....... 16,959 4,674 none 14,020. 87 
M_ Pueblo-Cheyenne........... 72,400 2 15,606 none 46,819.49 
though the operators have con- M_ Pilottown-New Orleans..... ‘ 25,920 none 37,896 none 16,208.10 
-entrate eir effo Oo 10,764 25,836 none 14,200.00 
centrated most of th ir efforts s Detroit-Grand Rapids..... 41,300 1,087 none 2,404 (e) 
the more lucrative fields of mail Louisville-Cleveland . 23,940 30 none 244 (e) 
st. O54 5 
and packages. Detroit-Buffalo...... __30,9 956 none __10 105 (h) 
The amount of civil flying in ee ee 2,642,364 1,891 621,236 1,045,222 773,280.95 
the United States has shown a Yearly rate on this basis . 5,284,728 3,782 1,242,472 2,090,444 $1,546,562.00 
steady increase in all branches, rae 
and a tremendous total mileage M Mail contract route. ; 
: . a Government-operated service (now privately operated). 
is now being accumulated. The , — day and night services operated (formerly Government, now contractor). 
. ry ai 
+ rivate express and public mail. 
report of the Assistant Secre e Started only on April 21, 1927 


tary of Commerce for Aeronautics, f 

this, hence the figures are low. 
covering the first six months of g 
1927 and given in Table 3, og 
indicates that regularly operated 
air routes in the United States are accumulating mileage at the 
rate of about 5,284,728 airplane-miles per year, without including 
their special trips and incidental flying. The operators of 
“aerial taxi’’ and similar services are now running at the rate 
of 18,746,640 airplane-miles per year, and the total operations 
of the two classes of service will reach the surprising sum of 24,755,- 
866 airplane-miles per year if assumed to continue at the same 
rate for the next six months. 

The most trustworthy estimates for European countries 
indicate that the combined operations of all regular air services 
on that continent in 1926 totaled about 9,316,509 airplane-miles 
during 1926. (These and other figures are given in Table 4.) 
As very little civil flying is done in Europe apart from the opera- 
tion of scheduled subsidized services, it is reasonably safe to 
assume that the total of all civil flying there did not exceed 
about 12,000,000 airplane-miles in 1926. From a comparison 
with Table 3 it is thus evident that the aircraft operators in the 
United States are flying as much in six months as all of the 
operators on the entire continent of Europe fly in a whole year. 

The erroneous impression of European leadership in flying 
(which still persists in some quarters in the United States) 
may be due to the fact that European flying operations are based 
largely upon passenger transport. The, visitor to Europe is 
therefore brought into more intimate contact with their activi- 
ties than he is with American services. 

The changes in air-transport equipment in the past year have 
been mainly along the lines of increased horsepower and greater 
carrying capacity, and in the very pronounced tendency to dis- 
card the converted war-surplus equipment in favor of modern 
designs. Air-cooled engines have become almost standard 
equipment in the operation of air routes, although many water- 
cooled engines are still in use among the “‘taxi’’ services. Indica- 
tions are that the remainder of the water-cooled engines will 
be retired and superseded by air-cooled models in the near 
future. 


AERIAL SURVEYING 


The Fairchild Aerial Surveys reports that technique has been 
developed for making a reasonably high-quality and reasonably 
accurate large-area map with a comparatively short-focal- 


Obviously additional mileage was flown on uncompleted trips but it is not possible to account for 


Government-operated during the period covered. 
Private express route, no mail contract; started March 28, 1927 
x Has American Railway Express Company contract. 


TABLE 3 TOTAL FLYING IN THE UNITED STATES DURING 
FIRST SIX MONTHS OF 1927 
(Figures from U. S. Department of Commerce.) 


Miles flown Passengers (6) 


Scheduled flying by airway operators... 2,642,364 1,891 

Miscellaneous flying by airway operators 362,249 8,305 

Flying by air-service operators, eRe 

aerial taxi and all other classes... 9 .373,320 (a) 385,450 (a) 

Manufacturers. ‘ Unknown Unknown 

Contests, races, meets, etc... Unknown Unknown 


24,755,866 791,292 


Year total on this basis of operations 


(a) Estimated. 
(b) Includes both those carried free and for hire. 


TABLE 4 FLYING OPERATIONS ON AIR-TRANSPORT ROUTES 
OF THE WORLD FOR 1926 SO FAR AS AVAILABLE 


(Scheduled services only.) 


Europe: Airplane-miles 
French-operated routes, 3,243,900 
British-operated routes - 840,000 
Dutch-operated routes . 597,500 
Russian-operated routes...... 11,000? 
210,340 

Other countries: 


1 All services suspended for 3 months due to financial difficulties. 
? Incomplete figures. 
Including some non-scheduled flying. 


length lens used at a high altitude. This means that the map 
can be produced with very few negatives, and as the negative 
rather than the square mile is the unit of production and of 
cost of the aerial photographic map, a low-cost map is secured 
which will serve most purposes. 

Methods of calculating print scales in order to secure uniform 
accuracy both in short and long distances have been somewhat 
changed and materially improved, and this particular process 
cheapened. 

The copies of the master mosaic made up of prints from aerial 
negatives have been improved, with the result that the finished 
map made of prints from these copy negatives shows finer detail 
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and greater contrast, and is in every way more accurate, service- 
able, and durable than previously. 

A simple instrument has been originated and produced for 
platting the coverage on a map of obliquely taken pictures, com- 
monly called “obliques,” for determining the altitude and 
slope at which they should be taken and the proper map position 
of the airplane at the time of exposure. 

The Aerocartograph, an instrument of German manufacture, 
invented by Dr. Hugershoff, has been developed for the purpose 
of securing greater utilization of data in aerial photographs 
and specifically for the accurate measurement of the parallax 
of objects at different altitudes, so that high-quality photo- 
graphic maps may be made from the aerial negative with a 
minimum, if any, of field work in securing control elevations 
and distances. 

Brock and Weymouth, in the field of engineering mapping, 
report the development of new instruments of precision and 
special methods by which topographic maps of engineering scale 
and accuracy are derived largely from aerial photographs, which 
are caused to yield all of the details of elevation, contour, location, 
culture, etc. Recent developments in this field have been the 
extension of these special processes to new limits of scale, both 
large and small, and corresponding varieties of contour interval. 
The development of the process has involved the design and 
construction of some interesting machines or precision instru- 
ments with which, for example, measurements of photographic 
parallax are made to the thousandth of an inch or less. The 
development has been well justified by utilization in various 
branches of engineering, such as power and water supply, irriga- 
tion, drainage, canals, transmission lines, pipe lines, ete. 


DEPARTMENT OF COMMERCE, AERONAUTICS BRANCH 


Air Regulations as finally adopted and made effective on 
December 31, 1926, were the result of numerous conferences 
attended by representatives from every interested branch 
of aeronautics. They provided in detail for the licensing of 
pilots, mechanics, and aircraft. A medical director and about 
200 physicians and surgeons have been appointed to give the 
physical examination for pilots. Fifteen men have been given 
appointments as pilot, aircraft, and engine inspectors. This 
nucleus is expected to reach the number of fifty within a year. 
A limited number of airplanes have been purchased by the 
Department to facilitate travel by inspectors. By the end 
of June, 1927, the Division of Air Regulations was fairly well 
organized, although the pressure of licensing work is tremendous 
owing to the continual increase in the number of pilots and 
planes in the United States. 

The 1927 appropriation of $300,000 for air-navigation facili- 
ties was expended for the establishment of lighting facilities on 
1386 miles of airways. Five routes were included in this mileage, 
all operated by air-transport companies carrying mail on regular 
night schedules that made flight in darkness necessary at some 
time during operations. The routes were New York to Boston, 
St. Louis to Chicago, Dallas to Chicago, Salt Lake City to Pasco, 
and Los Angeles to Salt Lake City. Thirty-two lighted inter- 
mediate fields were placed on the five routes, and 107 airway 
lights were established. 

A radio equisignal range beacon for aircraft was established at 
Hadley Field, New Brunswick, N. J., and here experimental work 
has been conducted looking to the development of small airplane 
receivers suitable for single-pilot planes. Another radio beacon 
was installed on the transcontinental airway at Bellefonte, Pa. 

Safety of navigation requires that information regarding 
landing and weather conditions be made available to air pilots 
approaching terminal fields, as well as periodic information 
as to changes in barometric pressures at points of known elevation 


for adjustment of the altimeter while in flight. Installation 
of radio telephones to communicate information of this sort 
to aircraft is being planned. 

The Weather Bureau of the Department of Agriculture has 
established during the year, twenty-two new upper-air meteor- 
ological stations in addition to fifteen existing ones, many of 
which are located at airports. Weather data collected through- 
out the United States are transmitted to Weather Bureau offices 
twice daily, and forecasts of flying conditions are made available 
to pilots taking off at all terminal fields. A system of com- 
munication is being established under which the maintenance 
personnel on the airways will also furnish to the Weather Bureau 
forecasters information regarding local storms, fogs, and weather 
changes. 

The airways follow the best flying country between designated 
airports, and have been determined after aerial reconnaissance. 
Intermediate landing fields, averaging about forty acres in extent, 
have been located about thirty miles apart between airports. 

The airways are maintained under the general supervision of the 
Lighthouse District offices. Each airway is divided into 
sections, each section being in charge of an airway mechanician. 
For 4121 miles of lighted airways, 31 mechanicians and 161 
caretakers were required. 

Much was accomplished during the year in the improvement 
of airway apparatus and structures. The 24in. rotating air- 
way beacon has been improved by the addition of a flashing 
mechanism for identifying lights, and the motor of the beacon 
is employed for the driving mechanism, thereby synchronizing 
the supplementary lights with the flash of the beacon. An 
improved and reliable lamp exchanger for the beacons has been 
developed commercially. 

Airways structures have been numbered on a mileage basis 
for identification of location with respect to the airway. This 
numbering system has been incorporated in the lighting system 
in order that the distinctive characteristics may locate the 
beacon for the pilot aloft. 

A flashing electric beacon using a 360-deg. Fresnel lens and 
top section showing from the horizon to the zenith, and so 
designed that equal candlepower is visible to the pilot approach- 
ing the light, is now being tried out on the Los Angeles-Salt 
Lake City airway. 

Astronomic clocks have been introduced for the control 
of automatic lights. ‘ 

Improvements have been made in the design of the internally 
lighted wind cone, making the device more reliable and eliminat- 
ing the slip rings carrying current to the lights. 


AIRCRAFT MATERIALS 


In the employment of aircraft materials, the problem of 
protecting duralumin against corrosion has been attracting much) 
attention. The anodic treatment of duralumin is meeting with 
success. The Aluminum Company of America has developed 
the material “Alclad,” in which the duralumin is protected 
by an outer thin coating of pure aluminum for which corrosion 
need not be feared. In airplane fuselages for Army use there is 
a tendency to substitute chrome-molybdenum steel unheat- 
treated for the low-carbon steel used previously. Investigations 
are being made on the use of magnesium-alloy tubing and shee' 
for plane contruction. The B. F. Goodrich Company have 
developed a hard-rubber product termed ‘“Aeroboard,” suitable 
for use in hydroplane-float construction. The material ap- 
proaches wood from a weight-strength point of view, and eliminates 
soaking up of water. 


AERONAUTICAL ACTIVITIES OF THE NAVY 
Very satisfactory progress has been made in Naval aero- 
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nautical development during the past year. The Navy uses the fol- 
lowing five types of aircraft: fighters; observation planes; combined 
scout, torpedo, and bombing planes; patrol planes; and training 
planes. Some years ago the Navy Department initiated the 
development of a line of three air-cooled radial engines of 800, 
1300, and 1700 cu. in. displacement, corresponding respectively 
to 200, 425, and 525 hp. The 800-cu. in. engine is the Wright 
Whirlwind, which has been used so extensively in the iast six 
years by the Navy and has recently come into such prominence 
in civil flying. The 1300-cu. in. engine is the Pratt & Whitney 
Wasp, which has recently established numerous world’s records 
and is now in quantity production. The 1700-cu. in. engine 
involves two models, the Pratt & Whitney Hornet, which is 
similar in design to the Wasp, and the Wright Cyclone. Both 
of these engines are now in the limited-production stage. This 
line of engines was developed with the idea that the Whirlwind 
would be employed in the training-plane class, the Wasp in the 
fast single-and two-seat fighting and observation airplanes, with 
the Cyclone and Hornet in the scout, torpedo, and bombing 
field as well as the patrol field. Simultaneously with the develop- 
ment of the engines the design and development of the air- 
planes has gone forward. Naval aircraft must not be inferior 
in performance to any shore-based aircraft, and they must meet 
certain other limitations. They must have low landing speed 
for use on carriers and as seaplanes in rough water. They must 
be convertible from landplanes to seaplanes to enable their 
being launched from catapults or received on the decks of carriers. 
The superior performance of the air-cooled engine makes it pos- 
sible to meet these requirements and still have superior aircraft. 
Aircraft of all the five classes have been thoroughly tested 
and have now gone into production. The Navy is now suc- 
cessfully using the Curtiss and Boeing single-seater shipboard 
fighters of high performance; the Vought Corsair two-seat 
observation airplane; the Loening amphibians; the Martin 
T4M; the Hornet engine in the combined scout, torpedo, 
and bombing area for single-engined airplanes; and the Douglas 
twin-engined torpedoplane around the Wright Cyclone. Direct 
and geared air-cooled engines are being rapidly installed in patrol 
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planes of the PN-type, replacing the water-cooled engines. 
The standard training plane employs the Wright Whirlwind. 

A commanding position in the matter of material is claimed. 
In case of war very large production around thoroughly proved 
and acceptable types of aircraft could be undertaken imme- 
diately. 


ATRSHIPS? 


The Aircraft Development Corporation of Detroit, during 
1927, erected its small hangar for construction of the first ship 
MC-a. About 15 per cent of the ship is built. The general 
design and layout for a 1,250,000-cu. ft. military ship are com- 
pleted, but there is no order for it in sight until the first ship 
has been demonstrated. 

The Goodyear-Zeppelin Corporation has completed the gen- 
eral design for a 6,500,000-cu. ft. military-training airship of 
most promising performance, and is continuing research work; 
but the actual construction is awaiting the Government contract. 
Details and arrangements of this design are the private property 
of the Navy and Goodyear-Zeppelin, and cannot be made 
public. 

In England, the program of consistent research and the work 
of the Airworthiness of Airships Panel continues, and during 
the year has been supplemented by the test of a full-size section 
of the hull for one of the two 5,000,000-cu. ft. ships now under 
construction. Heavy-oil motors are being developed; and large 
hangers and -mooring towers are being erected in Egypt, India, 
Australia, and Canada. 

Germany has regained its freedom to continue the remarkable 
work which Count Zeppelin started almost 30 years ago. A 
3,500,000-cu. ft. ship for Spanish-South American service is half 
completed, and it is the intention of the experienced firm 
building it to fly it around the world next year before it starts 
running on the first airship route in the history of transporta- 
tion. 

ALEXANDER KLemin, Secretary. 


3 Compiled by G. Betancourt, Airship Development Corporation, 
Detroit, Mich. 
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Facilities for Research Work in Aeronautics 
in the United States 


Particulars Regarding Laboratories and Laboratory Equipment at New York University, 
Massachusetts Institute of Technology, University of Michigan, California Institute 
of Technology, and Stanford University 


The Daniel Guggenheim School of Aeronau- 
tics, New York University 


i 1921 the growing importance of aviation in military, naval, 
and commercial applications led to an investigation of its 
possibilities by the department of mechanical engineering of 
New York University. A course of lectures given to senior stu- 
dents in mechanical engineering during the academic year 1921— 
1922 aroused notable interest. 

The generosity and far-sightedness of Mr. Daniel Guggen- 
heim quickly made possible the realization of plans for a perma- 
nent endowment of the aeronautical work. In a letter to the 
Chancellor of the University, dated June 12, 1925, Mr. Guggen- 
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heim signified his intention of endowing the Daniel Guggenheim 
School of Aeronautics with a munificent gift of $500,000. 

The undergraduate courses in aeronautical engineering at 
New York University are open to juniors and seniors in the 
Mechanical Engineering School, and lead to a B.S. degree in 
M.E. A one-year graduate course leads to the degree of A.E. 
(Aeronautical Engineer). The specialized course in aeronautics 
includes such subjects as aerodynamics, theory and practice of 
design—which includes complete specifications, drawings, and 
stress analysis for a plane, propeller theory and design, materials 
and methods of aircraft construction, elements of navigation, air- 
craft instruments and meteorology, airplane engines, advanced 
aerodynamics, dynamics of aircraft, and air transport. 


LABORATORY FAcILITIES 


The School of Aeronautics, Fig. 1, is housed in a two-story build- 
ing 85 ft. by 120 ft., containing a large drafting room, two other 
class rooms, three offices, an experimental room, a calculating 
room, a room for the Air Corps division of the R.O.T.C., a large ex- 
perimental laboratory, and a completely equipped machine shop. 


The rear extension of the building houses the new wind-tunnel 
room, 50 ft. by 95 ft., and the motor room. The wind tunnel 
is of the Witoszynski type with double returns. The working 


Fig. 3 Propetter Enp or 9-Fr. TUNNEL, New York UNIVERSITY 
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section, which is removable, is octagonal, and 9 ft. in diameter. 
The propeller is 13 ft. 8 in. in diameter, of cast aluminum alloy 
with a cast-steel hub, and the power plant a 250-hp. d.c. motor. 
The balance is of the six-component wire type, with automatically 
balancing beams. A wind speed of 100 miles per hour is easily 
obtainable in the working section. Figs. 2 and 3 show the intake 
end and the propeller end of the tunnel. 

The old wind tunnel, housed in a separate building, is an open 
tunnel 4 ft. by 4 ft., with a modified Zahm type of balance capable 
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of measuring lift, drag, pitching moment, and yawing and rolling 
moments. This tunnel is driven by a 25-hp. d.c. motor, and 
has a 4-bladed propeller 8 ft. in diameter. The tunnel has a speed 
variation of from 5 to 60 miles per hour. 

In the large laboratory, a section is reserved for engines and 
apparatus is being designed. A rib-testing machine of approved 
type is in use and will test a rib up to a 16-ft. chord. This 
machine (see Fig. 4) is also equipped with deflectometers which 
indicate deformation in hundredths of an inch, and they can be 
placed to measure deflections at any position desired. The 
machine is shown in Fig. 4 with a rib in a position for test. 

For testing full-size airplane wings, a special wall attachment 
has been incorporated in the design of the laboratory to which 
the wings may be anchored while they are being “‘sand tested.” 
The laboratory has on hand 12,000 Ib. of iron filings in 25-lb., 
10-lb., and 5-lb. bags, with which the wings are loaded. Other 
structural members such as struts and fittings are tested in the 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


testing machines of the Department of Mechanical Engineering. 

A model shop completely equipped is available to the students. 
In this shop students very frequently construct their own models 
or apparatus which they use in conjunction with thesis work. 

The school has nearly every type of instrument used in air- 
planes, and is fully equipped to test and calibrate these instru- 
ments so that accurate measurements of a plane’s performance 
may be obtained. Many full-flight performance tests have been 
run, giving the students first-hand information of accurate per- 
formance-testing methods. 

Another interesting piece of apparatus is a model of the large 
wind tunnel, built on a one-ninth scale before the big tunnel was 
constructed. This was done to determine the type of bends 
that gave the best conditions of airflow, and will always be 
valuable for investigating problems on the flow of air. Fig. 5 
shows the model tunnel before the return channels were attached. 

An aeronautical museum with examples of various types of 
aircraft and engine parts to serve mainly as exhibits in design 
work, is maintained in the drafting room. 

The working section of the large wind tunnel is removable so 
that propeller-testing equipment may be installed in its place. 
Apparatus is in process of development for testing propellers in 
conjunction with the complete airplane model, for the investi- 
gation of plane and propeller coordination. 

With this amount of experimental material and laboratories 
available, New York University is making great strides in 
aeronautical education, and each year turns over to the ever- 
developing industry a well-trained and enterprising group of 
engineers. 


Research Facilities of the Department of Aero- 
nautical Engineering at the Massachusetts 
Institute of Technology 


N ADDITION to the undergraduate and graduate courses in 
aeronautical engineering offered by the Massachesetts 


Fig. 6 New AERONAUTICAL BuILDING OF THE MAssaAcuusetTTs IN- 
STITUTE OF TECHNOLOGY 


Institute of Technology, a rather extensive program of re- 
search is being carried out at all times. 

Within the next few months all of the research facilities de- 
scribed herewith, with the exception of the engine laboratory, will 
be located in the new Daniel Guggenheim Aeronautical Labora- 
tory. Thisis a four-story building 150 ft. long and 60 ft. wide, the 
architect’s drawing of which is shown in Fig. 6. In addition 
to the large rooms which house the wind tunnels, this building 
will be very completely equipped with smaller research rooms, 
drafting rooms, class rooms, and offices for the staff. 

The research facilities broadly speaking, fall into the following 
divisions: aerodynamic, structural, power-plant, and instrument. 
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The equipment for the carry- 
ing out of aerodynamic research 
consists, in the main, of two wind 
tunnels. These tunnels are both 
of the circular-section venturi 
type and are similar in most 
respects. The smaller of the two 
is 4ft. in diameter at the working 
section, which is parallel for 6 ft. 
The air stream is set in motion 
by a four-bladed fan 7 ft. 6 in. 
in diameter, chain driven by a 
17-hp. electric motor. A honey- 
comb composed of metal tubes 
3 in. in diameter and 12 in. long 
is located immediately before 
the parallel portion of the tunnel. 
Measurements of forces upon 
models supported in the air 
stream are made by means of an 
N.P.L. type balance. The maxi- 
mum wind speed obtainable is 
60 m.p.h. 

It is expected that this 4-ft. 
wind tunnel will not be moved 
into the new building, but will be 
replaced by a 5-ft. tunnel of the 
same general design, but equipped 
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with the latest form of auto- 
matic wire suspension balances 
as well as the N.P.L. balance. 
The large tunnel was built more recently. The diameter of 
the working section, which is parallel for 15 ft., is 7 ft. 6 in. 
The entrance cone, similar to that of the small tunnel, is 15 ft. 
The honeycomb is made up of 


in diameter and 20 ft. long. 
tapered tubes 3 in. in maximum diameter and 14 in. long and 


placed 11 ft. 3 in. forward of the parallel portion. The exit 
cone has a diameter at the fan of 14 ft. 3 in. An electric motor 
of 98 hp. drives the 14-ft. four bladed fan direct through a long 
shaft. The maximum air speed obtainable in this tunnel is 
90 m.p.h. A general view of this tunnel is shown in Fig. 7. 

The aerodynamic balance for the large tunnel is mounted on a 
cast-iron table on the overhead platform, which is supported by 


Fig. 7 7-Fr. Winp TuNNEL, MASSACHUSETTS INSTITUTE OF 
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Fic. 9 Mopet 7-Fr. TUNNEL SHOWING WIRE SUSPENSION 


concrete pillars direct from the foundations, thereby minimizing 
vibration. The balance is of the all-wire suspension type and 
similar to that employed by Dr. Prandtl at Géttingen. Fig. 9 
shows a model suspended in the tunnel for test. The forces 
on the wires are measured by individual automatic beam balances, 
each equipped with a small electric motor, and by means of special 
contact points at the end of the beam, the motors are so con- 
trolled as to maintain the beams in balance at all times. It has 
been found that these automatic balances are extremely accurate 
and reliable. 

The 7-ft. tunnel is equipped with a propeller dynamometer 
consisting of a 15-hp. electric motor mounted above the tunnel 
but below the observation platform. The propeller, placed in 
the tunnel, is connected to the dynamometer through a gear 
train, and the axis of the propeller may be inclined to the air 
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stream at various angles. 
presence of a model. 

Special provision will be made for experiments in heat transfer 
from radiators and air-cooled cylinders. 

The aeronautical-engine laboratory is located in a building 
not far from the Guggenheim laboratory and occupies a floor 
space of approximately 1500 sq. ft. The photograph of Fig. 8 
shows a typical view in this laboratory. An underground ex- 
haust system passes through the center of the room and has open- 
ings at each of the dynamometers. Noise, and high tempera- 
tures of the exhaust pipes, are practically eliminated by suitable 
water injection. A fuel-supply system handling three different 
kinds of fuel is piped to each engine. The main fuel tanks are 
underground outside the building. At one end of the laboratory 
is an office with desk and drafting board to accommodate such 
work as is most conveniently done in close proximity to the 
laboratory apparatus. 

At the present time the principal pieces of apparatus installed 
include two 45-hp. and one 75-hp. Sprague electrie cradle dy- 
namometers with complete measuring apparatus for torque, 
speed, fuel and air quantities, temperatures, pressures, etc. 

For air cooling, an air blast with a maximum velocity of 120 
m.p.h. is supplied by means of a centrifugal blower separately 
driven by a 35-hp. motor. To the inlet side of this blower is 
connected a small high-speed wind tunnel, designed expressly 
for the purpose of conducting heat-transfer tests from finned 
surfaces such as are used on an air-cooled cylinder. Air speeds 
of over 135 m.p.h. may be obtained in this tunnel, which is also 
suitable for testing air-speed indicators and other small apparatus. 

Besides several motors which are in the engine laboratory there 
are several forms of high-speed, high-pressure engine indicators, 
air-quantity meters of various kinds, and some special equip- 
ment for use in connection with heat-transfer experiments on 
cylinders and pistons. 

The engine laboratory has been designed for the purpose of 
conducting research into the fundamental principles of internal- 
combustion engineering rather than for developmental pur- 
poses, and is used principally by graduate students and men hold- 
ing research fellowships for investigations of an advanced nature. 

The structural laboratory includes facilities for the static 
testing of complete airplanes or individual airplane parts, includ- 
ing full-sized wings and wing ribs. 

The materials laboratories of the Institute in the Department 
of Mechanical Engineering are at all times available and many 
investigations of especial interest in connection with aircraft and 
aircraft-engine design are conducted in these laboratories. 

The Guggenheim building will also provide a number of rooms 
for research on navigation and control instruments, aerial photog- 
raphy, and other specialized phases of aeronautical activity. 

The Aeronautical Engineering Department maintains at all 
times a museum containing both historical exhibits and examples 
of recent developments in aeronautical engineering. The ex- 
hibits in this museum are open to the public, as well as available 
to staff, students, and research workers for use in connection 
with their work. Included in the collection are several full- 
sized airplanes and engines as well as a large number of parts, 
fittings, pictures, etc. 


Propellers may also be tested in the 


The Daniel Guggenheim Aeronautic Labora- 
tory at Stanford University, California 


F THE educational institutions in America engaged in 
research in the field of aeronautics, Stanford University 
is one of the pioneers. The first laboratory was built in 1916 
and equipment was provided for experimental research on 
air propellers. Since that time this work has been continued 


and the laboratory has been improved in facilities, but until the 
present year, funds available for salaries ef research workers 
and for equipment have been so limited that only a moderate 
program of instruction and research has been undertaken each 
year. The building was a temporary wood structure built to 
meet the bare necessities. 

Through a generous gift from the Daniel Guggenheim Fund 
for the Promotion of Aeronautics, the University has been en- 
abled to establish a well-equipped permanent aeronautic labo- 
ratory and to provide a staff of instructors and assistants to 
carry on a ten-year program of research and instruction in aero- 
nautic engineering. 

For a building a brick and concrete structure 188 ft. 50 ft. 
was available, so that an expenditure of $15,000 only was required 
for alterations necessary to provide the needed office, class- 
room, and drafting-room space, as well as suitable housing for 
the wind tunnel. 

The wind tunnel is of the Eiffel type, having a throat diameter 
of 8 ft. It is placed centrally in a room 110 ft. X 50 ft. with 
24-ft. headroom. The arrangement and principal dimensions 
are shown in Fig. 10. 

Fig. 11 shows a view of the tunnel as seen from the entrance 


Fic. 10 ARRANGEMENT AND PRINCIPAL DIMENSIONS OF WinD TUN- 
NEL AT STANFORD UNIVERSITY 


end, and Fig. 12 a view looking from the exit end. Fig. 13 shows 
the experiment chamber with the propeller-testing dynamometer 
in place. 

The honeycomb, placed 3 ft. from the end of the collector, is of 
hexagon cells, 1'/, in. across the corners and 6 in. deep. Just 
ahead of the fan is placed a protecting screen made of !/j,»-in. X 
1/,-in. flat cold-rolled steel wire formed into 6-in.-square mesh. 

The tunnel fan is of the propeller type, 12 ft. in. diameter, and 
having eight blades. The blades are of wood covered with alu- 
minum leaf and are set inacast-ironhub. The fan is driven from 
a 100-hp. motor through a belt. The motor speed is controlled 
by rheostat adjustment. A wind speed of 84 miles per hour is 
attained with the driving motor delivering 125 hp., or 25 per cent 
overload, at which it may be operated for a period of three hours. 
The ratio of the energy in the wind stream to the power output of 
the driving motor is thus about 1.6. 

The propeller testing dynamometer, shown in Fig. 13, is 
mounted on a track so that it can be moved to one side, out of 
the windstream, for other work. This dynamometer is of the 
cradle type. The driving motor is supported on thin steel-plate 
knife edges, the friction of all bearings being thus eliminated, 
and the only correction applied to the torque readings is for 
armature windage. The motor is a direct-current one, capable of 
delivering 25 hp. at a maximum speed of 5000 r.p.m. Thrust 
and torque are weighed directly, and revolutions are counted 
by means of a motor-driven chronograph of special design. Wind 
speed is measured by means of the reduction of pressure in the 
experiment chamber, which is related to the velocity of the wind 
stream through a pitot-tube calibration. 

The dynamometer is arranged for tilting so that propeller 
models may be tested in any angle of yaw up to 25 deg. 


/ 
i d 
' t 
be “ 68 . 
i 


AERONAUTICS AER-50-2 


For testing aerofoils and other models a six-component wire 
balance is provided. The balance table is placed above the 
experiment chamber and is supported from the roof trusses, being 
thus free from the effect of tunnel vibrations. The balance 
beams are automatic, except for the adjustment of large weights. 

The course of instruction as at present planned provides for 
three main divisions of work: theoretical aerodynamics, theory 
and practice of aircraft structure and stress analysis, and ex- 
perimental aerodynamics. 

While no courses in flying or in aerial navigation are at present 
planned, such courses are available at nearby flying fields, and 
a number of surplus U. 8. Army and Navy planes have been 
secured. These, together with a full line of navigating and 
piloting instruments, will serve to give the students such familiar- 
ity with construction, rigging, and operation as may be gained 
through ground study. 

The courses are open for the most part only to graduate stu- 
dents who have received the A.B. degree from the Stanford 
School of Engineering or its equivalent. 

By this plan and with the present facilities, as well as with 
ample funds for the purchase of additional equipment needed 
for carrying on special researches, it is believed that serious- 
minded students will be attracted to Stanford in sufficient 
numbers. 

It is hoped that the staff will be able to devote a considerable 
part of its time to investigation and research upon the many 
problems that are developing in aeronautics, and for this reason 
a few able students only are desired. 


The Daniel Guggenheim Graduate School of 
Aeronautics of the California Institute 
of Technology 


Sree school has been founded for the dual purpose of training 
scientific men in the fields associated with aeronautics, i.e., 
aerodynamics, hydrodynamics, metallurgy, elasticity and the 
like; and for conducting theoretical and experimental work 
in these same fields. It will give courses leading to advanced 
degrees in aeronautical engineering, and in the sciences men- 
tioned above. 

The Daniel Guggenheim Aeronautics Laboratory is now 
nearing completion on the Institute campus. The funds for its 
construction and for its operation for ten years, come from a 
gift of about $300,000 from the Daniel Guggenheim Fund for the 
Promotion of Aeronautics. Due to the existence of adequate 
class-room facilities on the campus, the building has been designed 
as a laboratory. The building is of reinforced-concrete con- 
struction, has three floors and two basements, and is 55 ft. wide 
and 160 ft. long. The largest item is a wind tunnel of the Gét- 
tingen closed-circuit type, with a working section 10 ft. in diam- 
eter. Provision is made for using the working section either as 
a closed or open type. A 500-hp. direct-current motor drives 
a 15-ft. propeller and a wind velocity at the working section of 
over 100 miles per hour is anticipated. A complete set of aero- 
dynamical balances will permit testing and research of many 
kinds to be performed in the wind tunnel. At one end of the 
building a room 50 X 20 ft. and four stories high will house a 
large testing machine capable of taking a specimen 30 ft. long. 
In the sub-basement there is a water channel 138 ft. long with 
a10 X 10-ft. cross-section, above which a light car will run, attain- 
ing a speed of about 40 miles per hour. This equipment will 
permit research to be conducted on seaplane hulls, pontoons, 
ship models, and surface phenomena. A group of compressed-air 
tanks capable of sustaining a pressure of 20 atmospheres will give 
a 4-in. jet of air at approximately the velocity of sound for a 
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sufficient time to permit accurate observations to be made on 
bodies placed in the jet. In the basements there are also three 
metallurgical laboratories, a chemistry room, three dark rooms, 
and the electrical machinery for operating the wind tunnel. On 
the first floor are the observation room of the wind tunnel, a wood 
shop large enough for the building of complete airplanes, a struc- 
ture laboratory large enough to test full-size wings and fuselages, 
and an engine laboratory with dynamometers and equipment 
for the testing of all kinds of small engines. On the second 
floor are a machine shop and a group of six small laboratories 
for research on the various physical problems connected with 
engine studies. The third floor contains the balance room in 
which the wind-tunnel measurements are made, a space for a 
small wind tunnel and various auxiliary equipment, a switch- 
board room, a library, drafting room, seminar room, and five offices. 

It is expected that the wind tunnel will be fully equipped and in 
operation by the fall of 1928; while the installation of the re- 
mainder of the apparatus will proceed as rapidly as possible 
thereafter. 


Facilities for Aeronautical Research Work at 
The University of Michigan 


HE old wind tunnel in the College of Engineering, Depart- 

ment of Aeronautical Engineering, provides an air current 
3 ft. by 3 ft. in section at a wind velocity up to 40 m.p.h. 
by means of a Sirocco-type blower driven by a 12-kw. d.c. motor 
through a frictional, variable-speed transmission. The aero- 
dynamic balance connected with the wind tunnel is of the paral- 
lelogram type, enabling measurements of the lift and drag 
components and the pitching moment to be made. 

The new aerodynamic laboratory occupies approximately 
10,000 sq. ft. of floor area. It comprises two office rooms, a 
drafting room with twenty-four 3 ft. by 8 ft. drawing tables, a 
shop for the laboratory mechanic equipped with lathes, benches, 
and tools for wood and metal work, and another shop room in 
which two different machines for making aerofoils will be in- 
stalled. These machines are in the process of design at the 
present time. The major part of the above-mentioned space is 
occupied by the new wind tunnels. 


The large wind tunnel is of the Crocco type with double return, 
Eiffel chamber, variable diameter of the air current (8, 7, 6, 5 ft. 
diam.), and a two-bladed propeller fan 10'/, ft. in diameter driven 
by a 300-hp. a.c. slip-ring motor. Maximum wind velocities 
anticipated are 100 m.p.h. at 8 ft. diameter and 250 at 5 ft. diam- 
eter. 

In connection with this wind tunnel is a wire-type balance 
for measurements of the three components of the air force and 
the moment. This balance is capable of measuring the lifts up to 
900 lb. and the drags up to 200 lb. 

Under construction are the following apparatus for this wind 
tunnel: 

A propeller dynamometer for 6-ft. propeller models equipped 
with a 200-hp. motor. This dynamometer will enable the 
measurements of positive and negative thrusts and torques 
at fixed angles of yaw from +90 deg. to —90 deg. and also while 
the yawing angle changes at various rates of speed + 10 deg. from 
any angle of yaw. 

An instrument for recording oscillations of an aircraft model 
about the three axes and also for the study of autorotation 
phenomena. 

A special drag balance for measurements on models and ob- 
jects in which the drag is the primary part of interest; like 
models of dirigibles, large model fuselages, radiators in full 
size, certain landing chassis in full size, etc. This balance is 
capable of taking care of drags up to 500 lb. 

Besides, a few more balances of other systems will be built 
not only in order to provide a more valued experience to the 
students with various types of balances but also to enable the 
increase of output of the wind tunnel in the following way: 
All of the balances will be built so that they can be moved 
around, and therefore experiments can be prepared outside o the 
wind tunnel without interfering with some other experiment going 
on. 

A high-speed wind tunnel of small size, to be driven from the 
same motor as the large wind tunnel, is being designed at the 
present time. This wind tunnel is being provided for the pur- 
pose of studying the properties of aerofoils suitable for propeller de- 
sign, experiments with models of bombs, calibrations of speedom- 
eters, etc. 
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Excerpts from Current Periodicals 


Air Power 


LECTURE before the Royal United Service Institution 

on this subject was given September 7, 1927, by Group 
Capt. W. F. MacNeece Foster, who among other things was 
the British Air Staff Representative at the Disarmament Con- 
ference of the League of Nations. According to the lecturer, 
an attempt to meet adequately the local needs of empire air 
defense would cripple the financial resources of the empire. 
The only possible way to deal with the situation was therefore 
to secure intense mobility of air power. 

All stages of military progress were in a stage of acute transi- 
tion. A spirit of investigation was abroad. Air power had 
exactly the same definition as military power in its essential 
objects. But in detail it consisted of (1) the number, morale, 
and skill of pilots, (2) the quantity and quality of the aircraft, 
and (3) the ground organization, which last included skilled 
mechanics without which the pilots and machines would be 
useless. 

Air power also needed reserves of personnel and material. 
No country could afford to maintain in peace the forces re- 
quired in war, and, with air power particularly, it was necessary 
to attain the highest possible power at the very beginning of 
the war. The short-service commission system was an en- 
deavor to solve the problem of direct reserves of personnel. 
But the problem of direct reserves of material had not been 
solved, although no subject received more careful attention 
from the Air Ministry. Obviously large reserves of aircraft 
would soon become obsolete. 

With regard to the indirect reserves, these were essentially 
governed by the potential wealth and industry of the country— 
a matter of primary importance but outsidet he scope of the 
present lecture. The other indirect reserve of air power was 
civil aviation. 

There were, the speaker continued, two schools of Conti- 
nental thought with regard to civil aviation and its adaptability 
for offensive purposes. There was what might be called the 
German-American school of thought, which ruled that civil 
aviation was a great normal industry, the success of which 
rested in its ability to pay its own way. Therefore every part 
of an airplane must be designed for economy and efficiency. 
The pilots were purely peaceful, and as they got no drill or 
military training, would be useless in war. 

The other view on the Continent was that civil aviation was 
maintained in practically every country with the help of govern- 
ment subsidies, and those who paid the piper would call the 
tune, with the inevitable result that aircraft built ostensibly 
for civil purposes, owing to these government subsidies, would 
be so designed that they could take part in war. 

The British attitude was that both schools of thought were 
going too far and that vital details were ignored in both cases. 
Undoubtedly civil aviation was a most valuable form of reserve. 
A country which had an efficient form of civil aviation to draw 
from in time of emergency would undoubtedly be in a stronger 
position than a country which had none. The training of pilots 
and mechanics, with a certain amount of modification, could 


‘be made to serve both purposes. From an internal point of 


view civil aviation was an uphill business in Great Britain, 
and it would therefore be to that country’s advantage to con- 
centrate on empire aviation. 

Nothing would reconcile Great Britain to spending enough 
money on air power to make it effective unless it could be proved 
that air power was absolutely vital. That it was desirable was 


not enough. The acid test of its relative value was to compare 
it with sea power. 

A fact that was becoming increasingly clear was that the next 
European war would be a war against the civil population. 
Sir Henry Wilson had said that no convention or treaty would 
prevent an unscrupulous enemy from using poison gas. A 
German general officer had written: 

“The war (of the future) will frequently have the appearance 
of destruction en masse of the entire civil population rather 
than a combat of armed men.” 

It was therefore obvious that one must consider the means, 
even though one disapproved of them, which adversaries might 
employ. The danger of restrictions of methods of warfare was 
so wide as to make restriction Utopian. 

The conclusions to be drawn seemed to be that: (1) The navy 
alone could not secure safety, and that the navy and the air force 
were each vital to the security of the country. (2) The passive 
defence of Great Britain by air was at best only a palliative. 
The position of the offensive vis-a-vis the defensive was becoming 
stronger with the trend of air scientific management. (3) 
The scope of modern warfare would increase enormously and 
would include the civil population. (4) The large passenger- 
carrying aircraft might, particularly at night, be of the greatest 
value in bombing attacks. (5) LEthically and _ strategically 
it was desirable to limit the more barbarous phases of air war- 
fare—and on the other hand it was essential to be prepared. 
(The Aeroplane, vol. 33, no. 24, Dec. 14, 1927, pp. 781-782 
and 784, gA) 


The Farman Inversed 550-700 Hp. Aviation Motor 


HIS is an 18-cylinder W-type motor arranged in three 

sets of six cylinders at an angle of 40 deg. The dimensions 
are such that a light gasoline without benzol or alcohol additions 
may be used. The cylinders are cast en bloc in sets of six, 
symmetrically with respect to the longitudinal axis of the group 
but slightly inclined toward the interior of the cylinder; each 
cylinder is provided with two inlet and two exhaust valves. 
These valves are operated by a single camshaft carrying four 
cams per cylinder. The camshaft is driven by a train of gears 
from the crankshaft, the intermediate gears driving the water 
pump, the oil pump, the gasoline feed pump, and the magnetos. 
The crankshaft is of the seven-bearing type and is machined 
completely in a lathe. The original article gives curves show- 
ing the operation of this engine, such as power at full throttle, 
fuel consumption, etc. (L’Aerophile, vol. 35, no. 19-20, Oct. 
1-15, 1927, pp. 314-316, illustrated, d) 


Fuel Tests of the Fairchild Caminez Engine 


HESE tests were carried out in part on a Waco-10 plane 

powered with a model 447-B cam engine developing 135 
hp. at 1000 r.p.m. In this flight a cruising speed of 80 m.p.h. 
was maintained at an average propeller speed of 725 r.p.m. 
Thirty-five gallons of gasoline were consumed during this 7-hr. 
flight. For the second test the gasoline capacity of the plane 
was increased to 110 gal. The plane was flown with a consider- 
able load, but not at constant propeller speed, for a period of 
17 hr. 20 min. The hourly consumption of gasoline was 4.9 gal. 
In this engine there is no gearing or auxiliary valve-actuating 
mechanism, the push rods being driven directly from the main 
camshaft which takes the place of the crankshaft in the usual 
crank engine. The cam principle of this engine secures half 
the propeller speed at the same piston speed of the crank engine 
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without using gear reduction. The cam engine therefore oper- 
ates at slow propeller speed, and the large-diameter, slow-speed 
propeller is said to be more efficient and hence to permit lower fuel 
consumption. (Aviation, Nov. 7, 1927, pp. 1114-1116, e) 


The Russell Parachute 


HIS -parachute, called the “lobe” type, was designed pri- 

marily for military use. A pull on the rip cord instantly 
removes the entire covering. In the open position the canopy 
is extremely flat across the top with the sides curving downward 
and slightly under. The main supporting cords are attached 
to the skirt or bottom edge of the canopy fabric. From this 
point the cords remain free of the fabric until entering the seams 
on the periphery of a smaller circle forming the center top of the 
canopy. This allows the loose annular rings of fabric so formed 
to fill out regardless of the load or tension on the shroud lines. 
In filling with air the position and movement of this annular 
ring are governed directly by the internal and external pressures 
acting upon the canopy. 


At the start of opening this annular ring forms a relatively 
slight angle with relation to the line of flight. As the opening 
progresses this angle of the annular ring increases until in the 
full-open position the ring is at right angles to the path of descent. 
The annular ring in the open position then takes the shape of a 
semi-circular lobe projecting from the center portion of the 
canopy. By reason of the fact that over half of the fabric 
area of the canopy comprising the lobe is not held to a given 
position by the confining tension of the shroud lines, extremely 
positive opening is said to be assured. In the conventional 
parachute the accelerating load in one direction with the re- 
sultant drag upon the canopy in the opposite direction, causes 
a tension upon the shroud lines resisting the opening of the 
parachute. In the lobe-type canopy well over half of this 
resistance is eliminated. 

The details of the parachute, including the characteristics 
of materials, are given in the original article. (J. M. Russell 
in Aviation, vol. 23, no. 26, Dec. 26, 1927, pp. 1508-1510, illus- 
trated, d) 
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Oleo Gears for Aircraft 


By EDWIN E. ALDRIN,' DAYTON, OHIO 


After describing the various oil damping devices for reducing 
the landing shocks of airplanes, the author presents a theory and 
test data for the design of the ‘‘oleo’’ type of landing gear. This 
type depends on the flow of oil past an orifice for the shock-absorbing 
effect. Tests on several forms of orifice using different fluids 
under a steam hammer gave satisfactory orifice coefficients for 
design purposes. Then landing gears were dropped under weights 
with different combinations of orifice and needle, wheel, and tire 
through heights varying up to 42 in. and their performance studied 
in slow-motion pictures and cards from pressure indicators attached 
to the gears. In the plain oleo mechanism together with tire and 
wheel, it has been found that almost constant deceleration is obtained 
with no tapering needle in the oil orifice. Viscosity of oil medium 
has little effect. 


N LANDING, heavier-than-aircraft is subject to shock 
which has in the past been taken up by tires, coils of rubber, 
shock-absorber cord, or rubber disks in compression, and 

bouncing of the machine. Another form of gear is that using an 
oil damping device. In the recoil mechanism of guns there has 
long been employed an oil system to take the firing shock, con- 
sisting of cylinder and piston, the latter with a few slots in the 
circumference for the oil to pass through but with tapering 
throttling bars varying the orifice. The British have pioneered 
this application of “‘oleo”. to aircraft under carriage shock- 
absorption for upwards of a decade. 

Initial efforts in this country centered on the non-return oleo 
gear for the Barling Bomber designed in 1921. Before this, 
the oleo mechanism was oleo-pneumatic, that is, used in con- 
junction with compressed air. Springs or other mechanical 
means for returning the gear to the extended position after the 
initial shock were sometimes used. In such mechanisms, the 
shock was partly taken by the oil cylinder and partly by the 
spring, air, or other return medium, and they suffered the dis- 
advantage of causing bouncing because of insufficient hysteresis 
or dissipation of energy. These mechanisms were, nevertheless, 
usually better than the rubber-cord suspensions 

Laddon developed a compressed-air-spring device which was 
tested at McCook Field shortly after the Barling design, but 
owing to lack of funds, no application of this device was made 
on a divided-axle type of landing gear. Now, however, the 
divided-axle type landing gears have almost entirely superseded 
the straight-axle type. The former can clear obstructions which 
might block the latter, and in landing in tall grass, the resistance 
of the former is so much smaller that the chances of ‘‘nosing- 
over” are considerably reduced. The weight and air resistance 
are about the same for both types, although the divided-axle 
type is much lighter when used in multi-engine machines. The 
change from straight axle to divided axle has therefore been the 
occasion for the widespread use of oleo gears in this country in 
all except the lightest machines. 

The final design of the oleo mechanism combination depends 
very much on the type of landing gear used. It may not be 
amiss to mention the several types. The split-axle steel-tube 
chassis really only raises the center of the axle up to an elevated 
position at a braced hinge joint. The crossed-axle type consists 


! 1st Lieutenant, U.S.A., Air Corps, Matériel Division, Wright 
Field, Dayton, Ohio. 

Contributed by the Aeronautic Division and presented at the 
Annual Meeting, New York, N. Y., Dec. 5 to 8, 1927, of Tae 


AMERICAN SociETY OF MECHANICAL ENGINEERS. 


essentially of unit tripods for each wheel and may be composed of 
various linkages to reduce local stresses, as in the Curtiss ‘‘Hawk,”’ 
or may comprise a single-piece, semi-floating axle bent up and 
pinned to a fuselage member or wing spar. Other unit-type 
landing gears are very similar, but with wheels further apart 
so that the bent axles ; 

do not cross. 


EXPERIMENTAL WorkK 


It can be fairly 
stated that after the 
theoretical considera- 
tions given by G. H. 
Dowty? in England, 
the experiments con- 
ducted at the United 
States Army station, 
McCook Field,* have 
largely furnished the 
basis on which Ameri- 
can manufacturers 
have calculated their 
oleo gears. After a 
detailed study of all 
gears up to 1925, es 
pecially the Vickers, 
various modifications 
were drop-tested. 
Further tests on the 
effect of viscosities 
and different orifices 
were made in 1927 at 
the Massachusetts In- 
stitute of Technology.‘ 
Many special combina- 
tions in adaptation of 
this and other data 
have been successfully 
developed, tested, and 
installed by a large 
number of individual 
manufacturers. An at- 
tempt is made in this 
paper to present the 
information which has thus been made available as a basis of 
discussion and in the hope of provoking further tests or the 
announcement of such tests as have been made but not published. 


Fic. 1 Vickers OLEo-PNEUMATIC SHOCK 
ABSORBER 


TYPES 


As previously stated oleo gears may be classified as ‘‘return’’ 
and “non-return.”’ The types are listed in the table on the 
following page. 

The oleo-pneumatic gear consists of a piston and a partially 
filled cylinder of oil, with air under pressure to hold the gear 
extended under normal load. The diameter of the cylinder is 
determined by the load carried by the oleo leg, which is the 
product of the unit initial air pressure and the area of the piston. 


2G. H. Dowty, “Oleo Undercarriage Design,’’ Proc. No. 4, In- 
stitution for Aeronautical Engineers, 1922, pp. 7, 32, and 36. 
3 Herman, Laddon, Savage, Weaver. 
4 Mac Short and Berman, Thesis, 1927. 
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Medium used for 


Shock in 
Type Taxiing Landing Return! Examples 
1 Oleo-pneumatic Air Oiland = Air Vickers, T.M. 0-6 
air 
2 Oleo-rubber Rubber Rubber Rubber Army. Curtiss, 
and oil Douglas, etc. 
3 Oleo-spring Spring Oiland Spring Keystone, LB-5, 
spring Boeing 
4 Oleo Pad and Oil “Non-return” Barling, XO-2, 
Tire —Gravity Douglas 


' Rebound is checked by the oil on all, that being a secondary object of the 
gear, the primary object being a maximum amount of energy dissipation in 
the down stroke. 

To preserve a reasonable cylinder dimension, an extremely high 
air pressure is required, typical values being 500-700 Ib. per 
sq. in. This requires the use of a 
most efficient packing gland and 
special hand air-pump equipment 
which gives considerable trouble. Air 
leaks have caused severe ground- 
loops in landing due to unequal shock 
absorption. While this type of gear 
operates quite satisfactorily, the 


cylinder is mounted the filling valve 10 and above it the test 
valve 11. The packing nut 4 is locked in place by the safety 5, 
which is secured by the locking screw 14 of the test valve. This 
arrangement prevents the removal of the piston while there is 
any pressure in the cylinder. 

The operation of this absorber is as follows: When the air- 
plane lands, the load imposed upon the piston forces it upward. 
The upward motion of the piston is retarded by: 

(a) The compression of the air in the upper part of the 
cylinder; this air is initially forced into the cylinder at a pressure 
of several hundred pounds per square inch. 

(b) The throttling of the passage of the oil from the cup in 
the piston into the cylinder, which is accomplished by the tapered 
metering pin 3. 

(c) The flow of oil through the slots in the bronze piston 
valve ring 9. 

The rebound of the absorber is snubbed by the closing of the 
valve 9, which limits the return flow of oil to a '/,-inch diameter 
bleeder hole in the ring valve. 


Fieg.2 Curtiss OLEo-Rvus- 
BER StruT ASSEMBLY 


maintenance thereof, initial cost, and complication are consider- 
able and it is rapidly losing favor in comparison with the simpler 
and more fool-proof mechanisms. 

Referring to the sectional view of this type in Fig. 1, the 
principal parts are as follows: A steel cylinder 1, containing 
an aluminum plunger or metering pin 3, which is fixed at the top 
of the cylinder; a movable tubular piston 2, located at the bottom 
of the cylinder, and sealed in the cylinder by the packing and 
packing rings 6, 7, and 8, and the large nut 4. The upper end 
of the movable piston carries a slotted bronze ring which, to- 
gether with a movably mounted ring on the under side of the 
slotted ring, forms the rebound check 9. In the side of the 


Fic. Parts oF Curtiss OLEo-RuBBER STRUT 


This absorber may be readily adjusted to load variation by 
varying the air pressure in the cylinder. 

The oleo-rubber gear, shown in Fig. 2, consists of a stack of 
rubber compression disks centering about two telescoping tubes. 
The lower tube is also an oil reservoir, and when the leg is com- 
pressed a quantity of oil is trapped and forced to bleed back 
very slowly, thus effectively damping the rebound. While the 
maintenance of this type of shock absorber is very low and its 
operation excellent, the device as a whole is heavy and not well 
adapted to good streamlining. The rubber disks have been 
giving considerable trouble recently. 

The oleo-spring device consists of a cylinder and a piston, 


\ 
AY, 
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with the piston held near the top of the stroke by aspring. The 
Keystone Aircraft Corporation has developed this type of gear 
and has successfully applied it to its light bombers, LB-1, 
LB-3, LB-5, and LB-5A. It is illustrated in the assembly draw- 
ing of Fig. 4, and in the detail of the piston in Fig. 5. The 
landings are smooth, with no particular recoil. 

The springs compress a little more than half their total travel, 
so that when coil to coil they exert about 1°/, times the weight 
of the plane. This gives easy taxiing and yet it has been ob- 
served by the grease line on the rods that they never get fully 
compressed in ordinary flying. When in flight the weight of 
the gear pulls the pistons clear of the springs and to the top of 
the cylinder. When a landing is made the first shock must 
force oil through a '°/32 orifice, which is gradually closed by a 
tapered needle as the piston goes down. At the bottom of 
stroke of about 6 in. the orifice is a mere slit !/3. in. wide. De- 
celeration is by. this means kept very close to constant and 
minimum loads are imposed on the fuselage structure. As the 
oil passes through the orifice, it flows through the four */¢-in. 
diagonal holes to the space between rod and cylinder above the 
piston. The approach to the orifice is belled on top to prevent 
contraction and give quicker flow in the return direction or 
down, and it is not belled on the bottom, in order to produce as 
much contraction as possible, in the up direction of flow as in 
landing. The shock gear for bombers is composed of three 
cylinders. The pressures in the oil are, of course, rather low. 
Perhaps three times as high pressures could be carried with 
safety and economy of weight of oil and cylinders, but the 
spring would then have to be housed and kept from rusting. 

In Fig. 6 is a photograph showing the external appearance 
of an oleo-spring, no-axle landing gear as used on the Boeing 
Mailplane, 40A. 

The oleo-gravity return type of shock absorber consists of a 
cylinder filled with oil in which a piston operates and the energy 
is dissipated by forcing the oil from one side of the piston to the 
other through an orifice of constant area. When the end of the 
stroke is reached, the cylinder bottoms against a rubber pad 
or steel spring supported from the piston, and this together with 
the tire provides resiliency for taxiing. The major difference 
between this type of shock absorber and the others, is that by 
correctly proportioning the cylinder, stroke, and orifice size, all 
of the energy of impact can be dissipated by the oil and not 
stored in the rubber, steel, or air springs. Consequently, the 
energy to produce rebound does not exist and it is not necessary 
to complicate the design to take care of it. Whereas the other 


Fie. 4 AssemBLy oF OLEeo-Sprinc LANDING GEAR DEVELOPED BY THE KEYSTONE AIRCRAFT 
CORPORATION 


gears have springs of various types to return the piston to the 
“charged” position, this shock absorber depends upon gravity 
alone for this all-important function and prior to flight test 
considerable doubt existed as to its efficacy. 
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Fic. 5 Piston or THE Keystone OLEo-Sprinc LANDING GEAR 


EXTERNAL APPEARANCE OF AN OLEO-SpRING LANDING 
Gear as Usep ON THE BoEING MAILPLANE 


Fic. 6 


The Barling Bomber was the first Air Corps airplane to 
employ an oleo gear. The front wheels of the landing gear on 
this airplane were equipped with a long-stroke, non-return type 
of oleo. When the airplane was 
taken off, these wheels dropped 
below the other wheels due to 
their own weight. When the air- 
plane was landed these wheels 
came in contact with the ground 
first and the oleo cylinder absorbed 
the shock. Since there was no 
spring or other means of returning 
the cylinder to the extended posi- 
tion there was no tendency to 
bounce except that due to the de- 
flection of the tires. 

A few vears ago the Air Corps de- 
signed and built a gear of this same 
type for the XO-2 airplane. In 
addition to the regular flight tests 
an elaborate series of laboratory tests were made with one oleo leg. 


PROBLEM 


The fundamental problem now of major concern resolves 
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itself about the flow of oil through orifices. If springs also are 
used, more or less orthodox methods exist to calculate them. 
Test. data have been obtained on rubber compression disks 
with various combinations of aluminum spacers ranging from 
no spacers up to one between each disk. Although discussion 
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Fic. 7 Dynamic Test oF OLEO SHOCK ABSORBER WITH TIRE AS 
Usep on O-2 AIRPLANE (CONSTANT-ORIFICE TYPE) 


0 
‘Contact of Tire 
with Ground 


(Time-deflection curves as recorded by slow- motion camera. Weight, 2000 
Ib.; drop, 21 in.) 
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Fie. 8 Dynamic Test or OLEo SHock ABSORBER WITH TIRE AS 
UseEp on O-2 AIRPLANE (CONSTANT-ORIFICE TYPE) 


(Curves showing discrepancy between loads 1n the structure from pressure- 
gage record, and those obtained from decelerations derived from slow- 
motion camera records.) 


of these data is outside of the scope of this paper, it may be said 
that the addition of spacers materially reduces the deflection 
for a given load. The spacers keep the rubber disks from tend- 
ing to “ooze out,” so to speak. 


For a given allowable maximum instantaneous value of 
deceleration the ideal and most efficient landing gear is one 
with a constant resisting force throughout the stroke. In other 
words, the indicator card of the cylinder should be a rectangle. 
Standard Air Corps test requirements call for each leg with- 
standing half the load in a 42-in. drop. A compromise then 
between a desirable deceleration under a stipulated maximum 
and the bulkiness and weight of the cylinder and piston deter- 
mines the size of the best gear. 


THEORY AND CALCULATIONS 


Based on Bernoulli's theorem in hydraulics, Dowty (loc. cit.) 
deduced the following relation connecting the area of the orifice, 
velocity of piston, ete. 


V2 
WA(n? — 1) — 
29 


average hydraulic resistance in lb. 

weight of a cubic foot of oil used = 57 lb. 
area of piston in square feet 

effective area of leak orifice 


2000 Lb 


6 10 12 \4 
Load in Thousands A Pounds 


Fie.9 Loap-DEFLECTION CURVES SHOWING DIFFERENCE BETWEEN 
Static AND Dynamic Tests on 36-IN. By 8-IN. TiRE 
(Static tests made in Olsen machine. Dynamic tests made by dropping 
2000-lb. weight from a height of 15 and 10 in., respectively, and 1000-lb. 
from a height of 20 in.) 


n = A/a 
V = velocity of piston in ft. per sec. 
g = acceleration of gravity = 32.2 ft. per sec. per sec. 


The following calculation (due to Herman) is made for an 
observation machine, to illustrate the problem. 


Gross weight, machine, Ib................... 4500 
Energy, in. lb. per leg, 2250 X 42 = 94500 
Energy absorbed per leg, assuming that tire absorbs 15 per cent of 
0. 94500 

energy, in. lb., 4 = 40,000 
Average hydraulic resistance, Ib............... 6670 
21/3 


70 
Unit pressure, Ib. per sq. in. a = 1360 
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— 42 
Speed at impact, ft. per sec. = V2 gh = 8.02 \° = 15 
RX 2 6670 X 64.4 x 144 


WA 57 X 4.9 


470\* 
V2 [(A/a)? — 1] = (470)? or (a/A)? = 1 + 
Dropping the unity for simplification, 
49V 
470 


a(sq. in.) = 


The velocity of the piston must change from 15 ft. per sec. 
at start of stroke to zero at end of stroke. Then the effective 
orifice area a, must be such as to make V = 15 at start and 
zero at end of stroke. 


X15 


= 0.156 sq. in. = effective area of orifice. 
470 


a 


If no metering pin is to be used, then it is only necessary to 
apply the coefficient of contraction, found at Massachusetts 
Institute of Technology to be 0.655 for a */s by */s-in. hole. 


0.156 
Area = —— = 0.238 sq. in. 
0.655 
Diameter = Ye = 0.550 in. 
us 


15 load. 
53/-In. Straigh# Orifice. 


inall Straight Joper Need 


at Base. 


42-IN. DROP 


Start of Stroke 


6-IN. DROP 


per Sq In 


— 


+ —~ 
Start of Stroke 


Fic. 10 Drop Test, ENGINEERING Division, OLEO GEAR 
Wirnovut Tire 
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956 Lb. Load — €5 lb Air Pressure. 
Straight Orit ice 
Small Strargh?t Japer Need /e 
0.570 In. at Base 
0/25 In at 71p. 


20001 per Sq fa. 


42-IN. DROP 


— 


Start of Stroke 


24-IN. DROP 
per 59 In 


Start of Stroke 


G-IN. DROP 


Start of Stroke 


Fic. 11 Drop Test, EnGrngertne Division, OLEO GEAR WITH 


36-In. By 8-In. 


In case a metering pin is to be used, assume a '/,-in. diameter 
for the end of the pin in the hole at starting position. 
0.25? x 
4 


Area of pin = = 0.049 sq. in. 
Then the effective area of hole in piston will be 
0.156 + 0.049 = 0.205 sq. in. 
Find the diameter of pin at various points along the stroke by 
assuming various pistons speeds from 15 ft. per sec. to 0. 


TABLE 1 
Effective area Area of Diameter 
V, a, of hole in pin, of pin, 
ft. persec. 4.9 V sq.in. piston, sq.in. sq. in. in. 
15 73.5 0.156 0.205 0.049 0.25 
10 49.0 0.1042 0.1010 0.359 
4 19.6 0.0417 0.1633 0.457 
0 0 0 0.205 0.510 


Table 1 gives the size of pin at various values of V. Since 
the resistance or decelerating force is constant, the velocity at 
various distances from the starting point can be found from the 
following equation: 


M 
F = — (V;*— V;? 
where M is the mass of the body, and S is the distance required 


to change the velocity from V; to Vz under a retarding force of F. 
F = R = 6670 lb. based on 85 per cent of half load in each leg. 


M = W/g W = 85 per cent of half load in each leg = 
0.85 = 956 Ib. 
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956 Lb. Load - 6$Llb Air Pressure. 
0.53/-L[n. Stra 


ght Orifice. 


60lb Air Pressure 


rig 956 Lb. Load 
Large Straight? Taper Weed e. WA. 
0.500 Ln at Base. 0 3575-3 2. ht Orit ice 
Lv. a# Tip No Need /e. 
42-IN. DROP 42-1N. DROP 
900 La per 59 947) Lb per Sg ln 
; 
 — ! 
Start of Stroke Start of Stroke 
24-IN. DROP 24-IN. DROP 


1280 £b. per Sg ln 


Stort of Stroke 


6-IN. DROP 


6-IN. DROP 


Runs 


10 


23 


12 


Drop Test, ENGINEERING Division, OLEO GEAR WITH 
36-IN. By 8-IN. TIRE 
w 
S = — (V;? — V.?) ft. 
29 F 
2 — V,?) in. 
64.4 X 6670 
= (0.0267 (225 — V,?) in. 
TABLE 2 
Ve V2! 225-— V2? S, 
in. 
15 225 0 
10 100 125 3.34 
4 16 209 5.59 
0 0 225 6.00 
TABLE 3 
Tempera- 
ture, Viscosity, 
Fluid Condition deg. cent. Secs. Say. 
Mobile A 3/,” orifice, */s thick 2 1700 
Mobile A Same 23 1700 
Arctic Same 21 1050 
Vocomine grease, heavy Same 21 100000 
Arctic Same, immersed orifice 21 1050 
Vocomine grease, heavy Same, immersed orifice 22 100000 
Mobile B 3/3” orifice, 3/3” thick 10 8500 
Mobile A Same, '/s” needle 21 2100 
Mobile A Taper 4/16”—*/,6” 23 1700 
Vocomine grease, heavy Same 22 100000 
Vocomine grease, heavy 3/g ” orifice, 2” throat 24 100000 
Mobile A same 24 1600 
Mobile A 3/s” orifice, 1” throat 23 1700 
Vocomine grease, heavy Same 22 100000 
Water Same 23 34 
Water 1/2” orifice, 3/g” thick* 22 32 
Mobile A Same 22 1900 
Vocomine grease, heavy Same 23 100000 
Vocomine grease, heavy Five, 0.167” orifice, 3/3” 24 100000 
thick** 
Mobile A Same 24 1600 


* See diagram. 
** Explained in discussion. 
All runs under a pressure corresponding to a head of water of 82.5 feet. 


Drop Test, ENGINEERING Division, OLEO GEAR 
36-IN. By S-IN. TiRE 


Fie. 13 WITH 


The last columns of Tables 1 and 2 give the dimensions of 
the pin. Forexample at V = 10 ft. persec. the piston has moved 
3.34 in. from the starting point, and the diameter of the pin at 
that position is 0.359 in. 

Calculations show that the effective area of the orifice in the 
piston is 0.205 sq. in. Then the actual area of the orifice must 
be larger due to the coefficient of contraction. The orifice 
coefficient for the given head and area is about 0.655. 


0.205 
Actual f hole is —— = 031 in. 
ctual area of hole is 0.655 0.313 sq. in 


Diameter of hole 


Volume, 
cu. in. 

Specific Velocity, per 4 X 0.313 ’ 

gravity Coef. ft. persec. sec. —— _ = 0.600 In. 
0.93 0.700 53.0 70.5 
0.93 0.707 53.6 71.4 
0.92 0.700 53.4 71.1 
0.95 0.684 51.3 68.3 TEsts aT MASSACHUSETTS 
0.92 0.686 52.3 69.6 = 
095 0.621 46.5 61:8 INSTITUTE OF TECHNOLOGY 
0.915 0.655 9.8 66.4 
0.93 0.700 53.0 62.8 A thesis by Sydney Berman 
0.93 0.874 66.1 88.0 é 
095 80:0 78:6 conducted at the Massachu 
9.95 0.318 setts Institute of Technology 
0.93 0.632 47.9 63.7 in May, 1927, had for its pur- 
0.95 0.488 36.6 48. roti 
100 0770 56:2 74.3 pose the investigation of the 
0.788 338.8 flow of different oils through 
0.95 0.745 55.8 131.5 the same orifice; of the flow 
0.96 860.419 31.4 41.8 of the same oil under different 
0.93 .0.697 52.8 70.0 temperature conditions 


through the same orifice; and 
lastly of different oils passing 
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65 1b Air Pressure. 


956 Lb Load. 
YAM; 0.3125-In Belled Oritice 
No Need /e 
42-IN. DROP 
— 
Start of Stroke 
24-IN. DROP 


6-IN. DROP 
Start of Stroke 
Fic. 14. Drop Test, ENGINEERING Division, OLEO GEAR WITH 


36-IN. By S-IN. TrrRE 


through orifices of different shapes. The experiments are re- 
corded in Table 3. 

Berman shows that for orifices in the neighborhood of 3/s 
by */. in. as commonly used in landing gears, under a pressure 
of 50 lb. per sq. in., viscosity has no effect on the flow of fluids. 
His contention is borne out by tests on oil and grease varying 
from 1050 seconds Saybolt (Arctic oil) to 100,000 seconds 
Saybolt (heavy grease) which showed a difference of only 7 
per cent in the volume of fluid that passed through the orifice 
in a given time. 

As the orifice increases in diameter the coefficients also in- 
crease, those for the less viscous fluids increasing at a faster rate. 

Berman did, however, find that if the orifice area (that of a 
hole */, in. in diameter) was replaced by 5 small holes whose 
total area equalled that of the */,-in. hole, the law of flow did 
vary with viscosity. With the normal oils (Mobile A) there 
was no material difference, but with the heavy grease a decided 
difference was apparent; about 61 per cent as much passing in 
unit time through the small holes as through the large hole. 

By immersing the orifice, the coefficient of flow was slightly 
decreased, while a small needle in the orifice had little effect 
on the coefficient, although it did prolong the time of flow 
Tapering a needle would hardly effect the flow unless the taper 
were of the magnitude of 1 to 50. Having various heads to 
the needle would not alter the flow whatever, as the head was 
only in the orifice for an interval of time. Tapering the orifice 
increased the coefficient, the coefficients increasing at a faster 
rate with fluids of a lesser viscosity. By extending the orifices 
into a nozzle, the coefficients decreased faster with fluids of a 
higher viscosity than those with a lower viscosity. 
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6-IN. DROP 
-375 Lb per Sofn. 
Start of Stroke 
Fie. 15 Dror Test, ENGINEERING Division, OLEO GEAR WITH 


36-IN. By 8-IN. TiRE 


For future work in oleo-gear design, this investigation shows 
that a practicable orifice to use is the */, in. diameter */s in. 
deep. Using this particular orifice, the coefficient of flow of 
any medium remains practically constant regardless of its vis- 
cosity up to 100,000 seconds Saybolt. 

Berman’s tests indicated that changes in temperature of any 
oil were found to affect the flow very little. But air-mail pilots 
operating on the transcontinental mail route during winter 
months report a decided sluggishness of the hydraulic gear. 
It is likely that this refers to the return stroke, which Berman 
was unable to observe. It is not uncommon to have operating 
temperatures below zero deg. fahr., such that the oils used 
in the gears get very sluggish and the viscosity increases. It 
would seem therefore that the grade or viscosity of the oils used 
in the gears should be changed with the seasons. More definite 
information on this point will be available when the Boeing air- 
mail planes, operating in sub-zero weather, have been reported 
upon. 

Tests py Army Arr Corps 


At the McCook Field experiment station, extensive laboratory 
and flight tests were conducted for the XO-2, Douglas observa- 
tion airplane. A weight corresponding to approximately '/: the 
load the leg would take in service was dropped varying distances 
on the oleo leg up through 42 in. Slow-motion pictures were 
taken of the action of the leg in all these tests. In addition to the 
results of slow-motion pictures in Figs. 7, 8, and 9° a steam-engine 
indicator was attached to the oleo cylinder and pressure-stroke 


5 Figs. 7, 8, and 9 have been contributed by Mr. Theo. de Port, of 
Wright Field—AvrTuor. 
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cards were obtained on the various drops. The indicator cards 
of representative drop tests are given herewith in Figs. 10, 11, 
12, 13, 14, and 15. The effect of using a tapered needle with and 
without tire is shown; then a larger needle was used; then no 
needle; then a belled; and lastly a tapered orifice. These tests 
were made first with the oleo leg alone, and later were made on 
the leg, tire, and wheel combined to simulate the actual condi- 
tions obtaining in flight service. The indicator cards and slow- 
motion pictures gave a complete story of what was taking 
place in the cylinder during a test. These tests gave a great 
deal of information on the action and possibilities of oleo shock 
absorbers. The ideal condition for an oleo leg is constant re- 
sisting force throughout the stroke. The indicator cards showed 
how closely the leg under test was approaching this ideal. Most 
of the early oleo gears incorporated a tapered needle, spring- 
loaded valve. or some other device to keep an approximately 
constant pressure throughout the stroke. The oleo leg developed 
by the Air Corps had a tapered needle originally. When the leg 
was tested alone this tapered needle was found to be necessary 
to give an approximately constant-pressure card. However, 
when the leg was tested in connection with wheel and tire, the 
nature of the card was found to be very much altered, and it was 
found possible to eliminate the tapered needle entirely. A 
fixed leak orifice gave very closely the desired indicator card. 
The development of this testing apparatus and a method of 
testing the oleo cylinder is a very important part in the develop- 
ment of the oleo shock absorber. Oleo gears are coming into 
quite general use throughout the country, and the design of most 
of them has been influenced by the information obtained through 
these tests at the Matériel Division, Air Corps. 

As a result of these experiments it has been found that the 
practically ideal card is obtainable without the throttling needle 
if the tire and wheel are used. Also the tests showed the formula 
by Dowty gave too large an orifice until the coefficients obtained 
from Massachusetts Institute of Technology tests were used. 
This is due in part to the approximate assumption regarding the 
variation of the velocity of the piston along the stroke, when 
the initial velocity is taken as the vertical velocity at impact. 


MISCELLANEOUS DEVELOPMENT 


A very interesting “mechanical” leg bearing a resemblance 
to the above oleo gears is the Beardmore-Shackleton® leg. It 
uses helical springs with a mechanism of wedges actuating 
blocks against a Ferodo friction surface lining that part of the 
cylinder. 

The Curtiss Aeroplane & Motor Company have under experi- 
mental development a self-contained wheel-brake and oleo 
shock absorber combined. The advantage of this is obvious— 
it provides a quickly replaceable unit; it allows better stream- 
lining of the landing-gear struts as well as subjecting them to 
less shock. 


CONCLUSIONS 


The criterion for landing gears cannot be height of drop alone, 
but should include the allowable maximum instantaneous de- 
celeration. Tests for variation of orifice coefficients should be 
undertaken for a range covering tropical to arctic service tem- 
peratures. There seems to be no particular reason why it 
should not be possible to develop further the safety of aircraft 
by designing a landing gear capable of absorbing the shock of 
landing from certain kinds of stalled flight. It is possible to 
calculate to the first approximation any kind of oleo gear for 
aircraft. On account of the variables involved each complete 
new fhstallation usually requires drop testing for refinement. 


* Flight, Feb. 25, 1926. 


Appendix No. 1 Maintenance Instructions 
of Curtiss Oleo Struts 


GENERAL DESCRIPTION 


The shock absorbers of the XB-2 ‘‘Condor”’ landing gear and tail 
skid are telescopic struts in which the initial shock of landing is taken 
on an oil column and the taxiing loads taken by a set of rubber disks 
acting in compression. When the ship is at rest on the ground the 
struts are compressed and the stuffing-box nut of the lower strut 
bears on the lower cap of the rubber column. When the ship leaves 
the ground, the struts extend by gravity and remain so until a landing 
is made. 

There are four such struts used for the main landing gear, and one 


used for the tail skid. Fig. 
16 indicates the general con- 
struction of these struts. 
FILLiInG 
=O) Presuming that the strut 


, W) is installed in the ship, and 
- needs only to be filled with 
{K) oil, or have the level checked, 
the procedure is as follows: 
Remove filler plug A and 

~-M) level plug B, and add oil at 
U until the level rises to that 
; @ of B, when the plugs may 
be replaced. The oil may 

be added with an oil gun or 
a funnel and flexible hose. 
A variation of an inch or so 
above or below the level in- 
dicated will have no effect 
on the satisfactory opera- 
tion of the shock absorber. 
The tail-skid strut will hold 
about pints and the 
others about 1'/2 pints each. 
The oil originally supplied 
is “Gulf No. 45 Mechanism 
Oil,”’ which will maintain 
its body through a wide 
range of temperature, and 
which is recommended for 
---@ refilling. Should this not 
be available, any similar 
light or medium oil may be 

used. Very little replace- 
ment of oil should be ordi- 
narily required and unless 
leakage is apparent, inspec- 
tion at monthly intervals 
should be sufficient. If 
necessary, the oil may be 
drained by removing plug (. 


SruFFING Box 


If leakage through the 
stuffing box at the top of 
the lower strut is observed, 
the packing nut D should 
be tightened slightly with the spanner wrench furnished. Too much 
pressure should not be exerted on the packing as this might retard the 
dropping of the strut when the plane takes off. 


Fie. 16 Curtiss ‘‘Conpor’ OLEO 
Srrut (SHown IN 2) 


DETAILED DESCRIPTION 


By reference to Fig. 9 the function of the various parts may be 
noted. Tube E is the cylinder and F the plunger. The rubber col- 
umn is indicated by M. Cap G at the top of the cylinder forms part 
of the stuffing box and limits the extension of the strut when stop 
plate H butts against it. J is the packing of graphite asbestos cord. 
and D is the packing nut of the stuffing box, which also transmits the 
load to the rubber column. The rubber cord J passing over the caps 
K and L supports the weight of the rubbers M and prevents them 
from falling when the strut extends. To the piston head N is at- 
tached a leather cup washer O which is held expanded against the 
cylinder wall by a flat-steel spiral spring. Valve P is held in place 
by four capscrews and is free to move up or down about #/i¢ in. under 
the influence of the oil flow. When the strut is extending, the valve 
is away from its seat Q and allows the oil to flow downward freely 
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through the large area of opening then exposed. When the strut is 
contracting the oil flow upward closes the valve and requires all oil 
flow to be through the small orifice in the center of the valve. In 
the tail-skid strut there is a central needle R which has a slot milled 
on one side to give the effect of a variable orifice. The main struts 
do not have this rod, as the tires serve the purpose of relieving the 
initial high pressure. Plug S in the top of tube E is a cored casting 
sweated in place and is to prevent leakage of oil through bolt holes. 


DISASSEMBLY 


To disassemble for inspection, or replacement of rubbers, after 
the strut is removed from the ship, first remove bolts 7 and pipe- 
fitting U after which end-fitting V may be lifted off. Next remove 
bolt W and rubber cord J when cap K and the rubber disks and cap 


Fill here.- Until Of reaches 


thts level 


Replenish O7/ Suonply 


@ ~ Disconnect 


Allows withdrowal of Ma/e 
Cleo Strut for Inspection oF 
Valve and Plunger Washer. 
Also, Replacement? of Shock 

, Adsorber fubber Disks. 


BRAKE CLEARANCE 
Brake Shoe ''s mounted at ts .-- 
Lower End on an Fecentrie Bolt. 
Potate this Bolt 17 Positioning 
Shoe for Clearance between 
Lining ond Drum 
4 


@ -femo Two - 


Ov! Crosshead Guides --- yt 


-Back of Packing Nut, which \--7 A\\ 
© acking Nut, w 
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REASSEMBLY 


Reassembly should proceed in the reverse order of disassembly. 
When assembling, the leather cup washer should be very carefully 
entered in the cylinder to avoid cutting or doubling the leather. 


Appendix No. 2 Maintenance Instructions 
for Curtiss Oleo Wheels 


Correct OPERATION 


The correct operation of the shock absorber unit of this wheel de- 
pends on the following: 


-@ }-Unhook Spring, then withdraw 


Srate Plunger from Rubber 
S00t and Swing Brake Shoe 
Clear. 


| 


Removal of 


Whee/ 


Fie. 17 Sequence or OPERATIONS FOR DISASSEMBLING CuRTISS OLEO STRUT 


L may be slipped off. Loosen cap G with the spanner wrench and 
unscrew entire stuffing-box assembly. If the packing has not been 
leaking and disassembly is for inspection of piston and valve, it is 
recommended that stuffing-box be not removed from plunger, as to 
do so would unnecessarily disturb the packing. With the stuffing- 
box loose, the plunger may be removed from the cylinder and the 
valve exposed. It should be noted that the leather cup washer 
is in good condition and the valve clean and operating freely. 


(1) Maintaining of the correct amount of oil 

(2) Proper functioning of the valve in lower end of upper oleo leg 
(3) Proper lubrication of the crosshead bronze glides 

(4) Proper adjustment of packing glands 

(5) Removal of wheel and oleo struts. 


Correct Amount oF OIL 
The initial filling may be made with the plane in its normal po- 
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sition on the ground, or, it may be filled with the plane jacked up 
and with the wheels extended to their lowest position. Note and 
sketch on Fig. 17 indicate the correct height of the oil when the plane 
is at rest on the ground. After the initial filling, with the plane on 
the ground, grasp a wing and ‘‘rock”’ the plane so that any air will 
be expelled from the oleo leg, then check the level and add oil if re- 
quired. With all joints tight and proper adjustment of the packing 
nuts, only occasional checking of the oil level should be required. 


FUNCTIONING OF VALVE 


The valve, as indicated in note 6 of Fig. 17 is a simple check valve 
loosely attached at the lower end of the upper oleo leg. The action 
of the valve is as follows: In all normal positions the valve remains 
open. When a landing is made the valve closes. With the valve 
in this position the oil is forced through the small orifice in the center 
of the valve, up through and into the chamber of the male strut (or 
upper oleo leg). When the plane leaves the ground the wheels 
drop to their lowermost position. Since there is no pressure on the 
oil, the valve drops to its normal position which allows the oil to 
flow back through two large holes in the valve stem. 

Like any check valve, care should be exercised to keep foreign mat- 
ter from the oil, so that the valve will be sure to close tightly. 


LUBRICATION OF CROSSHEAD AND GUIDES 


The crosshead and bronze guides should be lubricated occasionally. 
This may be done with any good oil from an ordinary oil can. Care 
should be taken to keep the rubber disks free from oil. 


PropeR ADJUSTMENT OF PacKING GLANDS OR NuTs 


Keep packing glands well filled with packing and tighten only 
enough to prevent leakage of oil. Should the packing be 
screwed down too tightly it might interfere with the dropping down 
of the wheel in flight. 


REMOVAL OF WHEEL AND OLEO STRUTS 


To remove wheel, jack up plane until there is no weight applied to 
the shock-absorber rubbers. Remove the castellated nut from the 
center of the outside of the wheel. Wheel may now be taken off. 
It will be noted that there is a square hole in the inner end of the 
wheel hub. This engages a squared portion of the bolts, which pre- 
vents the bolt from turning while removing or replacing the nut. 

After the wheel has been removed access is given to all parts. 
Full instructions for sequence of operations in removing parts are 
given in Fig. 17. 


Discussion 


Mac Suort.’? In the design of hydraulic shock-absorbing cylin- 
ders for use on light commercial airplanes, the author has found 
the following facts. 

In the application of hydraulic gears on small commercial ma- 
chines where the gross weight usually does not exceed 2400 lb. and 
wing loading is in the neighborhood of 7 lb. per sq. ft., thus giving 
a comparatively low landing speed (35-40 m.p.h.) and a vertical 
velocity in landing which would rarely exceed 9-10 ft. per sec., there 
is presented a somewhat different problem of design than in the 
heavier commercial or military aircraft where all of the above proper- 
ties are in excess of these given. A set of calculations was carried 
through on a machine of gross weight of 2100 lb., assuming a vertical 
velocity at the instant of contact of 9 ft. per sec., and alloting a 4-in. 
travel to the gear. It was the purpose of the calculations to deter- 
mine the size of tapered needle necessary to give to the airplane a 
uniform retarding force. The diameter of the piston was regulated 
by conventional tube sizes available and, further, to keep the size 
within a reasonable value for reasons of aerodynamic resistance. 
The calculations for a 1*/s-in. piston and 4/3:-in. leak orifice gave a 
needle with a taper of 0.006 in. per inch of length. The results 
of this calculation appeared as though an error had been made when 
the taper was compared to that of a 4000-lb. machine using a 6-in. 
travel. In this latter case the uniform taper worked out to be 0.032 
in. per in. of length. However, after checking over the results and 
noting the factors in the equation for the diameter of the needle it 
became apparent why the taper for the light-weight machine was so 
small. 

The derivation of the equation for the needle diameter will not 
be given here but suffice it to say that by the application of Ber- 
noulli’s theorem the diameter of the needle at any time ¢ in the 
stroke of the hydraulic cylinder may be found from the following 
equation: 


7 Cons. Engr., Stearman Aircraft, Wichita, Kans. 


Da = 
us 


wAs 
in which D, = diameter of needle 


w = weight of oil per cu. in. 


where c = 


A = piston area in sq. in. 
W = half of weight of airplane 
A, = area of orifice in sq. in. 


The value c is a small fraction and that amount divided by t make 
the quantity of smaller magnitude. If the total travel is not great 
(about 6 in. or less) the quantity z'/2 is not of great value. Conse- 
quently for a small piston area and not exceptional stroke, the second 
quantity under the radical is not of sufficient magnitude to cause any 
great difference in the total quantity. This is the case with the air- 
plane of light weight and even for the class of light transport and 
observation airplanes. 

The result of this deduction points to the reason why some types 
of hydraulic landing gears may be built without the tapered needle, 
or, that is to say, do not justify the tapered needle to secure a fair 
approximation at a uniform retardation of the aircraft in landing. 
If this be the case, the question arises as to the size of orifice to use, 
if the effective area is to be a constant value. The method that the 
author used to arrive at this value was a combination of calculations 
and trials on the actual airplane in landing. To get a basis upon 
which to work it was decided to take as a value of the orifice diameter, 
the mean value of the annulus that was obtained by the step-by-step 
calculations for the cylinder design wherein the tapered needle was 
calculated. 

In all these calculations no account was taken of the action of 
the tire and rubber shock-absorber cord, both of which operated 
during part of the stroke. On the particular airplane under in- 
vestigation the tire size was somewhat in excess of that of the usual 
tire for light machines, being a 30-in. x 5-in. tire. The method 
employed in this gear of having available a resilient medium upon 
which to taxi is to allow shock-absorber cords to come into action 
during the last two inches of the stroke and thus allow the machine 
to taxi on the cord after the major portion of the kinetic energy 
has been absorbed by the hydraulic action. The result of the action 
of the tire at the beginning of the stroke, taking up some of the force, 
and the stretching of the rubber cords at the end of the stroke was 
impossible fully to interpret. Both of the rubber mediums would 
give back a certain amount of energy which was damped out by the 
hydraulic cylinder but their effect was evident in the action of the 
gear. 

The results of the first tests, using an orifice of the same area as the 
annulus at mid-stroke, gave a gear that operated too stiffly. The 
interpretation of this was that the oil was not passing through 
the orifice sufficiently rapidly to prevent a certain hardness felt in the 
body of the airplane as the craft struck the ground. It was decided 
to increase the size of the orifice slightly and further to round the edges 
of the hole, both on the top and bottom side of the piston. It was 
believed that this would reduce the coefficient of contraction and 
permit more oil to pass through the given orifice thus giving a more 
suitable action. By rounding the under edge of the orifice a similar 
improvement would occur when the gear was re-cocked as the oil 
could enter the lower chamber more readily and thus on the return 
stroke, when the gear had been moved but a short distance, there 
would be a fair quantity of oil again ready to pass through the 
piston orifice. The final value of the orifice diameter, at its throat, 
was approximately 50 per cent greater than the original value taken 
for the basis of design. 

With this type of hydraulic-rubber-cord gear it appears somewhat 
difficult to apply the mathematical results secured for an orifice size 
and this is probably due to the combined action of large tires (in this 
case) and the operation of the rubber cord at the last of the stroke. 
Suffice it to say, however, that this gear has worked out very satis- 
factorily and no oscillation of the plane upon landing has been ex- 
perienced. Further, the rubber cords give an ideal taxiing medium 
and it is the author's belief that often the landing gear receives some 
very strenuous racking loads while taxiing over rough ground an: 
well needs a shock-absorbing medium that is ‘‘soft.”’ 


Extiot DaLanp.§ The method used in the paper for correcting 
for the effect of tires is to reduce the value of R by a percentage . 
This has the effect of increasing the size of the orifice and is just 
opposite to the effect which tires should have on orifice diameter. 
This is proved by the Army tests which showed that a 0.531-in. 


8 Keystone Aircraft Corporation, Bristol, Pa. 
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diameter orifice with tapered needle and no tires could be substituted 
by a 0.375-in. diameter orifice with no needle and tires. It seems 
evident that the effect of tires is to absorb energy at the beginning 
of the stroke and then to return this energy at the end of the stroke. 
This interchange of energy is accomplished by a reduction of piston 
velocity at the beginning and an increase in piston velocity at the 
end. In other words, the velocity of the piston relative to the 
cylinder is made nearly constant. 

A much more logical method of correcting for effect of tires would 
be to reduce the velocity V a certain percentage. The writer has 
checked back on known gears of good performance and finds that 
if initial velocity V is cut in half, the resulting orifice diameter is 
very close to the correct size. 

The formula for orifice diameter may be reduced to several con- 
venient forms, as follows: 


R = WA'(n?—1) 
29 
where Rk = force on piston in pounds 

W = weight of 1 cu. ft. of oil = 57 lb. 
A’ = area of piston in sq. ft. 
a = area of oil stream through orifice 
n = A/a 
Vo = velocity of piston in ft. per sec. 
g = acceleration of gravity. 


Assuming constant retarding force, which is justified by indicator 
diagrams taken by the Army, 


Ph 
R= — 
where P = weight of airplane on each wheel 
A = height of required free drop in inches 
S = stroke of cylinder in inches. 


This is obviously true for a vertical cylinder whose stroke is equal 
to the travel of the wheel, and it is also true for an inclined cylinder 
whose stroke is some proportion of the stroke of the wheel, for in this 


cause 
Ph 
7 
where (© = ratio of force on wheel to force on piston 


7 = travel of wheel in inches; 
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also T = SC because the respective travels vary invertly with the 
forces. Therefore 


57 A” 
2 
WA 


where A” = area of piston in inches. 


n?—1 = 
The ‘1’ may be neglected since values of n? are generally severa 
thousand units. 


and correcting for effect of tires by taking one-half of V, this factor 
is equal to h/4s. 
Substituting these four factors in the original formula, 


Ph 48 57 A A? 
S h 14 
or 


If a = area of hole X 0.655 = (md?/4) & 0.655, where d = diameter 
of orifice hole in inches and the hydraulic coefficient of contraction 


is 0.655, then 
4 
0.133 
P/100 


or if D be taken as diameter of cylinder in inches, 


I 
= 0.0623 D*/s 
Np 1000 


In this formula S = stroke of cylinder no matter whether piston 
has same stroke as wheel or not, and P = static load applied to wheel 
no matter whether load in oleo leg is greater than load on wheel or 


d= 


not. 


as 
SC Ss 
“ 
‘2 h aN 
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The Development of Large Commercial 
Rigid Airships 


By KARL ARNSTEIN,! AKRON, OHIO 


In this paper the author discusses the safety of the airship, 
which he considers to be very high because of the multiplicity 
and overlap of various means of achieving the same end. He then 
analyzes the various types of load, aerostatic and aerodynamic, 
which an airship experiences, and makes well-based recommenda- 
tions for methods of structural analysis, and for load factors. On 
the basis, partly of past experience, partly of careful investigation 
of many projects, he studies the variation in weight with volume 
of various structural elements. He finds that the specific dead- 
weight still decreases for airships up to 15,000,000 cu. ft. capacity, 
although only slightly beyond this point. From the point of view 
of transportational efficiency, the improvement with larger sizes 
continues almost indefinitely, at any rate well beyond the 15,000,000 
cu. ft., which is the largest volume contemplated at present. The 
author's final conclusion is that it is possible to construct airships 
of any size which may be required to meet transportation problems; 
and that economy will improve from every point of view with larger 
sizes. 


back upon almost one and a half centuries of history, it 

was not until the advent of the light internal-combustion 
engine that the development of the airship as well as of heavier- 
than-air aviation became feasible. Since that time, about 
twenty-five years ago, the two branches of aeronautics have 
seen marvelous developments, in which each one has main- 
tained its own field, supplementing the other. 

The airship has naturally developed into a large and long- 
range craft affording great reliability and the utmost comfort 
to a large number of passengers, a comfort comparable to that 
of modern ocean liners but improved by the absence of noise, 
vibrations, and seasickness. The airplane is the ideal small unit 
craft capable of rather high speed. 

The considerable investment required has somewhat delayed 
the commercial development of large airships, and they have 
been given much less of a commercial opportunity to show their 
merits than, for instance, the airplane. It is a fact that heavier- 
than-air aviation would also greatly benefit from the develop- 
ment of rigid-airship lines. Airplanes would not only act as 
fast feeders and distributers, but they would also be carried on 
airships for taking aboard or delivering load at intermediate 
ports, dispensing with the necessity of landing the big airship 
at points with insufficient facilities. 


\ LTHOUGH lighter-than-air aeronautics can already look 


SaFETY AND RELIABILITY 


The inherent safety and reliability of the Zeppelin are mainly 
due to the principle of the multiplicity of independent means. 
Instead of depending on a single means for every vital purpose 
(for instance, on internal pressure as does the non-rigid airship 
for retention of gas and form), it is the advantage of the big unit 
that it permits subdividing the means so that they overlap and 
. Substitute for each other in case of emergency. 

Some illustrations will show how this principle applies in 
certain respects to all types of airships and in some respects 
especially to the Zeppelin type of ship. 

1 Sources of Lifting Power. The airship has two independent 


i Vice-President in charge of Engineering, Goodyear Zeppelin 
Corporation. Mem. A.S.M.E. 


sources of lifting power: aerostatic, due to the buoyancy of the 
lifting gas, and aerodynamic, due to the dynamic reaction of the 
ship’s hull and fins when flying at some angle of pitch. The 
airship still floats aloft, even if its motors are shut off, or, on 
the other hand, a loss of lift such as results when a gas cell is 
damaged, can be easily taken care of by the dynamic lift. 

2 Multiplicity of Buoyancy Units. The rigid airship utilizes 
the bulkhead or compartment system of the steamship by carry- 
ing the gas in a dozen or more gas cells. In case of damage to 
one or more cells the ship merely loses a certain amount of aero- 
static lift which can be compensated for by dropping ballast, 
and the ship is not forced down. Usually repairs can be made 
in flight. 

3 Triple-Layer Principle of Hull. In the single-cover system, 
most typically represented in the non-rigid type of envelope, 
this cover must hold the lifting gas, take all stresses of static 
or dynamic origin, and serve as a cover against rain, hail, or 
snow. Thus damage to the single cover impairs it in respect to 
all of the three functions it serves. 

In the rigid airship three units are provided, one for each of 
these purposes. The gas cells serve for the retention of the 
gas; a complete metal framework surrounding these gas cells 
takes all stresses, securing maximum strength with minimum 
weight, and the whole is enclosed by a taut doped and metallized 
fabric cover for protection against the elements, which reflects 
heat and offers a smooth flying surface. A network surrounding 
the gas cells protects them against expansion, while the air space 
between outer cover and gas cells serves as valuable ventilating 
space. 

This arrangement of dividing the functions has the advantage 
that one structural part may replace or assist another. This 
means, for instance, that the outer cover, if properly applied 
and maintained, will act as a valuable stress-bearing unit, lower- 
ing the stresses in the metal structure and taking shear forces 
even with the structure intact. Or in case of the destruction 
of a part of the metal framework, the fabric at this point conveys 
shear forces from one intact section to the other. These features 
make the rigid airship a very rugged and coherent structure. 

4 Multiplicity of Propulsive Means. The large airship has 
so many motor units that the failure of even two of them does 
not endanger the ship’s safety or even reduce the speed to a 
serious degree. 

An important contribution to real safety is the prevention 
of damage. The modern rigid airship is a very compact unit, 
housing most of its vital parts inside its structure. External 
appendages that can get fouled or wrench loose are avoided. The 
control car is built integral with the ship’s structure and the 
passenger compartments, and in the large ships even the power 
cars, are located inside. This feature renders complete over- 
haul of motors and extensive repair work possible during 
flight. 

Constant inspection of all parts of the ship in order to locate 
and repair a weakness in time is very important. The larger 
ships will be so constructed that there will not be a single part 
that will not in some way be accessible in flight. The fact that 
the operating crew constantly rides inside the structure auto- 
matically provides that more attention will be given to the 
important matter of inspection. 
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PrincipaAL DANGERS 


A discussion of safety would be incomplete without showing 
how the main dangers which an airship may encounter, i.e., 
gusts and fire, are taken care of. 

Gusts. It is well understood that a steady wind in itself 
does not exert stresses in the structure of a ship in flight. The 
ship floats in the moving atmosphere and it is only the fluctua- 
tions of the latter’s motion that can “attack’’ the ship, i.e., the 
gusts or irregularities in the wind and concentrated air currents 
such as occur, for instance, in the immediate vicinity of clouds. 
Past experience and recent investigation have led us to the 
conclusion that the longitudinal distribution of bending moments 
which occurs in gusts is of a similar character to that produced 
in steady pitched flight with dynamic lift. This means that a 
ship properly designed to withstand its own dynamic lift is also 
very well proportioned to stand the attack of gusts if built to 
similar lateral strength. However, it will be a matter of proper 
navigation to avoid accumulation of forces due to the two causes 
of flying very heavy or very light, and of simultaneously en- 
countering extremely severe gusts. It is general practice to 
avoid entering a storm at full speed when badly out of equi- 
librium. 

Here a statement of Dr. Eckener may be of interest. ‘‘Every- 
thing depends on keeping the airship in full control in squalls 
and on flying it well trimmed and well balanced exactly as 
steamships in heavy weather must also be trimmed correctly 
if one does not want to run a great risk.” 

On the ground, whether moored to a mast or held by a crew, 
considerable wind forces may indeed attack the ship. How- 
ever, it is not difficult to provide ample strength for this case. 

Contrary to general belief, it is not the axial drag of the ship 
which requires consideration in the case of a high wind, but the 
cross-wind force which accompanies the inevitable yawing of the 
ship from the varying wind direction. 

Fire Hazard. Experience with scores of Zeppelin ships, all 
of which were inflated with hydrogen, has shown that the rigid 
metallic-fabric-covered airship is perfectly safe from lightning. 
The entire body is within practical limits always of the same 
voltage as the air immediately surrounding it. The metallic 
masses of the framework are ample to take up the amperage 
due to lightning and to act as an efficient lightning rod. As to 
the concentrated charge at the point of entrance of a stroke, our 
rigid airship has the advantage that the arrangement of the 
structural parts provides sufficient metallic cross-sectional area 
to take care of the current, without any danger to the retention 
of the buoyant gas. 

In spite of the fact that the highly inflammable hydrogen 
was used, the Zeppelin Company built and operated 115 airships, 
none of which were lost during flight because of fire except the 
L2 and L10,? and, of course, those brought down in war. How- 
ever, the presence of hydrogen requires more careful attendance 
and operation, and for that reason entails an additional risk. 

Since this country is so fortunate as to possess a sufficient 
supply of the incombustible, buoyant gas helium to inflate air- 
ships with, any danger of ignition of the buoyant gas is com- 
pletely eliminated. 

Only small fires due to accidental ignition of spilled oil or 
gasoline have been experienced on non-military operations, but 
such fires can be easily put out by means of any small chemical 
fire extinguisher available. All non-metallic parts which might 
possibly be touched by fire are impregnated so that they do not 
sustain combustion and therefore are non-burning, as con- 


2 The L2 was burnt during a trial flight due to hydrogen finding 
its way into a power car while the motor was backfiring. The L10 
was struck by lightning while valving gas. See also Lehmann’'s 
article in the February, 1926, issue of MECHANICAL ENGINEERING. 


firmed by numerous tests. The helium airship, even with 
gasoline engines, may be considered as having a very high 
degree of safety against fire hazard. Of course, there may 
remain theoretically at least a danger from gasoline fumes caused 
by leakage of fuel lines, if the gasoline storage is not properly 
handled and supervised. With the substitution of natural gas 
as a fuel the fire hazard would be diminished due to the fact 
that these containers would be entirely surrounded by the 
non-inflammable helium and because escaping gas would take 
its way up through ducts and in general would be more easily 
eliminated by the ventilating system since it is lighter than air. 
Another promising development is the substitution of heavy 
oil for gasoline, which also would reduce the fire hazard. 


TRANSPORTATIONAL EFFICIENCY 


The reason why the rigid airship is the most economical and 
practical aircraft for long range and endurance is that its dead- 
weight becomes a smaller portion of the gross lift when size is 
increased, and because the total air resistance decreases with 
increasing size because the coefficient of frictional drag decreases 
with size (Reynolds number) and because the parasite resistance 
also decreases with the size of the airship. 

Of course, any investigation of the influence of size depends 
very much upon the interpretation of “ceteris paribus.”” The 
things that have the greatest influence besides size and speed are 
the principles of structural design. 

In order to compare reasonably the merits of different air- 
craft it is necessary to decide on a standard. Aside from mere 
‘joy rides,”’ the general purpose of any means of transportation 
is to convey a certain useful or commercial load over a certain 
distance. Where speed is selected as the standard, the product 
of the two divided by the energy expended constitutes some 
sort of a ‘“‘transportational efficiency.”’ Strictly speaking, since 
this may be more than 100 per cent we should call it a ‘“‘trans- 
portational coefficient,” as it is really quite analogous to the 
reciprocal of the frictional coefficient of any other vehicle. 

Even before we set out to discover what other features the 
transportational efficiency may depend upon, it is evident that 
it will be the better the less the deadweight that has to be carried 
per unit gross lift. This is mainly a structural problem, upon 
which it is proposed to dwell somewhat more in detail. 


SPEED 


For the airplane of conventional design, the deadweight 
obviously becomes a larger portion of the lift when size is in- 
creased, since the concentration of loads against the wide dis- 
tribution of lift enhances the requirements for sufficient strength 
of the members transmitting those forces. However, since the 
lift of the airplane depends not only on its size but equally on its 
speed, it is of importance to determine in what proportion speed 
may be increased with size without entailing new difficulties in 
regard to maneuverability, landing, etc. 

With the airship conditions are entirely different. The load 
can easily be distributed so that carrying it will not necessitate 
distant transmission of concentrated statical forces. The buoy- 
ancy lift does not depend on speed, but the aerodynamic forces 
exerted upon the structure in maneuvers and gusts do. The 
best economy of the airship is obtained if speed is not pressed 
beyond a reasonable figure, dictated by the requirement of being 
not unduly delayed by such head winds as are likely to be met, 
and of being able to outride any high wind which may be en- 
countered unexpectedly. 

Such meteorological considerations are largely independent of the 
size of the craft. It might be argued that a ship of larger cruising 
radius would be more likely to run into unforeseen weather 
conditions; it might, however, have a greater chance to cir- 
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cumnavigate the affected region. Therefore it will be justifiable 
to compare airships of different size on a basis of equal speed, 
although for the purpose of a comparative investigation it is not 
necessary to settle definitely what speed is considered appropriate. 
All that will be assumed is that the speed be of the order of a 
multiple of average winds. A speed of 80 m.p.h. will certainly 
be considered commercially sufficient to let the airship compete 
favorably with any other means of transportation on long dis- 
tances of the order of thousands of miles, and especially on 
transoceanic routes. 


Loap Factor 


The next step toward the computation of deadweight after 
selecting the structural types for various size groups is the 
decision as to the relative strength, and thereby what dimensions, 
gages, and cross-sections the various structural parts of the air- 
ships are to be given. 

Following the practice of other branches of engineering, the 
various parts of an airship structure are assigned certain relative 
or theoretical factors of ‘“‘safety,” which, however, refer to 
idealized conditions. The expression ‘‘load factor’ as recently 
adopted in airplane design would be more logical than “safety 
factor.” 

For the present we shall conceive of those load factors with 
reference to the bare metallic framework only, deliberately 
neglecting the favorable contribution of the outer cover and 
textile network to load transmission. However, account will 
be taken of all unfavorable forces resulting from these textile 
parts, such, for example, as compression of the girders caused 
by the tautness of the outer cover. Such a procedure is of 
course on the safe side, and the actual safety is decidedly greater 
than it would be if judged only from the bare-frame load factors 
without making allowances. 

To the general problem of the actual safety of the ship as 
a whole, a few remarks will be devoted in a later paragraph. 

Aerostatic Load. When a ship is flying in aerostatic equi- 
librium the buoyancy and the loads can be distributed in a gener- 
ally similar way along the ship. The distribution may vary be- 
tween two extremes: viz. (a) with the ship fully inflated and fully 
loaded, and (b) partially inflated and with all consumable loads 
(except fuel for about two hours’ run at cruising speed and '/, 
to 1 per cent of the gross lift as water ballast in the emergency 
bags for the landing maneuver) disposed of. However, in 
neither case are the stresses produced very severe as compared 
with those produced by aerodynamical causes on a fast ship. 

The distribution of stresses will of course be altered when an 
individual gas cell is accidentally deflated. But even this does 
not necessitate the infliction of large bending moments upon the 
ship as a whole, because in general it will be possible to release a 
suitable amount of ballast from the region affected. 

Aerodynamic Loads. The decisive condition in regard to which 
the strength of a fast rigid airship is to be designed is produced 
by bending moments of aerodynamic origin. We may distinguish 
between three types of aerodynamic loading, viz.: 

a The ship is not in aerostatic equilibrium. It is light or 
heavy. The surplus lift or weight, as the case may be, is bal- 
anced by aerodynamic lift, the ship flying at some angle or 
pitch. 

The surplus buoyancy or overweight is in general distributed 
' along the ship’s length in proportion to the displaced air volume. 
The distribution of the aerodynamic forces, however, is some- 
what concentrated toward the two ends of the ship, the bow and 
the empennage, as is known from experimental investigation 
and from the theories of Munk and Karman. Such a distribu- 
tion of forces and loads results in a concentration of bending 
moments about midships, tapering off toward the ends, and at 
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any given angle of attack is roughly proportional to the two- 
thirds power of the volume. 

b When the ship is running into a gust or air current, the 
aerodynamic disturbance may be considered as sweeping it from 
the bow. The deviating moment is opposed by the inertia of 
the ship, which retards any sway of the latter from its course. 
The peak of the bending moments produced in such a situation, 
is naturally slightly shifted forward from amidships toward 
the seat of the disturbance, and the tapering off of the bending 
moments toward the ends proceeds in a somewhat distorted 
sinusoidal fashion. 

c The reverse in general holds for aerodynamic forces applied 
at the stern, for instance by sudden rudder application, also 
opposed by the inertia of the ship tending to impede any change 
of motion. The peak of the bending moment is then slightly 
shifted aft of the center section. 

While bow and stern disturbance forces may occur in any 
plane, horizontal, vertical, or slanting, and without preference 
for any particular direction, the condition of pitched flight is 
confined to the vertical plane. However, it finds a close lateral 
analogue in the condition of circling flight, although the dis- 
tribution of forces is then slightly different from that of constant 
pitch. It is therefore quite appropriate to provide equal strength 
for all meridional planes, vertical, horizontal, or inclined. 

Very extensive research on all imaginable stress conditions 
and maneuvers has served to confirm previous experience on 
successful ships that a ship is well proportioned for all eventuali- 
ties provided its bending strength is distributed along its length 


BENDING-STRENGTH DISTRIBUTION 
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according to a bell-shaped curve having its peak in the vicin- 
ity of the midship section and tapering off toward the ends a 
little less readily than would be required in the case of pitched 
flight, so that its peak appears flatter. 

To be more precise, the strength distribution here advocated 
could be derived from the standard-pitch case by applying a 
magnifying factor increasing elliptically toward the ends, start- 
ing with a value of unity at the peak itself and reaching about 
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three at the ends. Such a distribution of strength will cover all 
possible cases of stresses permitting the peak of the bending 
moment to shift within the range of extreme characters of aero- 
dynamic disturbances. 

The recommended strength curve is shown in Fig. 1 enveloping 
the standard pitch condition and two extreme cases of sudden 
rudder application and a gust of a certain type. It is 
implicitly assumed that ships to be compared are of a similar 
degree of dynamic stability and consequently that the angle 
of attack at which maximum lift can be produced is also in- 
dependent of size. 

It should be understood that the bending moments due to 
buoyancy may have to be added to this curve of maximum 
aerodynamic bending moments, but they form a less important 
part of the entire moment, the less important the larger and 
faster the ship is. 

One matter of importance is of course the decision as to the 
scale of this curve. If the peak is made to correspond with the 
maximum dynamic lift observed in previous practice and in gen- 
eral agreement with theoretical investigations, the curve will 
provide approximately equal safety for very reasonable relative 
severities of the various loading conditions. Of course there can 
be some arbitrariness in conjecturing the force and character 
of gusts likely to be encountered, and if fictitious cases of unusual 
severity are assumed, higher loads may be computed. But such 
a fictitious case of exceptional severity would properly be assigned 
a smaller load factor than the standard case. The factor of 
safety will not necessarily decrease in such cases provided the ship 
flies at cruising speed (which is the normal speed) and not at 
the speed of full throttle, when such extraordinary conditions 
are encountered—for instance, the superimposition of deflated 
gas cell and extreme heaviness or gusts of greater strength than 
assumed. 

The load factor by which the standard load curve has to be 
multiplied in order to indicate the actual strength of the structure 
required, is one which has to be assumed in regard to the purpose 
of the ship. In no case does a load factor lower than 2 seem 
advisable. Although a factor in the neighborhood of 2 proved 
satisfactory on war-time airships, the requirements of peace- 
time military training operation, and especially of commercial 
operation, call for a higher load factor. 

Commercial operation of course puts safety of the passengers 
against natural hazards first. Warships have to take the risks 
of enemy action besides, and are forced to attain a very high 
ceiling. This cannot be done without sacrificing inflation and 
therefore lift. Commercial ships are not required to climb to 
such high altitudes, so their capacity is much better utilized. 
On the other hand, they are required to maintain a regularity of 
schedule which does not permit delay of action on account of 
unfavorable weather conditions. 

The comparative data on weight and performance presented 
in the following paragraphs are based on the assumption of a 
load factor of 4 applied to the recommended standard bending- 
moment distribution for the ship as a whole. 

Even with a load factor of only 2 the actual structural safety 
of warships was satisfactory. It may therefore be worth while 
to compare the computed factor of safety in the structure of a 
rigid airship with that in the structure of the steel hangar in 
which it is harbored. 

As far as the external forces exerted on the structure are con- 
cerned, the airship designer has at his disposal a wealth of ex- 
perience with regard to air-pressure distribution over the hull, 
whereas the hangar designer, at least up to the present time, 
apparently does not care to know the actual distribution of wind 
pressure all over the surface of the building. In fact, working 
along routine lines, he often assumes forces exactly opposite to 
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the actual conditions. Another factor is that the airship de- 
signer will never use a girder or column of a new type before 
having determined its properties in actual full-size tests, whereas 
the hangar designer usually depends on formulas which may 
have been derived under certain conditions for certain shapes 
of cross-section, certain ratios of length to radius of gyration, 
etc. which may not apply directly to the member being designed. 

From the author’s personal experience gained by the examina- 
tion of the strength of numerous existing hangars he can state 
that many practically satisfactory hangars have structural mem- 
bers meeting the requirements of a load factor of less than 2 if 
the framework alone has been calculated to eqrry the full load 
existing under actual conditions. Especially is the margin of 
safety against blowing over remarkably low if the actual wind 
suction forces are taken into account. He is therefore of the 
opinion that our rigid airships are more carefully computed and 
therefore possess a more uniform degree of safety all over the 
structure than steel structures generally do. 


DvURALUMIN 


The metallic hull structure of the airship consists of a system 
of duralumin girders provided with steel-wire bracing. Dura- 
lumin is a well-known aluminum-copper-magnesium alloy, and 
its present use in all kinds of aircraft is due to the endeavors 
of the airship industry, which as long ago as 1909 cooperated 
with the first manufacturer of the alloy in order to make it 
applicable to airship construction. 

Duralumin has been successfully used for the construction of 
about 90 rigid airships without the slightest trouble. The 
elastic limit or yield point of the original material has since been 
somewhat increased by cold rolling after heat treatment. Only 
a small reduction of area of cross-section is effected. so that the 
resistance to corrosion influences is not altered thereby. No 
noticeable effect on corrodibility could be observed even with- 
out the application of any protective coating. 

Numerous corrosion tests have been made on this material, 
some of which were on parts exposed entirely unprotected to 
outside weather for a period of about ten years and on parts 
taken from beams of airplanes after a similar period of active 
service. On this basis it can be safely said that with the ex- 
ception of very thin sheets it is the best structural material for 
aircraft available at the present time, and absolutely reliable 
if properly manufactured and handled. This means that first 
of all pure raw materials must be used, that the heat treatment 
must be carefully conducted, that no unreasonable forming be 
done, and that the material be protected from unnecessary 
contact with substances capable of inducing corrosion. 

The Aluminum Company of America has conducted very 
interesting tests along the same lines. The results of their tests 
confirm the preceding statements, and the author is glad to state 
that the material available in this country is excellent. There- 
fore his company does not hesitate to base its data for hull! 
structures on the use of duralumin. Furthermore the weight 
required for protecting the metal by a suitable varnish has been 
taken into account in the data presented in the following para- 


graphs. 
DesiGn PRINCIPLES 


The buoyant gas has to be confined in an envelope, and this 
latter has to be pushed through the air, which cannot be done 
without overcoming the air resistance. Slenderness of hull is 
often regarded as of great importance for the drag. However, 
it has been found that the region of favorable proportions ex- 
tends between rather liberal limits. 

Aerodynamically, the fatter a ship the less the frictional! 
resistance but the greater the “form’’ resistance. As far as air 
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resistance is concerned the friction increases with slenderness, 
but the “form drag”’ increases with fatness. An optimum range 
calculated as drag coefficient per two-thirds power of volume 
seems to extend between fineness ratios 1:4.5 and 1:7. Both 
slenderer and fatter ships have comparatively greater resistance 
because the disadvantageous part of the resistance becomes 
predominating. Theoretical considerations indicate a gain of 
stability for the fatter ship, but tests reveal less gain than theory 
indicates. Its fins are more efficient per unit of empennage 
area due to larger span, but less efficient due to shorter leverage. 
Statically, the fatter ship is subject to greater loads on the top 
longitudinals due to the greater head of gas, and to greater 


GENERAL ARRANGEMENTS OF SHIPS OF SMALL, MEpIuM, 
AND LARGE-S1ZE CLASSES 


Fie. 2 


loads in all transverse parts for the same reason and because of 
the increased diameter of hull, and to less axial load in the 
longitudinal girder caused by the action of the ship as a structural 
unit because of the greater section modulus. 

With regard to practical air navigation, the fatter ship has a 
shorter period of oscillation due to the smaller moment of inertia 
in pitch or yaw, but is slower in roll. With regard to practical 
ground handling the fatter ship is more difficult to hold on the 
ground due to height, and requires a greater width of hangar. 
However, it will have less difficulty in all matters referring to 
length. 

The advantages and disadvantages of large or small fineness 
ratio (slenderness) balance to such an extent that there is little 
to choose from within a range of lengths of 5 to 7'/, diameters. 
We shall therefore simplify our study of the influence of size 
and design upon deadweight if we refer all data to one common 
fineness ratio or slenderness. The ratio 1:6 has been selected 
_ for this investigation as being representative of ships actually 
flown as well as of those planned for the immediate future. 

Our problem thus resolves itself into the question of how far 
the interior structural design can remain similar when the size 
of the ship is altered. If a standard design were simply enlarged 
proportionately, partial derivatives could be assigned to the 
contributions to weight of the various structural items. How- 
ever, this procedure is limited to a certain extent, the entire 
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structure being built up of a very finite number of individual 
units such as bays, girders, panels, sections, compartments, and 
gangways. There are certain limitations to the absolute size 
and dimensions of such characteristic members as well as to their 
relative size as part of the whole. 

Thus, different types and distributions of structural elements, 
especially transverse frames and gangways, are suitable for 
different ranges of sizes. The author would divide them into 
three distinct groups or classes, all of which have in common the 
characteristic features typical to the Zeppelin: viz., a well- 
streamline-shaped hull of polygonal cross-section, made up of 
longitudinal girders between the annular transverse frames, 
braced against shear and deformation; covered with a taut outer 
cover and containing a certain number of individual fabric gas 
cells; propelled by a number of independent motors and pro- 
pellers, and controlled by the conventional cruciform tail unit. 

The three groups may be classified as (comparatively) small- 
size, middle size, and large size. The number of sides of the 
cross-sectional polygon is increased as the ships become larger. 


Fie. View Insipe THe Empty Structure or a SMALL- 
Size-Ciass AIRSHIP 


(The Zeppelin Commercial Airship Bodensee.) 


This is necessary because the maximum distance between longi- 
tudinals must be kept approximately constant for all ships to 
provide satisfactory support for the outer cover. 

Small-Size Class. For the small type of commercial airship, 
having a capacity of less than 2,000,000 cu. ft., the Zeppelin 
passenger airship Bodensee (Fig. 2) may serve as a representa- 
tive. This ship was built in 1919 by the Zeppelin Company 
and was successfully operated between Berlin and Lake Con- 
stance, making 103 flights in 98 days. It is interesting that 
she is still in active service and flying in Italy. She has a length 
of 393.6 ft., a maximum diameter of 61.3 ft., and a fineness ratio 
of 1 to 6.5. (This would be slightly less if allowance were made 
for her sharply pointed tail.) The gas capacity is 710,000 cu. ft. 
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Fic. 4 Marin TRANSVERSE FRAME FOR SHIP OF SMALL-SIZE CLASS 


The cross-section is a 17-sided polygon with a horizontal side 
at the bottom for the corridor. The control and passenger car 
is underneath the corridor in the front part of the ship, forming 
a structural unit with the corridor. Four engines in two wing 
cars and one rear car furnish the power for propelling the ship. 
The hull structure (Fig. 3) consists alternately of main rings 
and intermediate rings. The corners of the polygonal rings are 
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connected by the longitudinal girders and by diagonal shear 
wire bracing. 

The intermediate rings serve for the support of the longitudinals 
and mainly take stresses due to the gas pressure. The main 
rings serve the important purpose of conveying the loads accumu- 
lated in the lower part to the lifting forces exerted mainly in the 
upper part. They are therefore the structural elements which 
maintain the circular shape of the ship and considerable atten- 
tion has to be given to them in the development of larger ships. 

In these small-size ships the ring is built of circumferential 
column girders which have to be braced at each corner by cross- 
wires in the plane of the ring to obtain a stable structure (see 
Fig. 4). These taut wires crossing the ring also serve as a 
bulkhead and limit the extension of the gas cell in case of pitching 
or of the deflation of an adjacent cell. This, however, imposes 
considerable forces in the plane of the ring. 

Medium-Size Class. The Los Angeles may be taken as repre- 
sentative of the medium group of airships of two to four million 
cubic feet capacity. She was flown across the Atlantic ocean 
in 1924 and since that time has been in the service of the U. 8. 
Navy. She has a length of 656 ft., a maximum diameter of 
90.7 ft., and a fineness ratio of 1:7.2, which ratio would also 
be decreased if allowance were made for the sharply pointed tail. 
The gas capacity is 2,600,000 cu. ft. (See Fig. 2.) 

The principles of design of the hull structure are the same as 
those for the small-size class except for the arrangement of the 
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Fic. 5 View or Srrucrure or Suip oF Mepium-Size 
(U. S. Navy Airship Los Angeles, built by the Zeppelin Company.) 
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intermediate rings—i.e., two intermediate rings being inserted 
between two main rings—and the type of main rings. See Fig. 5. 

The cross-section is a 22-sided polygon which has been de- 
veloped from a regular 24-sided one by extending the second 
side from the bottom clear down to the plane of symmetry. 
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with the vertical axis assists in making the wire cross-bracing 
system unnecessary as a load-taking part. 

A loose, flexible network is provided which acts as a bulkhead 
and limits the extension of the gas cells when adjacent ones have 
different degrees of inflation or in case of pitching. This type 
of bulkhead only exerts forces of minor importance on the 
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main rings. 

The main rings of triangular meridional section have a 
number of very great advantages over the flat rings of 
smaller ships. They afford means for intercommunication 
between corridors, and together with the corridors they per- 
mit a thorough inspection of the ship. They provide excellent 
means for ventilation. They permit the installation of the 
power plant entirely within the hull, with a consequent 
saving in resistance, and afford access for quick repair and 
continuous inspection. 

The engine with gear transmission is installed in the en- 
gine room inside the hull, and an outrigger for the support 
of the rigid transmission shafts, bevel gears, and propeller 
is arranged outside the hull. This arrangement makes it 
possible to use propellers not only for forward motion and 
reversing maneuvers but also for vertical thrust by tilting 
their axes 90 deg. This feature will be of great impor- 
tance in starting and landing maneuvers. It will also permit 
carrying more pay load and avoid the loss of lifting gas 
when the ship has to be forced down. 

Such a ship can easily be equipped with landing, launch- 
ing, and storage facilities for several airplanes, thus per- 
mitting the ship to take on passengers or mail or release 
them during flight. . 

Two valuable new features will enable the ship to com- 
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The bottom corner thus forms the apex of the corridor, which is 
triangular in cross-section with its base at the top. 

Bracing all the corners of a ring with such a great number 
of rigidly jointed sides would have resulted in an extremely 
sensitive structure on account of the fact that adjacent sides are 
inclined at too obtuse an angle with each other. Moreover, 
the number of statically indeterminate elements would have 
been prohibitive. These considerations led to the type of ring 
shown in Fig. 6, in which adjacent sides are combined into a series 
of diamond-shaped trusses. Only the ends of these trusses are 
connected by a system of bracing, thus reducing the quantity 
of cross-wire bracing by one half. 

Large-Size Class. As a representative of the large-size group 
a design of a 7,000,000-cu. ft. transatlantic commercial airship 
is shown at the bottom of Fig. 2. This proposed dirigible will 
have a length of about 800 ft. and a diameter of not less than 
132 ft. The aspect ratio will be about 1:6, and the cross-section 
is a regular 40-sided polygon. 

The control car is built into the structure as far as possible. 
The protruding cross-sectional area of the car is kept exceedingly 
small, the contour of car section and ship section forming a 
continuous curve) The passenger compartments, dining and 
social rooms, and the promenade decks are located in two lateral 
corridors. These corridors and an additional one at the top are 
substituted for the single keel at the bottom of smaller ships. 
They give a great increase in actual longitudinal strength and 
form a valuable support to the intermediate rings. 

Three intermediate rings will be arranged between each two 
main rings (see Fig. 7). ° The main rings are built-up transverse 
frames of corridor cross-section, strong enough to take all the 
Stresses without the assistance of wire bracing (see Fig. 8). 
The location of the two lower corridors at an angle of 45 deg. 
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pensate for the loss in weight due to fuel consumption. 
If gasoline, which is heavier than air, is consumed during 
flight, the loss in weight previously required the release of a 
corresponding amount of lifting gas. Different attempts have 
been made to compensate for this, the most successful one up 
to date being the use of motor-exhaust condensers consisting 


View or Structure OF PAssENGER SuHip OF LARGE- 
Size Ciass 
(Project of Goodyear Zeppelin Corporation) 


of a system of connected tubes exposed to the air stream and 
installed between the engine car and the hull. This device has 
proved quite satisfactory as to the thermal effect, but it is heavy 
and involves considerable parasite resistance. 

One of the new features will be the use of a system of con- 
densing the exhaust gases by means of condensers located flush 
with the surface of, the hull, thereby eliminating most of the 
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parasite resistance and the equivalent load of additional fuel 
required to overcome it. 

The second feature will be the use of natural gas somewhat 
lighter than air as a fuel in addition to a certain amount of gaso- 
line. While consuming the gas the ship would become gradually 
heavier, and while using the liquid fuel it would become lighter. 
The simultaneous or alternate use of the two fuels would enable 
the ship to maintain equilibrium and trim and to compensate 
the effect of changes of temperature, under all conditions, in- 
dependent of the functioning of the water-recovery system. 

This second feature is undoubtedly of great importance for 
commercial operation. It eliminates any necessity of valving 
the lifting gas. It is safer with regard to fire hazard because 


the various principal structural parts contribute their share to 
the déadweight of the structure as functions of size. 

The existing literature’ mainly refers to the application of 
Normand’s equations to airships. Their use is limited to ships 
deviating only slightly in general characteristics and capacity 
from the actual ship which served as a standard. 

The following figures are derived from comparatively detailed 
designs of airships. All the designs were worked out under 
the same general stipulations, basing the application of theoretical 
conclusions on practical experience gained on previous airships. 
After confirmation of these figures by actual construction of a 
ship of the large-size class it might be advisable to determine 
the equivalent constants and powers for the dimensions to be 
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the natural gas, which is rather less explosive than gasoline 


fumes, can be surrounded easily and entirely by the non-in-. 


flammable helium, and less gasoline is carried aboard than 
would be necessary without this feature. 

The three design patterns above described are not strictly 
confined to the size limits indicated. In fact, their ranges of 
application overlap. The designs and ideas referred to represent 
the state of present experience. But it is evident that methods 
for the construction of much larger airships—up to at least 
10 million cu. ft.—are already at hand, and that still larger sizes 
can undoubtedly be developed. 


VARIATION OF Unit WEIGHT oF HULL 
A brief analysis will be given of how and in what proportion 


applied in the use of Normand’s method, which according to the 
results of this investigation are noticeably smaller and more 
favorable to the airship than might be expected from purely 
mathematical extrapolation based on smaller ships only. 

Longitudinal Girders (Fig. 9). Approximately the same 
distance between longitudinals is assumed for all sizes of ships 
because experience has shown that this distance is limited by 
the distances necessary to properly support the outer cover. 

The curve of the “unit weight” (i.e., weight per 1000 cu. ft. 
capacity), based on the load factors previously explained, drops 
rapidly within the range of smaller sizes and gradually approaches 
a constant slope for larger sizes. 


3 J. C. Hunsaker in the Aeronautical Journal, July, 1920, C. P. Bur- 
gess in ‘Airship Design,’’ Ronald Press, New York, 1927. 
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The forces acting in the longitudinal girders which are taken 
into consideration are as follows: Axial compression or tension 
due to bending and shearing for the ship structure as a whole, 
including also the longitudinal] gas pressure under conditions 
in connection with the lateral, local, outward-bending load due 
to gas pressure transmitted directly or by means of the cir- 
cumferential wires (rising of the ship is to be taken into con- 
sideration in order to determine the maximum gas pressure); 
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lateral, local, inward, and outward bending due to dynamic air 
pressure; secondary stresses due to rigidity of joints and elastic 
deformation of the intermediate frames. 

With an increase in the ship’s size the aerodynamic forces 
become the predominating factor. About two-thirds of the 
stresses result from axial compression or tension, one-third 
being due to bending. In the large-size class pin joints were 
assumed at the connection of longitudinals to main rings, per- 
mitting the ends of the longitudinals to deflect freely radially. 
This seems advisable where the bulkhead netting is to be attached 
to the inner annular boom of the built-up main frame, creating 
torsion in the main rings and the secondary bending in the 
longitudinals. 

The maximum stress in the longitudinal girder is to be com- 
puted for combined compression and bending, taking the addi- 
tional bending moments due to deflection of the girder under 
these loads into account. 

Main Rings. It is assumed that the number of cells is the 
same for all sizes, which means that the maximum cell is designed 
to have the same percentage of the total gas volume. There- 
fore the number of intermediate rings between two adjacent 
main rings will vary. It is assumed that, the distance between 
two intermediate rings is the same for the three classes. In 
Fig. 9 the curve for the unit weight of the main transverse frames 
is plotted for small- and medium-size-class ships assuming wire- 
braced rings, and for large-size-class ships assuming built-up- 
frame rings. The two curves are of different character. The 
curve for braced rings increases directly with the capacity, 
while that for built-up-frame rings decreases rapidly between 
5 and 7 million cu. ft. and then increases with a slope similar 
to that of the line for braced rings. The two branches of the 
curve intersect at somewhat more than 5 million cu. ft. capacity, 
demonstrating the economy of the built-up-frame rings for larger 
812e8. 

The members of the main and intermediate rings are designed 
with the idea of withstanding circumferential compressive forces 
due to the tautness of the outer cover and of the elements 
Supporting it, and of transmitting shearing forces in the side 
panels. 
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In addition to the stresses of the sources mentioned, the main 
ring has to fulfil the following requirements: 

1 Transmission of load to lifting forces by means of the 
sides of the ring in connection with the ring bracing, 
or by means of the members of the built-up structure 
of a self-supporting inherently stiff ring. 

It is assumed that the load-transmitting corridors are located 
in the bottom of the cross-section where a single corridor is used, 
or at an average angle of 45 deg. from the vertical axis of the 
ring where pairs of lateral corridors are provided. 

2 Supporting the bulkhead structure in case of a deflated 
gas cell or while the ship is nosed up or down. 

In the small- and medium-size classes the bulkhead structure 
consists of taut wire bracing. Axial support through columns, 
although it would result in a slight saving of weight, is not 
taken into account here because of the practical disadvantages 
it would introduce with the present cell design. In the large- 
size class the built-up-frame rings are equipped with a com- 
bination of slack-wire and cord-net bulkhead. This bulkhead 
is designed to be attached at the rim girders of the main ring, 
thus transmitting forces in and vertical to the plane of the ring, 
as well as a torsional moment. 

It is possible to save some weight by attaching the bulkhead 
tangentially to the longitudinals of the hull, thus avoiding the 
effect of bulkheads on the ring entirely. 

Intermediate Rings. In addition to the stresses mentioned in 
the foregoing paragraph, the intermediate rings have to support 
the longitudinals and to take the gas forces of the bay. The 
sides of the ring in connection with the wiring system serve to 


Volume in Million Cubic Feet 
4 8 10 4 


0 50 100 


300 
Volume in Thousand Cubic Meters 


Fie. 10 Variation oF Unit Weieut or Hutt Structure 


transmit lifting forces in the panels to the adjacent main rings. 
These forces depend largely on the system of wiring. Bending 
moments result from direct contact with gas cells and from 
rigidity of the joints of the ring due to the deformation of the 
ring under the gas forces. 

The curve for the variation of unit weight is given in Fig. 9 
in combination with the wiring, which practically cannot be 
separated, and with the corridors because these are essential as 
support for the intermediates. The discontinuity of the curve 
between 5 and 6 million cu. ft. is mainly due to shifting from 
plane wire-braced rings to built-up-frame rings with a width 
covering a noticeable part of the circumferential surface of the 
ship, which naturally causes a reduction in the number of inter- 
mediate rings required. 

Wiring. Diagonal wires serve as elements for the transmission 
of shearing forces only, whereas gas-cell netting wires serve for 
the retention of the gas cells mainly but participate in taking 
shear forces. Both systems of wires naturally relieve the 
longitudinals from some axial forces. The figures are based on 
these assumptions and the use of steel wires of about 250,000 
Ib. per sq. in. ultimate strength. 
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Corridors. The corridors act as elements of longitudinal 
strength. Their use as storage for fuel, ballast, spare parts, 
etc. requires special attention with regard to local strength 
and in order to enable the structure to transmit these loads to 
the hull. In the small- and medium-size class only one corridor 
is provided, and that is in the bottom of the ship. In the large- 
size class the number of corridors is assumed to be increased to 


Volume in Million Cubic Feet 


0 2 a 6 8 10 12 14 

T T T T T T T T T T T 
| 
| 


50 100 200 300 400 
. Volume in Thousand Cubic Meters 


Fig. 11 Variation oF Unit WEIGHT OF Fasric Parts 


three in a 7-million-cu-ft. airship and up to five or six in’a 14- 
million-cu-ft. airship. At least two of these corridors will be 
load-carrying. The rest are necessary to give transverse support 
to the intermediate rings and are very desirable in adding 
longitudinal strength and increasing the ruggedness of the 
structure. 

The curves b of Fig. 10 show the variation of unit weights 
of these main parts forming the bare hull. It is interesting to 
note that the minimum will be reached in the vicinity of 7 
million cu. ft. 

Stabilizing Fins and Rudders. The weight of the empennage 
is a function of its size and its form. It is assumed that 
the general arrangement of four fins of rigid structure and 
triangular cross-section, similar systems of bracing, similar 
location with reference to the center of buoyancy, and similar 
proportions of movable rudder surfaces can be maintained 
over the entire range of ship sizes here considered. The slender- 
ness of the fins is designed to increase slightly with size, for 
reasons which it would be beyond the scope of this paper to 
discuss. The weight of the empennage includes the weight of 
rudder and elevators, control mechanism, and instruments 
pertaining to navigation. 

Mooring and Landing Equipment. This item comprises the 
weight of the equipment necessary for landing on the ground 
and at the mast and for the transportation on the ground, so 
far as it is carried in the airship. 

Control Car and Crew. The control car is assumed to be 
built integral with the hull. The figure for the weight covers 
the control room proper, the radio cabin, and the navigation 
room. The staterooms for the crew are located inside the hull 
in the corridors. Their weight depends on the number of men 
in the crew. 

The navigation staff may consist of two shifts on ships up to 
about 3 million cu. ft., and of three shifts on larger ships where 
duty is required continually night and day. 

The engineering staff is a function of the number of motors. 
Therefore it increases with the power, which under the assump- 
tion of a standard speed increases almost as the two-thirds 
power of the volume, and depends on the maximum power unit 
available. The curve drops rapidly within the range of smaller 
sies only, and slopes gradually for larger sizes. 


The curves at a, Fig. 10, show the variation of the totaled 
weights of the parts of the hull structure. It is essential to 
note that the unit weight of the hull proper seems to reach its 
minimum in the neighborhood of 8 million cu. ft. capacity. 


VARIATION OF Unit WetGurT oF Fasric Parts 


Fig. 11 shows the variation of the unit weight of the fabric 
parts of the ship, including the outer cover and the gas cells with 
the surrounding cord network, the valves, and the gas ducts. 
The computation of the weight of the outer cover is based on 
the assumption that the distance between the supporting longi- 
tudinals may change but slightly. The weight for coating and 
metallizing is included. The weight of the gas cells was calcu- 
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lated for material of the latest development made to resist 
adverse atmospheric conditions and reasonably severe conditions 
while being handled. The gas valves are designed to allow for 
an ascent at the rate of 33 ft. per sec. 


VARIATION OF Unit WEIGHT oF Power PLANT AND ACCESSORIES 


Fig. 12 shows the variation of the weight of the mechanica! 
parts of the ship. 

Power Plant. The weight figures for the power plant com- 
prise the weight of the motors, transmission gears and shafting. 
and the power cars or engine rooms. As the speed is supposed 
to be the same for all ships compared, the required power is 
mainly a function of size, and within each class of ships it increases 
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at a rate slightly less than proportional to the two-thirds power 
of the volume. Since the same type of motor is assumed for 
comparison, the unit weight of the power plant within each 
group, including reversing gears and reduction gears (if any), 
varies at a similar rate. 

Storage Facilities for Fuel and Ballast. The weight share of 
the fuel-storage units depends first of all upon the size of the 
tanks which can be used. The weight of the regular and emer- 
gency ballast bags increases with the volume of the ship and 
decreases with the increasing size of the units. 

Miscellaneous Apparatus. This includes radio equipment, 
navigation instruments, fire extinguishers, signaling apparatus, 
telephone and lighting systems, and cooking and heating system. 

Finally, Fig. 13 shows the unit weight in pounds per thousand 
cubie feet for the entire deadweight, i.e., structure, fabric, and 
machinery, plotted against air volume and gas volume (if 100 
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per cent inflated), which slightly differ on account of the dif- 
ference in waste space in the two types of plane and built-up 
rings. These curves indicate that the specific deadweight con- 
tinues to decrease (although finally but slightly) up to sizes at 
least 15 million cu. ft. in capacity, and also the superiority of 
the large-size ship with built-up rings for capacities exceeding 
about 5 million cu. ft. 


PERFORMANCE AS A FUNCTION OF SIZE 


Useful Load. So far we have studied only the deadweight. 
The useful lift is the total lift minus the deadweight and minus 
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the service load. If a@ is the fraction of the total or gross lift 
after deducting the deadweight and y the fraction of the gross 
lift assumed as the “service” load covering the weight of 
the crew, the emergency and landing water ballast. of about 
3 per cent of the lifting force, and the spare parts amounting to 
1 per cent of the lifting force, the difference a — y indicates 
what fraction of the total lift or buoyancy is available as useful 
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load. This is plotted against volumetric capacity in Fig. 14. 
The question regarding the most efficient size as to useful load 
may now be answered. The curve of Fig. 14 approaches a 
maximum near 15 million cu. ft. volume. 

It may be explained here that this curve and the further 
discussion are based on the following assumption regarding the 
lifting power. The ship is assumed fully inflated with helium 
lifting 0.0656 Ib. per cu. ft. This corresponds to the lift of 94 
per cent pure gas in air of 60 per cent humidity at 29.95 in. 
barometric pressure and at a temperature of 32 deg. fahr. The 
assumption of a 100 per cent inflation of the ship is made merely 
to simplify the computation. 

In reality, of course, the ship cannot be inflated 100 per cent 
on account of the expansion of the gas which accompanies as- 
cension. However, by the partial use of gaseous fuel (natural 
gas) for the motors, which does not add weight but even con- 
tributes a little lift, the same effective lift can be obtained. 
Employing 25 per cent natural gas, 8 per cent air, and 67 per 
cent helium, approximately the same performance can be ob- 
tained as if 100 per cent helium inflation were used with liquid 
fuel only. It is to be understood that the gaseous fuel will 
be carried in auxiliary gas cells entirely surrounded by the inert 
helium, thus rendering the fire hazard negligible. It should be 
noted also that natural gas is no more inflammable than gasoline 
fumes, and since it is lighter than air it can be more easily gotten 
rid of by ventilation. The natural gas is here assumed to be 
so selected that the ship will maintain its equilibrium without 
ballast-water recovery. 

The parabola shown in Fig. 15 indicates how, for any size, 
the product of load and distance or the passenger-mileage is 
affected by a varying ratio of fuel to pay load. The optimum 
is reached when one half of the useful lift is devoted to fuel 
and the other half to pay load. It should be mentioned here 
that the load used in computing passenger-mileage includes, 
in addition to the weight of the passengers, the weight of the 
staterooms, dining and social rooms, lavatories, promenade 
deck, kitchen and utensils, food and beverages, baggage, and 
personnel for the service to passengers such as stewards and 
cooks. This weight varies from 300 to 600 lb. per passenger. 
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TRANSPORTATIONAL EFFICIENCY AS a FUNCTION OF SIZE 


Which is the best size from the point of view of transporta- 
tional efficiency? Transportational efficiency has been defined 
as the pay load times distance traveled divided by the power 
expended and the time taken. 

Since the time taken times the velocity equals the distance 
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traveled, this efficiency coefficient may be expressed by the 
formula: 

V (a—ypE 
K (1 [1] 
v? 
d 
29 
where K = ratio of gas capacity to gross volume 
d = relative density of lifting gas with reference to air 
V = volume (cu. ft.) 


f = specific fuel consumption (lb.) per foot-pound of 
work produced 


D = distance (ft.) 

- = velocity head (ft.) 

Ca = absolute coefficient of drag 
E = efficiency of propuision. 


To reach the optimum in ton-miles the fuel load has to be 
equal to the pay load, and therefore amounts to one-half of the 
entire useful load. The transportational-efficiency coefficient is 
then represented by one-half of the first term of the general- 
efficiency coefficient and is equal to the second term fD. So far 
this formula does not take into account the variation of the 
coefficient of drag with the variation of the Reynolds number, 
which for airships is proportional to the product of size and 
speed. Assuming that Cz decreases as the nth power of the 
Reynolds number, the transportational-efficiency coefficient for 
optimum loading reads as follows: 


fa —@) B 


29 Cu 


[2] 


1 V 
5 K 


where Ca = absolute coefficient of drag for the Reynolds 
number one 
n = exponent of the resistance coefficient plotted 
against the Reynolds number. 


We have investigated in detail the variation of a — y with 
size, and should now do the same for all the other elements 
entering into this formula. However, a few brief remarks may 
suffice here, since it is the structural problems which are the 
most intricate. 

The ratio K of gas capacity to gross volume does not vary 
appreciably within each class of ships. It is, however, slightly 
smaller with the built-up ring construction of the large class 
than with the braced rings of the two classes of small and moder- 
ate volume. 

The propeller efficiency, under the assumptions here made 
regarding power units, does not vary appreciably with size, 
although again a slight difference between the arrangement of 
thrust propellers at the rear end of power cars (small and medium 
class) and isolated propellers on well-streamlined hubs (large 
class project) may appear justified. 

The exponent n attributed to the so-called scale effect is known 
to be a little less than 0.2. The standard coefficient of drag 
Cw assigned to the unit Reynolds number of course would be 
the same for all classes of ships considered, as far as the shape 
of the envelope is concerned. However, the share of drag taken 
by the various appendages such as power cars (or propeller 
braces as the case may be), bumpers and rails, fins, etc. in general 
decreases with size, a fact that may, for the purpose of this in- 
vestigation, be included in a “technical” scale effect on drag by 
a corresponding increase of the assumed exponent n. 

Without going into all these details, reference may now be 
made to Fig. 16 which shows the optimum transportational- 
efficiency coefficient as represented by formula [2]. This graph 
compares the different ship sizes with regard to their efficiency 
for their optimum range, and indicates that the larger ship is the 


Fic. 18 or RecomMeNnpDED Type or HanGar 
more economical and that the optimum is to be found for sizes 
far beyond the largest contemplated size of 15 million cu. ft. 
capacity. 

Fig. 17 permits the finding of the number of passengers or 
pay load which can be carried for the indicated distance, giving 
the maximum in ton-miles on a ship of known capacity. It is 
to be understood that deductions, which can be easily computed, 
have to be made for deviation of temperature or barometric 
pressure from the assumed figures. 


Cost or PropvuctTIon 


It is essential that facilities be provided for shop and assembly 
work which permit the closest cooperation of the different pro- 
duction departments. An ideal plant from the point of view 
of production and operation for trial flights is shown in Fig. 18. 

The type of hangar the author favors is one of semi-cylindrical 
cross-section. The transverse arches are shaped and dimen- 
sioned in such a way that the catenaries due to vertical loads 
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remain within the booms of these arches. These arches can 
therefore be built very light, and on account of their peculiar 
shape offer an ideal space for workshops between the struts 
supporting the arches. 

A plant arranged in a hangar of this type would provide 
facilities for an efficient production process. Operations would 
begin at one end with the reception and testing of incoming 
material, and would be continued in the adjacent workrooms 
until the finished parts would leave the workshops at the other 


Fie. 19 Cross-Section oF HANGAR SHOWING Suip SusPENSION 
AND ADJUSTABLE PLATFORMS 


end. The hangar would have sufficient space to arrange two 
rows of workshops along the length of the building. The 
finished parts would then be brought to the jigs or cradles for 
assembly into the structural units as cars, main or intermediate 
rings, corridor sections, fins and rudders, etc. 

The work of assembling these structural units into the final 
structure forms the most difficult part of the manufacturing 
process. The upper part of the suggested hangar closely follows 
the contours of the ship and serves as staging where there is 
no accessibility by ladders from the floor. Fig. 19 shows the 
manner of suspension of the framework from the hangar. A 
light support from the floor may be used in addition. 

The procedure for erection is about as follows: When the 
structural units such as rings, etc. are finished, a group of ad- 
jacent rings are temporarily secured to.a rigid erection frame, 
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with which they are moved into the proper place in the hangar, 
where the device with the rings is tilted into vertical position 
and suspended from the hangar. In the vertical position the 
rings are moved one ring distance apart and then connected by 
longitudinal girders and wire bracing. Stages for this work 
are moved vertically between the rings. The nose, tail, and 
one mid-section are erected on the floor with axes vertical. These 
are then turned into the horizontal direction and located in 
proper position, and the rest of the ship built up between them. 


It is now in order to enumerate some of the advantages of this 
particular semi-cylindrical hangar design with regard to safety 
of the hangar and the problem of handling the ship on the 
ground while taking it into or out of the hangar. In connection 
with this it may be desirable to first analyze the nature of the 
wind forces on a building in general. 

The stresses due to wind are a very important factor with 
respect to the structural safety of such buildings as airship han- 
gars. Our knowledge of wind forces on buildings is compara- 
tively limited. We do know that the common practice of com- 
puting wind forces as impact pressures per unit projection area 
is a wholly unsubstantiated procedure. In fact, impact pressure 
prevails only on a very small portion of the windward face of a 
building, and it is suction forces which cause the real trouble 
in unroofing and distorting windswept buildings. Near edges 
or places of strong surface curvature these suctions can become 
even stronger than the full impact pressure. But they are 
minimized on a building which is so designed that all sudden 
breaks in contour lines are avoided. Fig. 20 represents the 
distribution of the wind force on a hangar of the suggested type 
in a cross-wind. Only the lower portion on the windward side 
experiences pressure; all the rest of the circumference is under 
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moderate suction. The resultant of the wind force has a pro- 
nounced lifting trend. These data have been acquired by model 
tests in wind-tunnel laboratories and corroborated by aero- 
dynamic theory. Not only are the wind forces on such a smoothly 
curved building very moderate in amount and much less 
dangerous than with square buildings of more orthodox design, 
but more is known concerning them, all of which helps to 
reduce costs. 

It is obvious that any reduction of the wind forces on the 
hangar will be accompanied by a reduction of the flow disturb- 
ance caused by the presence of the hangar itself. These dis- 
turbances add much to the difficulty of handling the ship when 
it is taken into or out of the hangar. This design makes it possi- 
ble to avoid to a large extent the eddies and vertical currents 
which accompany the wind flow over and around a large, rugged 
shed with wide-spanning square doors. For that reason ground 
operations will be simplified and the difficulties of harboring the 
ship in a strong wind greatly diminished. 

The doors of spherical calotte design are a valuable feature 
of this structure. The economy of such an arched design re- 
garding stresses as explained for the transverse frame applies 
also to the door. Besides, the halves of the door are practically 
entirely out of the way when removed flush with the hangar 
walls. 

The cost of such a hangar, with working facilities for shop- 
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work, the necessary rails, traveling cranes, staging, operating 
equipment, etc. large enough to house a 10 million-cu. ft. ship 
would cost complete about $2,500,000. The inside dimensions 
are: height, 175 ft.; width, 250 ft.; length, 1100 ft. 


MarTeErIAL, Labor, AND PropucTION METHODS 


The costs of raw material are easy to estimate since almost all 
the special material of the high quality necessary for airship 
construction is available in this country. 

A problem hard to solve is that of estimating the cost of labor 
in all its forms, such as labor connected with shopwork, design, 
and supervision, necessary for the construction of an airship in 
this country. Our experience in this line is mainly based on 
European conditions which somewhat differ from those in this 
country. An American experience was that in connection with 
the construction of the Navy Airship Shenandoah. The con- 
struction of this Government ship, being of experimental charac- 
ter, cannot serve directly as a basis for estimating the costs of 
future commercial airships. 

Due to lack of data based on actual American building ex- 
perience, we have to confine our investigation to the study of 
relative costs of airships of different size. 

The curve plotted in Fig. 21 against size gives the relative 
cost per cubic foot as compared to the cost per cubic foot for a 


ship of 1%/, million cu. ft. volume. It will be seen that the 
relative cost decreases with size, first rapidly, later more slowly, 
so that a cubic foot of a 7-million-cu-ft. ship will cost about 60 
per cent of that of a 1%/,-million-cu-ft. ship. 

Thus far we have dealt with performances and cost based 
on the present stage of knowledge and experience. No allowance 
has been made for any further advance in design or construction 
by improvement or invention beyond 7 million cu. ft. capacity. 
The same is true with the cost. There is no doubt that with the 
development of a new airship industry in this country new 
production methods will be created, and with increasing pro- 
duction the costs will decrease considerably with the possibility 
of applying industrial production methods to this new branch 
of aeronautical manufacturing. 

Summarizing this investigation, the author will try to express 
in a very general way his conclusions regarding the relation 
between size and performance of rigid airships. On the grounds 
of exhaustive theoretical investigation on the one hand and 
extensive practical experience on the other, it can be stated 
positively that it is possible to construct rigid airships of any 
size which may be required to meet any transportation problems, 
and that the economy with regard to useful load, transportational 
efficiency, ton-mileage, and building costs becomes more favorable 
with increase in size. 
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Excerpts from Current Periodicals 


Recent Model Experiments in Aerodynamics 


HE paper here abstracted describes experiments on air flow in 

relation to models, leading up from the fundamental ideas on 
the “boundary layer’ of Prandtl through the study of compara- 
tively simple systems like cylinders, rotating cylinders, and aero- 
foils, with side lights on the circulation theory of the aerofoil, to 
complex systems like the airserew and the supporting screw of the 
Autogyro. Most of the experiments were carried out with models 
by the author himself and at a remarkably low cost. In addition 
to deseribing his own experiments the author gives data on the 
previous state of the art. 

The action of a fluid flowing past a cylinder creates, under 
certain conditions, eddies which alternately attach and detach 
themselves from the body past which the flow takes place. The 
periodic detachment of these eddies causes a periodic alternating 
cross-flow on the body, tending to make it vibrate across the 
stream. If the body is wire tuned to the frequency of the detach- 
ment of the vortices, the wire “sings” this tone. These aeolian 
tones were first measured by Strouhal in 1878; he also estab- 
lished the fundamental formula connecting the width of the wire 
(= diameter of the cylinder D) with the frequency n of the tone 
and the velocity V of the stream, the formula being V/nD =a 
constant. 

In the work described by the author he endeavored to evaluate 
this constant for as large a range of diameters as possible, and by 
as many methods as occurred to him. Among these is a method 
of his own devising in which a stationary wire is placed in a cur- 
rent of air instead of having the wire moving through a more or 
less stationary field. 

The author also made experiments with wires in which an 
examination was made of their aeolian vibrations in a revolving 
water tank for comparison with the figures obtained with vibra- 
tions in an air current previously obtained. The subjects of 
dynamic similarity and effect of viscosity on the motion were also 
investigated. It was found that viscosity in the guise of the ex- 
pression Kf(VD/v), where v is the kinematic coefficient of vis- 
cosity, determines when vortical motion shall commence, but once 
this motion has been initiated, has no effect on the period. 

An effort was made to obtain photographs of the vortices in a 
' liquid behind a swinging pendulum to show their relation with the 
movements of the latter. 

The question of interference of walls of channel on eddying flow 
Was next investigated with particular reference to frequency of 
the eddying and a formula given for this phenomenon, assuming 
that it is an aeolian eddy effect modified by interference of the 
outer tube of the nozzle: It was found, however, that all the 
results do not fall on a unique curve. 

The next problem tackled was an investigation on the Bénard 
vortices behind cylinders rotating about their axes. In this case 
the frequency of the eddy production was measured by the cool- 
ing effect on a hot wire. These experiments showed how rotation 
can be employed modifying the vortex production in the rear 
and providing a considerable lift/drag ratio. The paths of the 
vortices as they leave the cylinders were traced out by the instru- 
ment used (hot-wire detector) and are shown by curves in the 
original article. 

The aeolian tones of brass model aerofoil sections have been de- 
termined by revolving-tank methods, principally with a view to 
obtaining values of the critical Reynolds’ number for periodic 
detachment of vortices to occur. It was considered very im- 
portant from the point of view of the theory of the aerofoil to 
measure the relative intensities of the vortices on either side of 
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the aerofoil. The idea of the circulation of the rotating cylinder 
which is the direct cause of the lift diminishing the next circu- 
lation in these vortices has been more or less confirmed by the data 
obtained in tests with the hot-wire detector referred to above, 
Prandtl and Bjerknes suggested that the same theory applies 
to the aerofoil. If then the lift on an aerofoil is due to a circu- 
lation of this kind, one should expect prima facie an assymetry in 
the intensity of the vortices. Nosuch assymetry is observed, how- 
ever, it being found that the vortices were of equal strength on 
either side, though relatively closer than for the cylinder. In 
the measurement of the air flow in some of the tests a new method 
was employed, the principle being that the heating current is 
turned on to the hot wire for a fraction only but always at the 
same phase of each cycle of the airserew and at the same time the 
resistance attained is measured on a Wheatstone bridge. The 
type of anemometer here referred to can be applied to the measure- 
ment of any periodically varying air current by arranging that the 
contact maker shall revolve with the same periodicity. The 
results obtained with the airscrew and anemometer in question 
cover the following aspects: 1, Air flow through the ‘“‘disk’’ at 
constant incidence, but varying speed of revolution; 2, air flow 
through the “disk” in different planes behind and before the 
airscrew; 3, air flow in different “‘working states.” 

By using a double hot-wire instrument in which the two wires 
are placed close together and parallel to each other it was found 
possible to determine the direction of the wind. This procedure 
afforded information regarding the impetus imparted by a re- 
volving blade to a previously steady stream and the change in 
direction of the wind. This part of the investigation cannot be 
abstracted because of lack of space. 

In the discussion which followed Dr. Piercy called attention to 
the surprising fact that aeolian tones were obtained at such low 
values of Reynolds’ number as 30 for round cylinders and 50 for 
aerofoils. It was previously thought that eddies did not occur 
much below VD/y» 100. (Dr. E. G. Richardson in Journal 
of the Royal Aeronautical Society, vol. 31, no. 201, Sept., 1927, 
original paper, pp. 810-839 and discussion pp. 839-843, 28 figs.) 


Investigation of Torsional Vibration with Particular 
Reference to Aircraft Engines 


HERE is available a vast amount of published information on 

the general subject of vibration, but on examining this it will 
be found that very little work, mathematical or experimental, 
has been done on the particular problems which have to be con- 
sidered by the designer of a machine liable to suffer from critical 
periodic torsional vibration of its shafting. This lack of investi- 
gation is perhaps largely due to the fact that serious torsional 
vibration of the shafting in any machine may occur without any 
externally apparent indication of anything abnormal in the 
running of the machine. 

The absence of visible symptoms is the greatest danger in a 
case of critical torsional vibration, as the first indication that 
anything unusual is happening is only given when the shaft ac- 
tually breaks. Even then the trouble is rarely put down to 
vibration, but is probably considered to be either faulty material 
or fatigue of the metal; a new shaft is substituted and, as may be 
expected, it fails, in the same manner, after a short period in 
operation. Frequently the final result is that the machine is 
scrapped because of its unreliability, whereas it might, with 
slight alteration, have become entirely satisfactory. 

In many cases, where trouble has been experienced due to 
torsional vibration, damping devices have been used in order to 
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make the machine satisfactory in operation; while a machine 
may, with heavy damping, run at a critical speed without frac- 
ture of the shaft, it is not, under these conditions, running eco- 
nomically. The author was able in one case to measure the loss 
due to this cause, and found that at the critical speed the'power 
absorbed in damping was over 50 per cent of the total power de- 
veloped by the engine at that speed. 

Damping having been shown to be an unsatisfactory method 
of overcoming vibration troubles, we are left with only one alter- 
native, that is, to arrange the shafting of an engine in such a 
manner that the critical speeds are all either below or above any 
speed at which the machine may be required to operate con- 
tinuously in service. 

The author proceeds to give a list of previous investigations 
on this subject. When first starting to investigate the subject 
the author noticed that in all published work the assumption 
was made that masses were connected by weightless shafts. This 
assumption greatly simplified the expressions that were obtained 
for the natural frequency of vibration of any system, but it also 
limited the number of solutions of the expression to one less than 
the number of heavy masses comprised in the vibrating system. 
Furthermore, there is no such thing as a massless shaft. 

In general, the author’s investigations have led him to the con- 
clusion that if the length of shaft in feet between any two masses 
is less than one thousand divided by the highest frequency per 
second of forced vibration that the system may be subjected 
to, then the mass of that shaft may be neglected. If, however, 
the length of shaft between any two masses in the system is 
greater than that shown by the expression given above, then the 
mass of that shaft must be considered in the calculation of the 
natural frequency of the system, as it will have considerable 


influence on the results obtained. From the expression given 
above it will at once be apparent that the mass of the length 
of shaft between cranks in an airplane or airship engine may be 
neglected in the calculation of natural frequency of the system. 
Further, in most airplane engines the mass of the shaft between 
the engine and the propeller may be neglected. When, however, 
one turns to the consideration of airships it will be seen at once 
that the length of shafting between engine and propeller is fre- 
quently such that its mass cannot be neglected, and expressions 
for the natural frequency of vibration must include a term for the 
moment of inertia of the mass of these shafts. 

The formula which the author has derived for various types of 
engines with a number of different arrangements of the shafting 
and gears (if any) between engine and propeller are given in an 
appendix, which also gives methods for calculating the natural 
frequency of vibration of an engine. The frequency and am- 
plitude of the torque variations may be found by constructing a 
turning-moment diagram for the engine, and knowing this, one 
may find where synchronism between the natural frequencies and 
the frequencies of torque variation causes a critical speed. Crit- 
ical speeds which fall close to the speed range of an engine are 
only dangerous if the torque variation factor which causes them 
is large. In addition to the torque variation as the cause of de- 
structive vibration should also be mentioned as a dangerous 
source of possible trouble the occurrence of periodic errors in the 
cutting of the gearing. On the other hand, in a geared system 
(unless epicyclic gears are used) the torque fluctuation has a 
reaction on the gear bearings which causes a vibration of the 
engine itself and thus serves as an indication of trouble. (James 
Calderwood in Journal and Record of Transactions, The Junior 
Institution of Engineers, vol. 37, pt. 12, Sept., 1927; original 
paper, pp. 607-617, discussion 617-622). 
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Metallurgy of Aircraft Engines 


By BISHOP CLEMENTS,'! BUFFALO, N. Y. 


HEN studying the aircraft engine it is very fitting to 
bf jp it with the automobile engine. Both are 

internal-combustion engines using some form of gaso- 
line as a fuel, and in both every possible effort is put forth to 
produce a dependable and efficient engine with the lowest possible 
weight per horsepower. This is accomplished by design, machin- 
ing, and materials. 

Materials have much to do with the weight when we consider 
that the specific gravity of the useful metallic materials varies 
from 1.8 to 8.5, and the ultimate tensile strength varies from 
a few thousand pounds per square inch to about 300,000 Ib. per 
sq. in. It is sometimes thought that the light aluminum alloys 
could replace the heavy iron alloys, but when the tensile strength 
is calculated in terms of specific gravity, steel is found to be 
the lighter basic material. 

The general methods of testing and microscopic examination 
of materials will not be discussed here because they are identical 
with those of automobile practice. Standard S.A.E. materials 
are used almost exclusively. 


STEELS FOR ConNEcTING Rops, CRANKSHAFTS, AND GEARS 


Connecting rods and crankshafts are two of the most important 
parts in an aircraft engine. The steels mostly used are S.A.E. 
2340, 3340, 3240, 3140, and 6140. The manufacture of the 
steel for the crankshaft is very important. Since the material 
is to be the best obtainable, electric-furnace steel is used. This 
does not mean that electric-furnace steel is always best, but 
the probabilities are that it will be as good or better than open- 
hearth. There has been considerable difficulty in getting mate- 
rial that would not develop slight defects, such as non-metallic 
inclusions, in the final operation of the manufacture of the shaft. 
Very often the inclusions do not show themselves until the final 
lapping of the bearing. At this time the shaft is too expensive 
to be rejected, so the best of care must be exercised in selecting 
the best of material. The non-metallic inclusions are always 
lengthwise and can be easily detected during the lapping oper- 
ation. The defects cannot be detected by a tensile test, but 
under the constant high vibrational strains there is a possibility 
of the shaft being weakened if there is an excess of the inclusions. 
A crankshaft which is not highly stressed will not fail from the 
non-metallic inclusions. At the time of forging a crankshaft, 
each shaft is made long enough so that after the final heat treat- 
ment about 6 in. can be cut from each end. These pieces are 
quartered and a standard tensile test made. If for any reason 
the shaft must be re-heat-treated, the remaining pieces cut 
from the shaft are wired to it and subjected to the same treat- 
ment. 

It is almost imperative that the crankshaft be machined 
after heat treating, and for this reason it must be soft enough for 
machining. The usual practice for crankshafts is a Brinell 
hardness number of about 300. This gives an ultimate tensile 
strength of 125,000 to 150,000 Ib. per sq. in. One popular steel 
for crankshafts has a carbon content of about 0.40 per cent, with 
_ chromium and nickel content somewhat higher than in the 
8.A.E. 3100 series. 

Connecting rods can be heat treated after machining and for 
this reason the rod can be harder and therefore of higher strength. 


' Metallurgist, Curtiss Aeroplane and Motor Corporation, Buffalo, 
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The Brinell hardness number is allowed to go to 400. Electric- 
furnace steel is used for rods, but the same inspection for non- 
metallic inclusions is not necessary as in the case of crankshafts. 
After forging and annealing, the rods are machined to almost 
the finished dimensions and then heat treated. After this each 
rod is given the Brinell test and carefully examined for minute 
cracks. A number of rods have been cracked while being heat 
treated, but this can generally be traced to uneven heating. 

The gears of the aircraft engine are made of materials much 
like those in the automobile engine. The four principal steels are 
S.A.E. 3130, 3250, 3335, 3312. The gears made of 3130 are 
heat treated before the machining operations are completed. 
They are used where a very low pressure and low power are 
transmitted. Some gears made of 3250 and 3335 steel are 
often used in a very hard condition, while others are soft enough 
to machine after heat treating. The hardness of the gears made 
of 3250 and 3335 will vary from 50 to 75 scleroscope. 

One of the best steels for small carburized gears is the 8.A.E. 
3312. Before gears made of this are started through the shop 
the machining and heat-treating operations must be very care- 
fully planned. Gears which do not require machining after 
hardening can be rough-machined, normalized, finished-machined, 
then carburized and hardened. Gears which require machining 
after hardening are handled in a little different way. In the 
first place, the steel must be selected with the hardening ele- 
ments carbon, manganese, chromium, and nickel ranging toward 
the low side. If these elements are too high after hardening, 
the core will have a Brinell number over 375 and machining would 
be very difficult. The steel selected for these gears must be 
Brinell 375 or less after quenching. 


Gear blanks are rough-machined, normalized, and then 
machined at sections which are to have a hard surface. After 
the machining, the gears are carburized and annealed. An- 


nealing is very important as this steel after being carburized and 
cooled in the pots will have a Rockwell reading of C-60 or more. 
After annealing, the case is cut from the parts which are to be 
machined after hardening; then the gears are put through the 
hardening operations. 

Some of the other important parts are bolts, studs, and nuts. 
For bolts and studs S.A.E. 2330 and 3130 are mostly used. Nuts 
are made of S.A.E. 1025, 1035, 3130, and 2330. It is important 
that studs fit very tight in the aluminum, and if a stud is not heat 
treated it may twist off before it is driven into place. Studs 
and bolts are heat treated after machining operations. The nuts 
which are to be highly stressed are usually made of 8.A.E. 3130 
and heat treated just before tapping. 


BRONZES AND BRASSES 


The ordinary bronzes and brasses are used, but there are two 
principal bronzes used for valve-seat inserts in the aircraft en- 
gine which are not commonly used in the automobile. These 
are a 10 per cent aluminum, 90 per cent copper; and a 10 per 
cent aluminum, 5 per cent nickel, 5 per cent iron, and 80 per cent 
copper. Considering the 10 aluminum- 90 copper first, this may 
be extruded material or a casting. The former is often hard 
enough to use without heat treating. If a seat having a Brinell 
number of 200 or more is required, heat treating will be necessary. 
Heating to 1650 deg. fahr., holding 30 minutes, and quenching 
in cold water or brine gives the most uniform results. The 
drawing temperature will vary depending upon the aluminum 
content and the hardness desired. If the aluminum content 
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of the alloy is high, an oil may be used as the quenching medium. 

The aluminum, nickel, iron, and copper alloy is more useful 
for inserts than the aluminum-copper since it will retain its 
hardness at a higher temperature. The heat treatment for this 
bronze is approximately as follows: heat to 1700 deg. fahr., 
hold at heat 2 hours, quench in water or oil, reheat to 1200 deg. 
fahr., hold 2 hours, and cool. slowly. This produces a Brinell 
hardness number of 200 or more. 


ALUMINUM AND MaAGNEsIUM ALLOYS 


The aluminum, copper, magnesium, and manganese alloy 
ordinarily known as duralumin is a big factor in saving weight. 
This cannot be used in parts which require high tensile strength 
or high modulus of elasticity, but can be for parts like bushings, 
plugs, covers, and some bolts. There are a number of forgings 
used which are taking the place of aluminum-alloy castings. 
The forgings and bar stock are very dependable. The usual 
physical properties of this alloy are 25,000 to 40,000 Ib. per sq. in. 
yield, 45,000 to 65,000 Ib. per sq. in. ultimate tensile strength, 
elongation 14 per cent to 20 per cent in 2 in. or proportional length, 
and the modulus of elasticity is about 10,000,000. Five years 
ago, when duralumin bar stock was in its infancy, about 75 per 
cent of the bars were rejected, but today a rejection is very rare. 
At that time little material was rejected for low strength, most 
rejections being for brittleness or for porosity at the center. 
Until recently it was necessary to make a tensile test on each 
bar, but now a Rockwell test on each bar and a tensile on one 
bar in a lot are sufficient to be assured of good material. 

Two important aluminum alloys having as the principal 
ingredients 3'/. per cent copper, remainder aluminum; and 3'/, 
per cent copper, 2 per cent nickel, 1'/2 per cent magnesium, 
remainder aluminum, are used for castings and must be heat 
treated to get the desired physical properties. The 3!/2 per cent 
copper-aluminum alloy is used for cylinder heads, water jackets, 
crankeases and other parts which require a casting of the best 
physical properties obtainable. This material when properly heat 
treated will give 30,000 Ib. per sq. in. ultimate tensile strength, 
with 3 per cent or more elongation in 2 in. The copper-nickel- 
magnesium alloy is used for pistons and parts which require a 
hard material. This alloy will produce a Brinell number of 100 
or more if desired. It also has a high yield point when com- 
pared with the other aluminum alloys. 


Magnesium is one of the latest and lightest materials in com- 
mon use in the aircraft engine. The 95 per cent magnesium alloy 
has a specific gravity of about 1.90, with a strength of from 18,000 
to 25,000 lb. per sq. in., and 3 to 6 per cent elongation in 2 in. 
The use of magnesium alloy has reduced the weight of the engine 
and it is expected that more and more of it will be used. There 


are different manufactures of magnesium, but one big difficulty 
is to produce a material which will not corrode. 
tubing, castings, and forgings can be produced. 


Extruded bars, 


Discussion 


{yOLLOWING the presentation of the paper numerous ques- 
tions were put to the author by Messrs. Arthur Nutt, E. 
Eberhart, H. B. Schell, A. F. Denham, H. C. Pratt, C. H. 
Berry, R. B. Biggs, V. E. Clark, and the chairman of the session, 
Mr. Roy C. Keyes. Replying to these questions the author said 
that the aircraft manufacturers depended on general sources 
of supply for their materials, but that they had been instrumental 
in getting manufacturers to produce materials like duralumin, 
heat-treated aluminum alloys and magnesium alloys. The 
non-metallic inclusions in steel he had mentioned were not visible 
to the naked eye. It was necessary to distinguish between 
them and the ordinary dirt found in inferior steels. Magnesium 
alloy did not burn but melted just as did other alloys and could 
be cast. It had not been used for bearings, but appeared to have 
fairly good bearing properties. The chief objective to the use 
of magnesium was that it was extremely corrodible, and it was 
very difficult to provide it with a satisfactory protective coating. 
Plating had been attempted, but the metal oxidized so rapidly 
that it was difficult to get the surface clean enough for it to be 
plated. A new light metal, beryllium, had been experimented 
with recently by the telephone and aluminum companies, but 
it was very expensive and so far had not been found to exhibit 
any superiority over duralumin. 

All of the materials used by aircraft-engine manufacturers 
could be obtained in the United States. Magnesium had not 
as yet been used for making cylinders as it was too soft for that 
purpose with the high temperatures encountered in cylinder 
walls; however, pistons of that metal had been successfully 
employed. Formerly the castings had been made under vacuum, 
but this practice had been discontinued. 
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A New Propeller-Type, High-Speed Windmill 
for Electric Generation 


By E. N. FALES,! DAYTON, OHIO 


A new technology of windmill research adopted from aeronautics 
has resulted in an improved type of windmill resembling an airplane 
propeller which because of its high speed, light weight, low cost, and 
good efficiency may under certain conditions compete with internal- 
combustion-engined farm-lighting plants. Extensive wind-tunnel 
and other tests used to perfect the new windmill are described and the 
theories of design are explained in the first section of this paper. 
The second section presents a study of the velocity and prevalence of 


winds at Dayton and explains how these conclusions can be adopted 
for other localities, using a few basic wind values for those localities. 
Given the power output required momentarily and on a monthly 
basis, and the velocity and frequency of the winds, the windmill 
diameter can be calculated. Empirical coefficients are presented 
for relating the effects of widely ranging winds with steady wind 
conditions used in the laboratory for determining fundamental 
design factors. 


Part 1—Windmill Design 


HE generation of electricity by the wind has long been an 

alluring idea, which has not in the past been extensively 

realized because of the weight and cost of the necessary 
machinery. Recently, however, an entirely new technology 
of windmill design, borrowed from aeronautics, has been brought 
to bear on the problem, and has been productive of radical im- 
provements. (See Fig. 1.) 

The new airplane-type windmill, which resembles an airplane 
propeller, is an advance over earlier windmills just as the pro- 
peller fan is an advance over earlier centrifugal blowers. Due 
to its improved lightness, efficiency, and cheapness, and to 
its higher rotative speed, competition with gasoline farm-lighting 
plants is now possible. For example, a test plant referred to 
elsewhere in this paper is of such inexpensive construction that 
it represents an initial cost of only 25 cents per watt output. 
This includes a 32-volt, 1000-watt generator; a propeller-type 
windmill keyed direct on the armature shaft (gearing up is 
unnecessary because this windmill turns five times faster than 
older types); a tower, consisting of a gas pipe guyed with cables; 
battery, and switchboard. The plant has successfully lighted 
for five years the Ohio farm house where it stands, although the 
yearly wind velocity in that state is moderate. 


DEVELOPMENT OF A RATIONAL WINDMILE THEORY 


Until the present decade, data covering windmill design have 
been meager, and for 150 years the rough tests of Smeaton, 
Coulomb, and Weisbach have not been greatly bettered. De- 
velopment of new types has always been a slow cut-and-try 
process, as very little help was to be had from any established 
method of analysis. Within the last few years, however, wind- 
mills have come into use on aircraft for driving radio-electric 
generators, centrifugal gasoline pumps, etc., and the necessity 
for efficiency has furnished a powerful incentive to the aircraft 
engineer to acquaint himself with the properties of all types of 
windmills. Thanks to the wind-tunnel method of studying 
air-flow phenomena, the question thus revived for modern use 
has this time presented few difficulties, for a close analogy has 
been established between air-propeller and windmill _ per- 
formance. A solid basis of windmill design completely satis- 
factory for commercial as well as aircraft use has therefore taken 
‘form, permitting the prediction of performance within a few 
per cent of accuracy. 

The aerodynamic method of windmill analysis dates from the 


Aeronautical Engineer. 
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period of the World War. In the United States aircraft program 
of 1917, tests were carried out under the author's supervision to 
determine the type of windmill best suited to radio-electric- 
generator drive, with particular reference to speed regulation.? 
A large number of windmills were tested, resulting in the adoption 
of the present army standard auto-regulating type. The tests 
showed valuable possibilities of improvement in commercial 
windmills, for the aircraft windmills reached higher efficiencies 
than commercial practice had led one to expect. 

The work described in this paper has been done since the war, 
with improved apparatus, and chiefly apart from aircraft usage. 
Much of the work has been in collaboration with H. R. Stuart, 
who handled the generator development in the war-time air- 
craft-radio program. The 32-volt test plant, above mentioned, 
and the generator of Fig. 1 were built by him, and to him, jointly 
with the author, is due the development of the propeller-type 
windmill for non-aircraft use. 

The tests in which the aerodynamic coefficients in this paper 
were determined were made in the Air Service wind tunnels. 
Similar but less extensive tests have also been made on aircraft 
and commercial windmills, in the Eiffel tunnel in Paris, and in 
two Germantunnels. The pioneers in laboratory testing of wind- 
mills were Perry, years ago in America, and Irminger and LaCour 
in Europe, using apparatus less perfect than is now available. 


STATEMENT OF THE PROBLEM 


The three types of windmills in use in the past have been 
(1) the so-called American or ‘‘Wind Rose’ type, multibladed, 
with fairly large blade angles and small diameters, rotating at 
low speed and having a high starting torque; (2) the Dutch type 
having four sails of large diameter, with higher tip speeds, and 
not distinguished either for efficiency or starting torque, and (3) 
the vertical-axis type rotating like a Robinson cup anemometer. 
The third type is not to be considered here because it has an 
efficiency of but one-fifth that of each of the others. 

The new propeller type differs from the others in its blades, 
which are one to four in number, of streamline cross-section, like 
that of an airplane propeller. The speed of revolution is from 6 to 
10 times that of an American-type wheel of equal diameter in 
equal wind velocity. 


DIFFERENCE BETWEEN PUMPING AND ELectrric-GENERATING 
WINDMILLS 


The electric windmill presents a design problem different from 


2 See Airfoils for Driving Generators on Airplanes, by Maj. C. F. 
Gray, MECHANICAL ENGINEERING, June, 1919. 
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that of the familiar multiblade farm mill, the purpose of which is 
to operate a reciprocating pump. In the latter, the torque is 


inconstant at different points in the revolution of the wheel, and 
the angular acceleration is continually changing; the ratio of 


Hicu-Speeep PRoPELLER-TyPE WINDMILL KEYED ON SHAFT 
oF ELecrric GENERATOR WITHOUT GEARING 


Fig. 1 


tip speed to wind speed is inconstant, and the angle of attack of 
the air striking the sails varies. The electric mill, on the other 
hand, has constant torque at all parts of a revolution, and the 
starting torque is negligible, facilitating higher design efficiency. 
For pumping use, the propeller-type wheel invites lighter con- 
struction methods. It must be allowed to come up to speed 
without much load. 


Tue AERODYNAMIC METHOD OF ANALYSIS 


The best method of analyzing windmill performance is one 
which was employed by the Wright Brothers for airplane-pro- 
peller design. It is commonly known as the Drzwiecki method, 
and treats each blade of the windmill or propeller as being com- 
posed of a number of airfoil elements. The air forces are cal- 
culated for successive sections of the rotating blade at increasing 
distances from the axis, and are integrated to secure the re- 
sultant forces on the entire blade. Fig. 2(a) shows a simple ve- 
locity diagram and torque force for a section of a windmill blade, 
and Fig. 2(b) applies to propellers. The aerodynamic action is 
identical in the two cases, air of velocity V; meeting the blade 
at an angle 7 and resulting in the force R. The difference be- 
tween the propeller and the windmill lies entirely in the utiliza- 
tion of this force. It is seen that the general direction of the 
deflected air stream from the windmill blade is such as to de- 
crease the axial velocity component after leaving the blade. 
It is increased in the case of the propeller. These simple dia- 
grams, giving the gist of the Drawiecki theory, are in conformity 
with the well-known momentum theory of Froude, for the air 
passing through the windmill gives up energy due to its de- 
celeration (see Fig. 3) while the air passing through the propeller 
acquires energy due to acceleration. 


VARIABLES UsEepD IN WINDMILL DESIGN 


Fig. 2 takes account of all the variables which have in the past 
been so formidable to the windmill designer. 


1 Diameter D is taken account of by the vector 2xRN 
2 Angular velocity is taken account of by the vector 2+RN 


Wind velocity V is taken account of by the vector V, 
inflow deceleration being ignored 

Pitch is taken account of by the angle @ 

Blade angle is taken account of by the angle a = (6 — 7) 
Angle of attack is taken account of by the angle (7) 


Ratio 
Wind Velocity 

angle 6 

Torque force F is taken account of by the projection of 
R on the plane of rotation 

Thrust 7 is taken account of by the projection of R on 
the axis of rotation 

Blade sectional shape is taken account of by force 
vector R, which as a function of 7 is known from wind- 
tunnel tests on innumerable wing shapes. 


) is taken account of by the 


As regards “‘pitch,”’ No. 4 above, in this paper the term “blade 
angle” is used as preferable to ‘“‘pitch,’’ and is defined as the 
angle between the plane of rotation and the blade chord at 2/; 
the radius (it has been found that the c.g. of the torque-grading 
curve of propellers is at about */; the radius). 

The components L and D can be determined from airfoil 
coefficients K, and K, according to the equations L = K,AV,? 
and D = K,AV;?. 

Then, torque force on elementary blade area A is 


Q = Lsiné@ — D cos 
and thrust, or resistance on blade area A, is 
T = Lcosé@ + Dsiné 
The coefficients differ for different airfoils and are the funda- 
mental basis of aircraft wing and propeller design. They are 


determined in the wind tunnel on scale models of wings varying 
in size from 1 in. by 6 in. to 8 in. by 48 in., tested at velocities 


22 RN 
(a) (b) 


AERODYNAMICS OF (a) WINDMILL BLADE ELEMENT AND (6) 
PROPELLER-BLADE ELEMENT 


(a) As in the propeller diagram, velocity Vi produces on the blade a 
force R. The component Q produces rotation, while T produces head 
resistance. 

Velocity Vi is resultant of translational velocity V and peripheral 
velocity 2xRN. Vi meets propeller blade section at angle of attack 1, 
producing resultant force R, made up of lift L (normal to Vil and drag D 
(parallel to V1). 7, the component of R parallel to V, is the thrust on the 
blade element Q, the component parallel to 2xRN, is the torque on the 
blade element. 

L= KyAVi? 

D = KzAVi? 


Fig. 2 


where Ky and Kz are coefficients determined in wind tunne! 
and A is blade-element area. 


up to 500 miles per hour. They have supplanted the “Flat 
Plate Coefficients’ featured in handbooks on wind pressure. 
(It may be said in passing that “Flat Plate Coefficients’ are 
inapplicable to any sort of aerodynamic or wind-pressure analysis 
except flat plates.) By studying these characteristic coefficients 
we may reach immediate conclusions about the best shape for 
windmill blades. 


Form oF 
Cross-Sectional Contours. It is the back of the blade that does 


most of the work, strange as this may appear; in fact, the front 
can be quite flat, in the case of double-surface blades, without 
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much loss of efficiency. This is the case in aircraft propellers. 
Sheet-iron windmill blades are of course concave on the front, 
but so long as they retain their curvature on the back, they can 
be flat on the front without much loss in efficiency. 

The amount of the camber or arching to give the back of the 
blade depends on the purpose of the design, and may vary from 
0.05 to 0.20 of the chord length. In general, greater camber 
gives greater resultant force (see Fig. 4). However, this is not 
always advantageous for a windmill, because the angle of the 
resultant force with the effective wind is frequently as important 
as the intensity of the resultant force, especially when this re- 
sultant force approaches an angle of 0 deg. with the windmill 
shaft. Therefore, the choice of camber will depend on the 
degree of interference, the blade angle, and the tip speed of the 
windmill. In the multiblade models referred to the camber was 
0.13. 

Blade Angle. Blade angle largely determines the r.p.m. of 
the wheel. The expression “blade angle’ is preferable to 
Streamiines are Crowded 
from Wind mill, caus/: Velocity 


to Decrease fromV; 
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“‘pitch;” pitch is a misleading term because it misses the well- 
defined significance we are accustomed to give it in the case of 
screw threads. In any windmill or propeller the path of the tip 
in space considered as a screw thread may have a pitch varying 
100 per cent. The blade does not usually lie in the imaginary 
screw thread or helical surface above mentioned. The limiting 
tip speed of a windmill occurs at small blade angles; the re- 
sultant force on the best airfoils of which we have any knowledge 
will lie parallel to the windmill axis when the particular portion 
of the blade we are referring to is traveling about 22 times as fast 
as the wind. This sets the upper theoretical limits of the tip 
speed. The highest value we have been able to attain in actual 
practice is 13.7. For ordinary values of tip speed, no very high 
efficiencies are necessary in the case of multiblades; the relative 
wind strikes the blades at a large angle of attack, such that the 
efficiency can be low without destroying the torque component 
of the resultant force, which is large, if inefficient, at these high 
angles of attack. 

Plan Form of Blade. In the conventional American farm-type 
of windmill it is usual to make the edge of the sail substantially 
radial. There may frequently be structural and aerodynamic 
reasons for departing from this practice, depending on the num- 
ber of blades, tip-speed ratio, and angle of attack. From ques- 
tions of weight alone a blade with a more or less tapered tip may 
be advantageous. The metal is better placed at the tip than 
nearer the hub, and for the same sail area we may advantageously 
increase the diameter and narrow down the sail tips. The total 
blade area which has in the past been recommended, 7/, or '°/1¢ of 
the disk area, is to be considered as a purely empirical ratio and in 
particular cases of windmill design may be departed from with 
advantage. La Cour’s tests agree with those of the author in 
this respect. 

Starting Torque. From the standpoint of starting torque, 
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a multiblade windmill of high blade angle is advantageous. 
For the flatter blade angles, of course, starting torque may be 
very low.' Most wind-tunnel data are confined to angles of 
attack up to 30 deg., but the matter of starting torque for very 
high angles of attack in the neighborhood of 90 deg. was in- 
vestigated by the author during the war, and the coefficients 
shown in Table 1 determined for a conventional type of airfoil. 


TABLE 1 LIFT COEFFICIENTS, U.S.A. NO. 1 AIRFOIL, 18 IN. BY 
3 IN., 30 MILES PER HOUR 


Angle of Lift coefficient, 
attack i Ib. per sq. ft. per m.p.h. 
83 0.00043 
86 0.00025 
88 0.00014 
89 0.00007 


This is about 0.00006 per degree. 
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Fic. 4 Errect or Curvature tn THIN SHEET-MeTAL BLADES ON 
RUNNING AND STARTING TORQUE 


(Note the increase of maximum running-torque coefficient with curvature. 
For the case shown, blade angle is 62 deg.; the running torque increases 
2.1 times as between flat and cambered blades. Starting torque increases 
only 12 per cent. The ratio of running torque to starting-torque coefficient 
is 0.63 for the flat blade and 1.19 for the highly cambered blade. These 
coefficients are not corrected for interference. 

Wind, 12 m.p.h.; diameter, 8 ft.; tip speed, 21.2 f.p.s.; Eiffel airfoils, Nos. 
1, 2, 3, and 4.) 


RESISTANCE OF WINDMILLS 


In Fig. 2(a) it is the axial component of the resultant forces 
which causes the resistance of the windmill. 

It therefore does not at all follow that the resistance will be 
zero even in a windmill which is absolutely unloaded. The re- 
sistance of a given windmill will in general vary as the square 
of the velocity and the square of the diameter. It may or may 
not increase as the tip speed decreases and the load comes on; 
specific cases must be calculated according to the diagram. In 
aircraft windmills which are built to give the maximum torque 
for the minimum resistance, this resistance may be much less 
than the resistance of an equivalent disk; but as shown by Dr. 
Zahm in 1917, and by more recent tests by the author, in cases 
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where the desire is to get all the power possible, irrespective of 
head resistance, the latter may equal the resistance of an equiva- 


lent disk, which in turn may well exceed the presure(¥”) at- 


tributable to the kinetic energy of the wind. 
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Fic. 5 Errect or INTERFERENCE ON LiFt COEFFICIENT. RAF6 
AIRFOILS ARRANGED IN TRIPLANE 


— and Huff's tests, Mass. Inst. Tech., 1916. Airfoils, 155/« in. by 
2'/2in., 30 m.p.h. Gap/chord = 1.2.) 
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Fic.6 Errect or INTERFERENCE ON ErFicieNcy. RAF6 
ARRANGED IN TRIPLANE 
INTERFERENCE 
In using airfoil coefficients for windmill analysis, the question 
of “‘blade interference’ must be taken account of. Interference 
is small for high pitch and few blades, but may be serious for low 
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pitches and many blades. The great mass of airfoil coefficients 
have been determined on single wings. Where two or more 
wings are in proximity the coefficients differ from the single wing 
values. For example, the lift per square foot on a biplane of 
modern type is only 85 per cent of the lift on a similar monoplane, 
and the lift on a triplane is even less. A multiblade windmill is 
analogous to the multiplane aircraft and, depending on the 
r.p.m., spacing, and angle, each blade may therefore have its 
lift decreased 45 per cent and its L/D 49 per cent. (See Figs. 
5 and 6.) 

The physical explanation of multiplane effect is illustrated in 
Fig. 7. To the left is shown the pressure distribution over a 
single wing, which corresponds to a single-blade windmill. To 
the right is shown the pressure distribution over each wing of a 
biplane. It is seen that the high vacuum over the top of an air- 
foil is considerably dropped when a second airfoil is placed 
above the first. In the case of a multiplane this condition is 
further exaggerated. 

Interference is, for windmills, an important question which 
Smeaton and his successors had no facilities for solving. In 
order to evaluate interference effect, the wind-tunnel method 
must be used. 

Let us define the distance between the blades, perpendicular 
to the resultant wind, as “gap,’”’ and the lead or lag of one wing 
over the other as “stagger,” usually given as the angle made by 
the line joining the leading edges of the blades and the normal to 
the wind direction. Wind-tunnel coefficients of aerodynamics 
have been determined for triplanes and, less completely, for 
multiplanes. The coefficients of the middle wing of a triplane 
are very close to those of a multiplane, since it is affected above 
and below. 

In a two-blade and multiblade wind mill, it should be noticed 
that the upper airfoil leads the lower airfoils. This situation is 


BIPLANE 
Fic. 7 Errect oF INTERFERENCE BETWEEN Two AIRFOILS. D1A- 
GRAM OF AND “PRESSURE” 
(The height of the shaded area above the airfoils is proportional to the 


pressure intensity at any point. The total force is due chiefly to ‘‘vacuum” 
above. Note reduced vacuum on lower biplane wing.) 


the reverse of the corresponding propeller diagram, where the 
lower wing leads the upper. Wind-tunnel data show that 
greater efficiency is obtained if the upper wing leads. There- 
fore the interference on windmills will be different from that 
on propellers. Figs. 5 and 6 show the coefficients for a standard- 
type airfoil when in monoplane condition and in triplane condi- 
tion. The feature of the curve for the triplane condition is that 
the lift values are lower and maximum lift occurs at a higher angle 
of attack. Corresponding to the latter fact, it is known that 
many windmills operate at angles of attack which are consider- 
ably beyond the range of aircraft airfoils. 


CoEFFICIENTS APPLICABLE TO WINDMILLS 
Airfoil coefficients and interference data for the angles and 
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spacing used in aircraft have been the subject of test in numerous 
wind tunnels, and have been essential to the aircraft designer. 
A striking example is the Barling bomber which had its trial 
flight in August, 1923, at Dayton. This was the largest air- 
plane built prior to that date. The wings were of 120 ft. span, 
arranged in triplane formation, one above the other. Because 
of its great size, its design was classed as novel. It was designed 
on the basis of airfoil coefficients obtained from wind-tunnel 
tests on small model wings of 1.5 ft. span, and was so accurately 
predicted that on the first performance the craft almost flew 
itself, or in the words of the pilot, “flew hands-off.”’ 

Since windmill sails are airfoils, the same data are applicable 
to windmills operating over the same range of spacing and angle 
of attack. Aircraft windmills are of high pitch and moderate 
tip-speed ratio, lie within the range mentioned, and respond to the 
Drzwiecki method of analysis. For cases outside this range, as, 
for example, the very high tip-speed ratios of the windmill in 
Fig. 1, interference data are incomplete, and we must forego 
use of the Drzwiecki method pending further research. (Progress 
on interference effect has reeently been made in England.) But 
we have another method to fall back on which is even more use- 
ful: namely, test in the wind tunnel of small-scale model wind- 
mills. 


Mopet Tests 


This method has been of great value to propeller designers, for 
full-scale flight tests of thrust and torque have usually proved 
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'View"or 7!/s-In. MopeL WINDMILL MouNTED ON TorQUE 
DYNAMOMETER IN 14-IN.-DIAMETER WIND TUNNEL 


impracticable. By"running the model propeller or windmill in 
an artificial wind current of accurately known velocity, the thrust 
and torque are_observed on special dynamometers. For the 
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case of the windmill, since no motor is necessary, the apparatus 
is simple. 

The tests made in 1918 were not on models but on actual small- 
diameter aircraft wind turbines, from 14 to 24 in. in diameter, 50 
to 100 m.p.h., and 1000 to 6000 r.p.m. Subsequently, models of 
commercial multiblade and high-speed types were run in sizes 


Fic. 9 WINDMILL WITH ADJUSTABLE BLADES 
of from 7 to 24 in. in diameter at wind velocities of from 4 to 
100 m.p.h., thus covering an extensive range. 


Apparatus Usep 


For the smaller models and higher velocities the wind tunnel de- 
scribed in the paper “‘Physical Basis of Air-Propeller Design,’’ by 
Caldwell and Fales, was used, with a Prony brake dynamometer 
suited to low torques (see Figs. 8 and 9). 

For the larger models and slower velocities the 5-ft.-diameter 
tunnel was used (Figs. 10, 11, and 12). Two dynamometers 
were used: one an electric generator which, when mounted on a 
spindle in the sensitive balance of Fig. 12, facilitated the reading 
of wind resistance; and the other, shown in Fig. 10, a cord- 
friction dynamometer with a band of cords wrapped around the 
ball-bearing shaft, and running over pulleys to scales at either 
end. The paddle at the rear in Fig. 12 is a loading device for 
quick tests without cord friction, and was removed for the 
precise tests. The tunnel, of 1000-hp. capacity and 300-m.p.h. 
speed, was of course more powerful than necessary for low- 
velocity tests. The author has had occasion to build elsewhere 
a less elaborate tunnel for exclusive windmill use. 

It may occur to the reader that tests of this sort on small 
models may not apply to full-scale windmills. The objection 
need not be considered, however, in this case, for three reasons: 
(1) because wind-tunnel coefficients from the start of their usage 
have been held under surveillance from the standpoint of “scale 
effect,’ so that an ever-growing amount of information covering 
the ““Law of Dynamic Similarity” has been available; (2) com- 
parative tests of model and full-size propellers have shown that in 
many cases the “scale effect’’ is negligible (we found there was 
such an effect on windmills when the wind-tunnel velocities were 
below 20 m.p.h., and ran all our tests at that velocity or higher, 
no correction being necessary); (3) subsequent corroboratory tests 
were made, both on the model and full-size mills, in special out- 
door tests. One set of tests was made in natural wind on a 
tower with the apparatus of Fig. 23, both the windmill and the 
anemometer recording on the same tape. Another set was 
made by mounting the whole apparatus on outriggers attached 
to an automobile, and then circling a race track on calm days. A 
third and very successful set was made using the automobile 
method, but with a specially developed instantaneous-reading 
anemometer for the driver’s guidance in maintaining constant 
air speed. The automobile method depends for success on cor- 
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Fic. 10 Corp DyNAMOMETER FOR TeEsT oF 2-FT. 
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rect air-speed determination, rather than correct automobile- 
speed, in order that atmospheric winds shall not vitiate the re- 
sults. We found that these automobile tests were difficult un- 
less the wind velocity was low, but that a long, straightaway level 
road where the sweep of wind was unobstructed made it possible 
to operate in light winds. 


Score or TEsts 


Hundreds of tests were made on high-speed and on conventional 
windmills, with 1 to 16 blades, with —2 deg. to 85 deg. blade 
angles, and with 0 to 13.7 tip-speed ratios. Fig. 13 indicates the 
type of results obtained. 
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Mernop oF Tests" 


During each test the air was held to a constant speed. The 
model was allowed to take up rotation without loading, or where 
necessary was started by a removable clutch electrically driven. 
Speeds in r.p.m. were determined by means of stroboscopes or 
electric indicating speed counters, specially arranged to give a 
flash at each 100 revolutions, the electric circuit being led off 
from the dynamometer through mercury cups where necessary to 
avoid tare torque. To change the load and speed, the prony 
brake was tightened by means of a removable rod having fingers 
on the end, the generator circuit was altered, or the cord tension 
changed. The range of r.p.m. was from no load to stalling point, 
the latter being in most cases on the reverse slope of the horse- 
power curve and therefore not usually interfering with the de- 
termination of the maximum-horsepower point. A few tests 
were also made to determine the energy pressure drop, up- 
stream and downstream, of the windmill in the tunnel, this 
being a rough indication of the amount of energy extracted from 
the air due to the presence of the windmill therein. Readings 
were also taken of the angle of the race rotation behind the 
model. (See Fig. 14.) 

In the majority of cases, the curve of torque force against 
r.p.m. for a given model, in the region of maximum horsepower, 
was found to be approximately a straight line. The precision 
of the curve in this region was usually better than 5 per cent. 
While this degree of precision was poorer than applied to or- 
dinary airfoil work (1 or 2 per cent), it was nevertheless possible 
to get very creditable checks, even though the particular model 
had been dismantled and reassembled between checks. Speed 
determination by stroboscopes or electric speed counters was 
satisfactory. The curves obtained through a large number of 
observed points showed that the above 5 per cent figure was an 
outside value. 


PRESENTATION OF THE RESULTS 


The average commercial windmill problem starts with a given 
value of diameter and wind velocity. It has therefore been 
thought best to include these diameter and velocity values in 
the power coefficient. The charts show hp./V*D? plotted against 
aND/V, where 


V = wind velocity in feet per second 

D = diameter of windmill in feet 

N = revolutions per second 

hp./V*D? = C, = horsepower coefficient 

aND/V =f = ratio of peripheral (tip) velocity to wind 
velocity. 


For any diameter, velocity, and r.p.m. in a windmill geometri- 


Fig. 11 Frve-Foot-DiamMeTer Winp TUNNEL aT McCook 


(Air enters at left end, passing straighteners, and flowing smoothly past model, then through decelerating cone to tandem fans of 1000 hp. Maximum 
velocity, 300 m.p.h.) 
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cally similar to any model tested, the characteristics may be 
scaled up according to the relations— 

hp. = C,V#D? 

r.p.m. = 60 (V/rD)f 
No evidence has been found in our tests to support the findings 
of previous experimenters, namely, that power varies with the 
first power of velocity, and r.p.m. varies more slowly than the 
velocity. These relationships are untenable in a rational theory 
of windmill design. They have no doubt arisen from the fact 
that outdoor wind measurements are exceedingly difficult to 
interpret. 
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Meruops or REGULATING WINDMILLS 


The use of rudders has been universal on the small farm 
pump windmills, with automatic devices for swinging the mill 
or the sails out of the wind when the latter is excessive. In the 
case of aircraft windmills if was found preferable to mount the 
generator rigidly on the aircraft and take care of the varying wind 
speed (flight speed) by automatic pitch-adjusting devices. The 
use of clutches and brakes was found impracticable. For the 
high-speed propeller-type, regulation by “‘efficiency destroyer’’ 
devices has been promising. Fig. 15 shows a regulation charac- 
teristic curve for such a device. 


Part 2—Study of Available Energy in the Wind and Selection of Suitable Windmill 
Diameter for Best Utilization of This Energy 


Winp Recorps 


TH following study of wind power is based on hourly wind 
velocities recorded from 1918 to 1924 at the United States 
Weather Bureau Station at Dayton, Ohio, and on additional ob- 
servations made with the aid of a specially built instantaneous- 
reading anemometer. Dayton winds are about as low as are 
usually found elsewhere in the United States, and will not there- 
fore show unduly favorable results. The factors and conclusions 
based on these Dayton winds can be “‘scaled up”’ for other loca- 
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(Model windmill resistance can be measured to 0.0001 Ib.) 


tions of similar meteorological characteristics by knowing a few 
basic wind values from these locations and applying the relation- 
ships given in Tables 2 to 6. For dissimilar regions, such as 
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mountainous or trade-wind countries, the factors should be 


recalculated, using the same method. 
In analyzing winds, numerical values must of necessity have 
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a low precision. The factors and relationships here deduced 
were obtained by averaging many divergent cases. The numer- 
ical conclusions and charts, such as Figs. 19, 20, and 21 may be 
used as “probable expectations of wind performance’”’ for enuncia- 
tion of general principles. But the winds of any one day or week 
may depart far from the average values. The Weather Bureau 
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data were analyzed for the continuous period of 13 months, 
January 1, 1923, to January 31, 1924, and for the one calmest and 
one windiest months in each year during the period 1918 to 1924. 

The hours of each wind velocity in each month were added up 
and plotted as shown by black curves (frequency) on 24 
“Hourly Wind Velocity” charts similar to Figs. 16 and 17. 
There is also shown in broken lines the total kinetic energy pos- 
sessed by each velocity in the period during which it blew, ex- 
pressed askw-hr. This last value is computed for a cross-sectional 
area of the wind corresponding to 1 ft. diameter, using the relation 


kw-hr. = (4.01 K 10 X D? ft. X V3 m.p.h.) X hr. 


where D = 1 ft. 
Winp VELOCITIES AND ENERGY CONTENT OF A TYPICAL YEAR 


To secure a fair picture of a year’s wind, the hourly wind 
values for 13 consecutive months, 1923 to 1924, have been av- 
eraged in Fig. 18. Analysis of the curves has been made by the 
aid of Tables 2 and 3, derived from the thirteen curves. It is 


found that: 

1 The wind-velocity readings averaged 6.7 m.p.h. in the 
calmest month (September) to 14.9 m.p.h. in the windiest month 
(March). The mean velocity for the year was 10.12 m.p.h. 

2 In each month there is a well-defined group of winds which 
predominate, and may be called the prevalent, or frequent, winds. 
These are read off the ‘““Hours”’ curve (solid). The overall range 
of prevalent winds is 3 to 18 m.p.h.; the average range is 4 to 12 
m.p.h. 

There is also a well-defined group of winds which contains the 
bulk of the energy of each month, as shown by the broken curve 
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Average wind velocity for month, 14.1 m.p.h. 
Effective energy velocity for month, 17.06 m.p.h. 
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“kw-hr. for unit-diameter circle.’ These are called the energy 95 ] T 
winds, and their overall velocity range is 10 to 30 m.p.h. with an ' 
average velocity range of from 13 to 24 m.p.h. Relationships ea | 
between the prevalent and energy winds apply to Dayton and ™ i, ° 
other places of similar meteorological conditions. These re- " : 
lationships are: 80 

3 The energy winds possess 2 to 4 times the kw-hr. energy of ; 
the prevalent winds (averaging about 3 times as much). 15 

4 The energy winds produce */, the total kw-hr. energy of a rit 
given month. 70 tt 

5 A windmill operating only in prevalent winds must have | 
1°/, to 2 times the diameter of a wheel operating only in energy 65 ; 
winds, if each is to produce the same power. 2 | 

6 The prevalent winds blow 2.0 to 2.9 times (average 2.5) more 0 $ eT Y 
often than the energy wind; i.e., in an average week prevalent 55 a L 
winds occur on 5 days, while energy winds occur on 2 days. | y. : 

7 The mean prevalent-wind velocity for any month may be 50 ih & 
estimated if the mean average hourly velocity for the month . / x {| 
is known; the prevalent velocity is 2 m.p.h. less than the monthly = 45 St ¢; 
velocity. | | 

8 The energy winds blow at velocities of about 2.3 + 0.6 40 & S| 
those of the prevalent winds. SER \ _ 

9 The wind of highest kw-hr. energy has about 10 m.p.h. 35 S sy 
higher velocity than the most frequent wind (Fig. 18). 3 g, \ 

10 For each month, the actual energy content of the wind is as a v 7 
double the amount that would be computed from the average 05 2 Lf! \ osc 
velocity of that month. This is due to gustiness. A steady \ 
wind, to give in a month the same power as the actual wind, 20 a “| 045 
would have a velocity 1.27 times the monthly average velocity of | ' \ 2 
the actual wind. In designing windmills, use of the coefficients 15 | v 05.5 
requires the assumption of a steady wind. In operation, the ee | \ i 
mill will in a month receive a certain amount of energy; a steady 10 rf Ver aA. ps = 
wind to deliver this energy would then have a certain “effective 
energy velocity,”’ and the important velocity factor results: | | 

“ 
Effective energy velocity for the month _ 127 0.09 2 6 8 0 12 6 18 > 
Average hourly velocity for the month ~~ 0.06 Velocity, Miles per Hour 
Fig.17 Hourty Winp Vevocities at Dayton, Onto, AuGust, 1920 


11 Note that all values above taken from Tables 2 and 3 are 
Robinson cup-anemometer readings. It is shown elsewhere in 
this paper that to use for design purposes an hour’s record taken 
from the Robinson cup instrument the velocity reading must be 
multiplied by 0.9, and the corresponding kw-hr. by 0.729. 


TABLE 2 


5 
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ANALYSIS OF DAYTON, OHIO, WIND VELOCITIES, 1923 


(From U. S. Weather Bureau Robinson cup-anemometer readings; no corrections applied) 


Average hourly velocity for month, 7.3 m.p.h. 
Effective energy velocity for month, 8.94 


Ratio En = 1.224 

Total kw-hr. for month, 2.10 

Solid lines denote hours of given V 
Broken lines denote kw-hr./mo./unit-diameter circle/given V 


1 2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 17 18 19 
elocity, m.p.h. Jelocity, m.p.h. a Fl. 
Jan 6-14 6,10,12 43 390 18-25 18, 22,25 18 144 0.72 5.8 2.7 12.4 15.07 1.215 1.9 3.0 
Feb. 7-16 9, 16 41 410 16-21 16, 18,21 27 162 0.58 3.5 2.53 12.4 15.52 1.252 1.7 0.7 
Mar 6-18 11,14 35 360 20-29 24 17 170 0.82 8.2 2.11 14.9 18.78 1.260 1.8 2.0 
Apr 4-18 Ill 36 540 17-30 18, 23,30 16 224 0.60 8.4 2.41 13.0 16.40 1.261 1.9 1.0 
May 3-15 8,13 37 480 16-27 18, 26 17 204 0.55 6.6 2.35 11.9 14.82 1.245 2.1 2.3 
June 3-11 4,8 5 480 11-28 14 11.4 205 0.18 3.2 2.34 8.3 11.11 1.338 2.3 1.6 
July 2-10 5 65 590 9-18 12 22 220 0.16 1.6 2.68 7.0 8.9 1.259 2.5 2.0 
Aug 2-8 5 77 540 7-21 as * ts 18, 17.7 266 0.11 1.6 2.03 6.6 9.06 1.370 2.5 1.6 
Sept. 3-8 5 72 430 9-16 11,13 25 200 0.15 1.2 2.15 6.7 8.39 1.250 2.6 1.5 
Oct. 3-8 6 72 430 11-19 12,19 18 162 0.21 1.9 2.65 7.8 10.23 1.311 2.4 1.8 
Nov 3-10 5 55 440 12-20 16, 20 20.5 185 0.30 2.7 2.38 8.9 11.03 1.239 2.4 2.3 
ane 3-9 5,7 56 390 20-26 21 9 63 0.40 2.8 6.2 9.9 13.53 1.367 2.9 3.1 
Jan 4-13 11 45 450 16-24 19, 22, 24 17 153 0.50 4.5 2.94 11.8 14.35 1.216 2.7 3.6 
Avr 2.44 10.12 1.27+ 2.3 
(omitting (9.98 0.09 0.6 2.0 
December) for 12 —0. 06 


months) 


git 
day 

R 


Cuoice or Winb-VELocity Basep ON CaLMEstT MontTH 

To secure a picture of the limiting conditions of (a) calm and 
(b) windy operation, the calmest month of each year in the period between 1 and 11 m.p.h.; most of the spring winds lie between 
1918 to 1924 was selected and the average values for the 7 years 5and17m.p.h. (The total hours are about the same, since there 
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or “prevalence,” of the wind. The frequency is shown in Fig. 19; 
the total hours in Figs. 20 and 21. Most of the fall winds lie 


is negligible zero-wind; hence the fall winds 


TABLE 3 RELATION BETWEEN ENERGY IN PREVALENT (LOW) WINDS AND ENERGY make up for their lack of high winds by the 


FREQUENT HIGH WINDS—DAYTON, O., 1923 


(From U. S. Weather Bureau Robinson cup-anemometer readings; no corrections applied) 


great frequency of the low winds.) 
4 Consider only the ‘‘calmest’’ month, 


pee on Con. {Total Ratio it is this which will determine the 
unit-diam. unit-diam. kw-hr. ili ; 
Velocity circle in Velocity circle in wenantens Col. (3) per unit- Col. (5) serviceability of a windmill plant. We note 
Month range these range these Mini- Prob- diam. Col. (8) that while the prevalent winds lie between 
1923 (m.p.h.) velocities (m.p.h.) velocities mum able circle % landllm p h being maximum at § m p h 
(1) (2) (3) (4) (5) (6) (7) (8) (9) : ss — 
Jan. 6-14 1.85 18-25 5.8 3.1 3.1 10.22 56.7 (Fig. 19 and Table 5) the greater part of the 
Feb. 7-16 3.0 is-32) 3:3) 1.2 2.4 9.48 76 energy (2.21 kw-hr. or 70 per cent) lies in the 
Mar. 6-18 4.0 a ae. 2.0 3.5 19.37 72.5 range 8 to 24 m.p.h. and has a maximum at. 
Apr. 4-18 42 17-30 8.4 2.0 2.0 12 74 65.8 14m.p.h., well beyond the prevalent winds— 
ay 2 2. 2. 9.8 67. 
June 3-11 0.9to1.3 11-28 3.2 25 3.6 3.97 g2° in fact the 70 per cent of the total energy 
July 2-10 0.7 to 0.9 9-18 1.6 is 2.3 2.07 80 above comes from winds which blow only 42 
Aug. 2-8 0.4 to 0.6 7-21 1.6 2.6 4.3 2.17 76 f the ti 
Sept. 3-8 0.3 to 0.6 é 16 2, 2.0 3.6 1.71 88 per cent of the time. 
: n too often disregarded in windmi 
Nov. 3-10 0.7 tol.1 12-20 2.7 2.5 4.0 3.88 75 
(10-20) (2.9) practice, the wheels being turned out of the 
Dec. 3-9 eee 2 es 4300607 7.39 68 wind when velocities were high; that is, 
1924 when the available power was the greatest. 
Jan. 4-13 3.7 16-24 4.5 2.6 3.6 8.84 69 ‘ 
(11-26) (6.1) 5 If the 8 to 24-m.p.h. range is ef- 
Avr 3.8-12.2 13-24.4 2.27 3.40 Total= 73.1 
(3.Ois fair)t 94-85 ficiently utilized there is small advantage in 


* Values in parentheses include broader range than peak velocities. 
t Excluding December. 
t Including December. 


faired in the curves of Figs. 19, 20, and 21. The windiest month 
was similarly analyzed and plotted. Some quite definite con- 
clusions can be made from reference to these curves, as follows: 

1 The average velocity in the windiest month of a year is 
13.2 m.p.h., 15/, as great as in the calmest month (7.4 m.p.h.). 

2 The energy in the windiest month is about 4'/: times the 
energy in the calmest month. 

3 The energy springs both from the velocity and “frequency,” 


winds lower than 8 m.p.h. Thus (Fig. 20) 
extension of the 8 to 24 range to 6 to 24 adds 
only 7 per cent to the kw-hr. gained, this in 
spite of a notable addition (46 per cent) 
in the hours of operation. For example, imagine that an eight- 
foot windmill drives an electric generator, the current being used 
with a storage battery for farm lighting. Assume that the out- 
fit has ideal qualities such that all the available power in winds 
ranging from 8 to 24 m.p.h. is absorbed, and none of it “spilled” 
or otherwise wasted. The useful monthly output at Dayton, 
assuming 27 per cent overall efficiency, would be 2.21 < 0.73 x 
0.27 X (8)? = 27.8 kw-hr. per month, and the mill would be 
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(Uncorrected Weather Bureau readings for every hour in the year. This curve averages 13 “frequency” and “energy” charts compiled from Weather 
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running about 42 per cent of the time. Extension of the range 
at its lower end to include 6- and 7-m.p.h. winds would increase 
the output to 29.9 kw-hr., and to produce this small improvement 
the wheel would be working 62 per cent of the time. 

Of course, if the wheel were caused to swing out of the wind at 
15 m.p.h., its working range would be reduced. To remedy the 
consequent decrease in output the wheel diameter would in this 
case have to be made about 11 ft. If now to this reduced wind 
range of 8 to 15 m.p.h. the 6- and 7-m.p.h. winds be added, the 
gain in monthly output would be 14 per cent, and would better 
justify the use of 6- and 7-m.p.h. winds. 

The above reasoning holds for any diameter of wheel at Day- 
ton, Ohio. It applies particularly to the propeller-type mill, 
which is suited to high winds. 

Since Dayton winds are relatively low, we shall adopt 8 m.p.h. 
(nominal United States Weather Bureau value) as minimum 
velocity practical in the United States for propeller-type wheels. 
The distinction between 8 m.p.h. and the older value 16 m.p.h. 
is important, as may be visualized by noting that a 6-m.p.h. wind, 
to give the same power as an 8-m.p.h. wind, requires a windmill 
of 50 per cent greater diameter. 


TABLE 4 MEANS FOR WINDIEST AND CALMEST MONTHS 
IN EACH OF THE 7 YEARS 1918-1924, DAYTON, OHIO 


(Windy, Jan.-Mar.; calm, June—Oct.) 


Average, hourly . EEV Total 
vel., m.p.h. Ratio V kw-hr. 
Windiest calmest Windiest Calmest Windiest Calmest 
month month month month month month 
Apr. 13.84 1.253 14.90 
1918 
Sept. 7.55 1.356 3.120 
Feb. 12.0 1.292 10.05 
1919 
June 7.50 1.274 2.480 
Apr. 14.1 1.211 14.36 
1920 
Aug. 7.3 1.224 2.100 
Mar. 12.6 1.223 10.94 
1921 
July 7.9 1.273 3.095 
Feb. 13.2 1.231 11.57 
1922 
July 8.6 1.355 4.730 
Mar. 14.9 1.260 19.37 
1923 
Sept. 6.7 1.250 1.707 
Jan. 11.8 1.216 8.84 
1924 
Oct. 6.5 1.435 2.410 
Average 13 21 7.44 1.241 1.310 12.86 2.81 
Ratio 1.78 4.58 


6 Itis interesting to note (Fig. 20) that for the windiest month 
the proper wind velocity is 13 to 35 m.p.h., with no great ad- 
vantage in accommodating winds lower than 13 m.p.h. This 
range gives 9.7 kw-hr. per unit-diameter wheel during 345 hours 
of operation. 

Comparing the kw-hr. output and hours of operation of the 
calm and windy month, it follows that a generator and windmill 
operating at full load in the calm month will be four-fold over- 
loaded in the windy month. Any regulating device which aims to 
hold the power output constant throughout the year must there- 
fore be able to spill 3 times as much energy as is normally used. 


Cuxoice or WINDMILL DIAMETER 


The size of a windmill depends on the power output required 
at any given moment, on the monthly kw-hr. requirement, and 
on the velocity and frequency of the winds. 

The diameter varies with the square root of the momentary 
power output; for example, a windmill to drive a 1-kw. generator 
will have a diameter 1.42 times that of a windmill to drive a 
'/-kw. generator. 

As for the relation between diameter and monthly kw-hr. 
requirement, this can be determined only by study of the wind 
velocity and frequency. Fig. 20 enables us to choose the di- 
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ameter suited to Dayton winds in a calm month. Having de- 
termined the velocity range as previously set forth, we add up, 
from Fig. 20, the kw-hr. per unit-diameter circle, when 


kw-hr. per month required 


D= 
27 per cent X kw-hr. per unit-diameter circle < 0.73 
80 T 
10 
\Ca/mes# Mon¢h 
| | 
| | 


| 
} 
| 
| 


Hours 
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Windliest Month 
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— 
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Velocity, Miles per Hour 


0 8 12 


Fig. 19 Frequency oF Dayton WINps, 1918 To 1924. Farrep 
ComposiTE CURVE 
Average of windiest and calmest month in each of the 7 years. 
Windy Calm Ratio 
Average hourly wind velocity 13.2 7.4 1.78 
Total kw-hr. 12.86 2.81 4.58 
EEV/V 1.24 1.31 
06 
— Windliest Month 
A Calmest Month 
x . 
0 8 12 16 20 14 28 32 40 


Velocity, Miles per Hour 


Fie. 20 Kw-Hr. 1x Dayton Winps, 1918 To 1924. Farrep 
Composite CURVE 


Average of windiest and calmest months in each of the 7 years. 


Windy Calm Ratio 
Average hourly wind velocity 13.2 7.4 1.78 
Total kw-hr. 12.86 2.81 4.58 
EEV/V 1.24 1.31 


(The overall efficiency is 0.597 X 0.80 (windmill efficiency, 80 
per cent being the highest practical value and rarely attained) 
0.75 (battery) X 0.75 (generator) = 27 per cent, the figure 0.73 
being a correction to Weather Bureau readings.) Next, the 
momentary power output at a given wind velocity is found-from 
the relation: 

36 per cent X 4.01 X 0.73 


Kw. output = D* ft. X V' m.p.h. X 


1.053 D?V* 
10° 


(Here battery efficiency has been eliminated, so that the 27 per 
cent overall efficiency becomes 36 per cent.) 

The choice of proper velocity can be made only after careful 
study of wind ranges, as previously set forth, together with prac- 
tical test and laboratory research as later to be described on the 
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| | 
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| 
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relation between nominal recorded velocities and actual true 
velocities. There is a difference. 

The diameter is affected indirectly by the efficiency of the 
storage battery or other energy-storing device. (It is assumed 
in this paper that some such device is part of every windmill 
outfit.) 

Take first the case wherein an adequate storage battery can 
be used, with a 30-kw-hr. per month requirement. Using the 
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Fie. 21 AvAILABLE Hours, Dayton WINbs. 
CompPosiITE CURVE 


(Average of windiest and calmest month in each of the 7 years, 1918to 1924. 
Example: For total hours in wind range 13 to 35, read curve at 12 and 35.) 


10- to 24-m.p.h. range of velocities in the calm month we get (see 
Table 5). 


Kw-hr. (per unit diameter) available in wind = 1.94 kw-hr. 


30 
= = 8.93 ft. 
xX 27 X 0.73 


TABLE 5 CHOICE OF VELOCITY RANGE 


Per cent of 


total Per cent 
Velocity monthly of total 
range, Kw-hr. kw-hr. Hours hr. in 
m.p.h. included scaled included months 
Calmest month (see Figs. 19 and 20—3.18 total kw-hr.) 
8to24 2.21 70 306 42 


6to24 2.21 + 15 = 2.36 75 
10 to 24 2.21—0.27 = 1.94 


306 + 140 = 446 62 
306 — 112 = 194 27 


Windiest month (see Figs. 19 and 20—12.3 total kw-hr.) 


13 to 30 332 13 
13to35 8.3+ 1.4 = 9.7 332 + 13 = 345 
10to30 8.3 + 0.76 = 9.06 332 + 141 = 473 
10to35 9.06 + 1.4 = 10.46 473 + 13 = 486 


Conclusion: 


For calmest month use range 8 to 24 m.p.h. (No advantage in going down to 6.) (From Fig. 20, 


14-m.p.h. wind has the greatest kw-hr.) 
For windiest month use range 13 to 35 m.p.h. (No advantage below 13.) 
wind has the greatest kw-hr.) 


To give same kw-hr. fall wheel must have twice the diameter of springtime 
and, of course, a gear change. 


Take 14 m.p.h. as representative velocity for the 10- to 24-m.p.h. 


(Fig. 20). 


range, the velocity of maximum ———-———_ 
ge y unit diameter 


The generator output will be: 
Kw. = 36 X 4.01 X 10~® X (8.93)? XK (12.6)* = 0.231 kw. 


For consistency we will make the arbitrary stipulation that 
all the energy in the whole wind range is to be utilized. With 
this assumption, we get for other velocities than 14 m.p.h. an out- 
put varying with V*, thus: 

At 10-m.p.h. nominal velocity the generator output should 

be 0.083 kw. 


kw-hr. increase 7 per cent, 


kw-hr. increase 17 per cent, 


kw-hr. have further increase 
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At 14-m.p.h. nominal velocity the generator output should 

be 0.231 kw. 

At 24-m.p.h. nominal velocity the generator output should 

be 1.160 kw. 

If such a generator were available with gearing suitable to 
proper performance, the plant would furnish 30 kw-hr. useful 
current in the calm month. 

Actually, an electric generator does not have characteristics 
like the above; it will run at low efficiency at low velocities 
and will be overloaded at the high velocities—defects which will 
require, as offset, a slightly larger generator and larger wheel 
diameter than results from the calculations. How much larger 
is determined best by practical experience. 


To Cur Down Bartery Cost 


But, as will be shown below, such a windmill would actually 
be idle more than half the time in calm months, and would re- 
quire a large, expensive storage battery to furnish the useful 
current unaided for periods of several days. To economize on 
the battery cost—a major item in a windmill electric plant — 
the ‘‘dead-wind” periods should be reduced to a minimum. 
This would be accomplished by ignoring the high and useful 
though infrequent energy winds, and relying on the more fre- 
quent low-energy winds. For the same power at different ve- 
locities, the diameter will vary as os 

Assuming as an extreme case a wind range of 6 to 8 m.p.h., a 
windmill plant to furnish 30 kw-hr. of useful current would be as 
follows: 


kw-hr 
From the energy chart (Fig. 20), the total —_—— — 
unit diameter circle 


in 6-, 7-, and 8-m.p.h. nominal winds are 
0.272; then 


30 
Remarks ~ 27 per cent X 0.272 X 0.73 
= 23.65 {t. diam. 


8 to 24 m.p.h. includes bulk 


of kw-hr. output A generator to put out its full load at 8- 


m.p.h. nominal velocity must be such as 
hr. 37 per cent to give 
36 per cent 4.01 K 10-* X (23.65)? 
(8)? X (0.9)? = 0.3025 kw. 
The total hours of operation of such a 


hr. 46 per cent 


kw-hr. decrease 12 per cent, 


to 30 m.p.h. includes bulk 
of kw-hr. output 


hr. 4 per cent 


kw-hr. increase 9 per cent, 23.6-ft. wheel will be (Fig. 19) 


hr. 42 per cent 
oat 60 hr. in 8-m.p.h. nominal winds 


X 0.3025 kw. = 18.2 kw-hr. 
67.5 hr. in 7-m.p.h. nominal wind 
X 0.2025 kw. = 13.7 kw-hr. 
(From Fig. 20, 20-m.p.h. 73 hr. in 6-m.p.h. nominal winds 


X 0.1278 kw. = 9.3 kw-hr. 
wheel = 2) 
Total, 200.5 Totaloutput, 41.2 kw-hr. 


This plant would be expected to deliver some current nearly 
every day in the year, since winds of at least 6 or 8 m.p.h. are 
usually found about noon of any day, and would not require 
greater battery capacity than 80 ampere-hours (32 volts). If all 
winds above 8 m.p.h. were spilled this plant would operate about 
the same number of hours per month as the previously mentioned 
8.93-ft. plant. The distribution of running hours, however, 
would be such as to greatly mitigate the 3-day “dead periods” 
of the 8.93-ft. plant. The use throughout the year of a 23.6-ft. 
wheel, spilling all winds higher than 8 m.p.h., seems a high price 
to pay for overcoming 3-day “dead periods” which occur but 
rarely, especially when it is considered that the capacity (0.3 


17 per cent, hr. have fur- 
ther increase 4 per cent 
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kw.) is lower than is usually associated with larger wheels. 
We do not know of any precedent for the use of so large a wheel 
with so small a generator; but the numerical example serves 
to show how difficult is the problem of making an electric wind- 
mill reliable without large battery capacity. It is impossible to 
design for the low-wind days of a given month without wasting 


Fig. 22 InsTANTANEOUS-READING ANEMOMETER, SECONDS CLOCK, 
AND RecorpING Drum Usep IN CALIBRATING Rospinson Cup 
ANEMOMETER AT WEATHER BUREAU STATION 


power on windy days, and, as shown, it would seem imprac- 
ticable to skimp the battery capacity. The analysis leads to the 
conclusion that use of an adequate battery is inescapable. 
Whether or not a large-diameter, low-capacity wheel is prac- 
ticable is another question, but the above figures show the un- 
disputed need for large diameter if battery cost is to be minimized. 
Our researches, which early showed the importance of larger 
diameter, have aimed to develop means for construction, regu- 


TABLE 6 
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Experience in quantity production of large wheels will de- 
termine whether or not they justify the saving in battery cost 
which is their prime raison d’étre. It is to be reiterated that it is 
only battery economy which stipulates large wheels—if sufficient 
storage capacity is provided to tide over the low-wind periods, 
wheel diameters can be cut in two for the same kw-hr. monthly 
output. 

The advisability of swinging this large wheel out of the wind 
for all velocities higher than 8 m.p.h. is shown as follows: As- 
suming the wheel properly regulated so that at higher wind 
velocities the output would maintain, but not exceed, the normal 
30-kw. value, there would be produced an excess of current 
amounting to 246 X 0.30 = 73.8 kw-hr., and the total monthly 
output would be 2'/, times too great, necessitating the provision 
of some means of dissipating the excess. 

In the windy months of spring, the swing-out velocity would 
have to be raised, as there are not enough low winds during this 
period of the year to furnish the desired output. 


TyInG IN LaBoraTorY COEFFICIENTS WITH WEATHER BuREAU 
AVERAGE VELOCITIES 


The windmill design coefficients given herewith were obtained 
in an artificial steady wind, and are precise. In the measure- 
ment of outdoor wind velocity, there is no such thing as precision, 
since the wind velocity may change 50 per cent in 10 seconds. 
Weather Bureau records in the United States state the approxi- 
mate time of passage of one mile of wind past the observation 
station, without attempting to record instantaneous variations 
of velocity. The Weather Bureau velocity records for periods of 
less than one hour are not easily available. In such a long period, 
including several miles of wind, changes of velocity intensity are 
always great. 

The problem, in brief, is: Knowing that a mill of a certain 
diameter gives a certain power in a steady artificial wind (wind 
tunnel), what is the ‘“‘average hourly Weather Bureau Velocity” 
that will produce the same power when the same windmill is 
mounted outdoors? 

It was thought that a theoretical answer would be little better 
than an estimate, and an empirical solution was therefore sought 
as follows: 

For an anemometer, there was available a small 7-in.-diameter 
model windmill with 16 curved blades at 20 deg. blade angle, and 
mounted on a free-running instrument ball-bearing shaft. An 


U.S.W.B. SUMMARY OF COMPARISON OF ROBINSON CUP ANEMOMETER READINGS WITH SIMULTANEOUS CALIBRATED 
16*BL. ANEMOMETER READINGS 


(Test of Aug. 9, 1927) 


I. results 
Ratio Ratio 
Weather Bureau results M.p.h Col. 6 Weather Col. 
Weather Bureau period Miles M.p.h. —_ mean EEV Col.5 Bureau Col. 5 
1 2 P 3 5 6 7 8 9 
10:12:00.8 to 10:16:24.6 Onein 0.07325 hr. 13.65 0.863 in O. 67325 hr. 11.77 12.08 1.024 12.7 1.08 
10:16:24.6 to 10:21:42.2. One in 0.0882 hr. 11.34 m.p.h. 0.789 in 0.0882 8.95 9.33 1.041 10.7 1.195 
(12.0 as scaled by Mr. Niefert) * 
10:21:42.2 to 10:30:24.3 Two in 0.145 hr. 13.8 m.p.h. (15 or 16 as scaled 1. Hy in 0. ‘<~ (Equiv. to 11.9 12. 1.05 12.8 1.075 
by Mr. Niefert) 0.864 mi. for 1 W. B. mile) 
8/6/'27 test (wind ad E. of N) 
3:30:00 to 3:36:07 One in 0.102 hr. 9.82 0.873 in 0.102 hr. 8.57 9.10 1.061 9.4 1.008 
3:36:7 to 3:44:48.7 One in 0.1449 hr. 6.90 m.p.h. 0.899 in 0. 1449 hr. 6.20 6.74 1.087 6.7 1.08 
Average 0.858 1.053 1.105 
(3)/(5) 
1.165 


Conclusion: 


(1) Robinson cup anemometer, after correcting, is 10 to 20% high (Avg. = 1.105) 
(2) During a mile movement velocity may = or fall by one- re to three-fourths 


(3) During 10 sec. vel. may change from (V 


— 28%) to (V 
(4) During 38 sec. vel. may change from (V— 45° oS 


to (V 


lation, and storm-proofing of large wheels. It may be said in 
passing that, while large wheels of conventional type are com- 
mercially impracticable, the propeller-type wheels which have 
been developed are not necessarily so, due to their lightness, 
cheapness, good regulation, and storm-proof quality. 


advantage of small size is that accurate calibration can be ob- 
tained in a wind tunnel. In this case the calibration was effected 
in a 5-ft. tunnel. By means of a fine worm gear, an electric 
contacting device was closed at each 40th revolution of the ane- 
mometer. This instrument was taken up to the Dayton, Ohio, 
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United States Weather Bureau tower, and held in the wind about 
6 ft. to one side of the Weather Bureau anemometer. Wires 
were run to a recording instrument. On the same tape were 
recorded (1) the revolutions of the anemometer (2) seconds, ob- 
tained from a specially made clock (see Fig. 22), and (3) each 
mile of wind as registered in the Robinson cup anemometer cir- 
cuit of the Weather Bureau recording apparatus. 

Typical readings were taken on two different days. From the 
results, plotted on (Fig. 23), and tabulated on Table 5, the follow- 
ing factors were deduced: 

1 The observations were made on winds the instantaneous 
velocities of which varied from 2.8 to 18.2 m.p.h. 

2 The Weather Bureau anemometer reading for an average 
mile was 16'/2 per cent higher than the 16-blade-anemometer 
reading. This 16'/: per cent applies to all Weather Bureau data 
used in this paper, same being copied uncorrected from the Day- 
ton Weather Bureau records. 

3 Corrected by the usual Weather Bureau figure, the 16'/2 
per cent becomes 10'/2 per cent. 

4 The true velocity, as recorded by the 16-blade anemometer, 
varied in 10 seconds from V — 28 per cent to V + 28 per cent; 
in 38 seconds, from V — 45 per cent to V + 45 per cent. The 


. energy content of this fluctuating wind was deduced by taking 40 


revolutions of the 16-blade anemometer as a unit (1.7 to 10 sec.), 
and summing the cubes of the velocities for each of these unit 
periods. The equivalent energy velocity was then the cube root 
of the mean cube of the velocities for these unit periods. 

The effective energy velocity (EEV) was 5'/; per cent higher 


than the mean velocity. (This checks the value 6.4 per cent ob- 
tained from Langley’s test at 26 m.p.h. in 1893.) Expressed 
another way, a meterological wind recording itself, in a mile, as 
10 m.p.h., has, due to its fluctuation above and below 10 m.p.h., 
the energy of a 10'/2-mile steady wind. 

Note that this 5!/; per cent applies only to periods of time short 


Fie. 24 Zanm-Type VentTurRI TuBE AND KRELL MANOMETER FOR 
MEASURING WIND VELOCITY 


enough ('/. hour or so) to avoid great change of wind strength. 
When the period is stretched out to a month, involving wide 
ranges of wind strength, the 5'/; per cent becomes 27 per cent, 
as shown in Figs. 17 and 18 and Table 2. 

5 Combining the above 16'/, per cent and 5'/; per cent, it 
follows that an average mile of wind recording on the United 
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Fie. 23. Fiucruations, U. WeatHer Bureau Tower, Dayton, On1o, AuGcust 9, 1927, a.m. 
Using 7-in. calibrated 16-in. blade anemometer 6 ft. west of Weather Bureau cup anemometer. Wind, 15 deg. west of south. Bamberg recording device.) 
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States Weather Bureau instrument at Dayton a velocity of 
Vw», will cause a windmill to perform as though in a steady wind 
of value 0.9 Vw». The energy obtainable from the mile of wind 
will be (0.9)? = 0.729, the amount computed from the uncor- 
rected Weather Bureau velocity. All the charts like Figs. 17 and 
18 must be corrected when used by multiplying velocity by 0.9, 
and kw-hr. by 0.729. 


OTHER INSTRUMENTS FOR MEASURING WIND 


Fig. 24 shows a venturi tube and Krell-type manometer which 
is useful for indicating instantaneous values of wind velocity- 
pressure. If several such instruments are set up near a windmill 
and connected in parallel to a single manometer they furnish a 
fair idea of the effective velocity experienced by the mill. Some 
damping device in the pressure line is used to smooth out the gust 
fluctuations. It is not proper to use measurements which have 
been made at a distance from the mill. Velocities recorded by 
Weather Bureau stations at a distance may be quite different, due 
to obstructions, hills, trees, ete. 

Another instrument, easier to read but harder to set up, was 
developed. A rotary windmill anemometer fitted with a brush 
and contact breaker was arranged to send an electric impulse 
through a circuit once every revolution. A chronometric 
electric tachometer in the circuit then showed the r.p.m. at any 
instant and its readings were proportional to the wind velocity. 
This instrument was the best of any employed for use out- 
doors because its reading fluctuated with the first power of the 
gust velocity, rather than the second power, as was the case with 
the instrument of Fig. 24. The tachometer when set up on the 
switchboard beside the ammeter and voltmeter facilitated cor- 
rect observations, and was partly responsible for the success ob- 
tained in tests made with full-size mills on a moving automobile. 


AVAILABLE ENERGY OF THE WIND 


Using the Froude momentum theory, the maximum energy 
recoverable from the wind has been determined by Betz, Munk, 
and Hoff, as 0.593 times the kinetic energy of motion. This 
maximum figure is reached when the wind after passing the wind- 
mill disk retains just '/; its original velocity. Retardation of 
the wind further than 2/; results in increased impact, which, how- 
ever, is offset by decreased volume of flow through the disk. 

Improvement of this ratio by tandem wheels is impracticable. 
Supposing that it were desired to get all the available energy out 
of the wind flowing over a given surface of ground, how close 
may the mills be placed one behind the other? In answering 
this, it may be assumed that the loss of energy in the wind near 
the ground is replaced by transfer, through viscosity, of energy 
from the upper layers of air. The distance of flow necessary to 
effect this recovery depends somewhat upon the velocity. As- 
suming smooth flow, without trees, hills, etc., some experiments 
made by Eiffel on disks throw light on the question. At 10 
meters per second a disk 30 centimeters in diameter, if too close 
to a similar disk upstream, experienced a negative resistance. 
Eiffel found that if the rear disk was 2 diameters behind the for- 
ward disk it received no energy from the air, and the distance 
had to be increased to 3 diameters for the resistance to become 
positive, and therefore for the disk to receive energy from the air. 
Experiments by Crocco indicate that a disk 8 diameters behind 
another receives only 0.9 the normal wind velocity. 


VeLociry GRADIENT FROM THE SURFACE OF THE GROUND 
UpwarpD 


A reasonable velocity-gradient curve can be given only for the 
case of flat unobstructed ground. For practical use the curve 
may be considered a straight line. Pilot-balloon observations at 
McCook Field indicate the following equation, for heights up to 
5000 ft.: 
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V = (h/2400 + 1) X (Vi) for average winds 


where V = m.p.h. at desired height 
h = altitude in feet 
V, = m.p.h. near the ground. 


Close to the ground the gradient is steeper, judging from tests on 
Farnboro Common, England, by Taylor and Cave in 1916, who 
found the following: 


Wind velocity at 1'/, ft. above ground, 11.4 m.p.h. 
Wind velocity at 4 ft. above ground, 14.9 m.p.h. 
Wind velocity at 6 ft. above ground, 17.5 m.p.h. 


These last values seem largely a matter of “skin friction.”’ It 
is thought that above 30 ft. the altitude of a windmill tower is 
governed by the obstructions to be avoided, rather than the 
velocity gradient that may be expected. 


Discussion 


Greorce MAnikowskE.* We have found from experience 
in the past with full-sized wheels and laboratory data that wind 
velocities of 8 miles an hour should be utilized in order that the 
life of the storage battery may be prolonged, and that the prac- 
ticability of the plant depends upon utilizing the lower-velocity 
winds. In the test carried on by Professor Brackett at the 
University of Nebraska at Lincoln wherein he used a conven- 
tional propeller-driven electric-light plant whose generator 
was driven through gears, he found that should he use 1 kw- 
hr. of electricity per day, which supplied 2 small lamps turned 
on every night, the wheel would not generate enough current 
to keep these lights burning as previously arranged. There were 
55 nights during the year in which no electricity could be used 
on account of the battery being down and discharged to the 
point below which the instructions directed that no further 
current be used. Eleven of these were in July, 15 in August, 
17 in September, 6 in October, 2 in January and 4 last June. 
From Professor Brackett’s tests and from our own experience 
we are convinced that the commercially practicable plant will 
be one wherein the lower wind velocities are utilized. 

We disagree with the author that all winds are necessarily 
very gusty. It is true that where there are obstructions, even 
though they be 1000 ft. from the anemometer, the wind will 
be affected by these obstructions. On the plains in North Dakota 
where the wind has a clear sweep for miles, using a steady, even 
wind, we are not able at any time to get the great number of 
maxima and minima which the author has recorded in Dayton. 

We have found that obstructions disturb the uniform flow of 
air even though they be half a mile from the wheel. We have 
have found this so with respect to haystacks on the prairie, and 
the drift behind a haystack after a snow storm showed a wind 
disturbance in one case over 2000 ft. behind it. This haystack 
was not over 15 ft. high and 30 ft. wide. 

We are building single-propeller wheels in which the propeller 
is direct-connected to the armature. These generators are low- 
speed machines whose characteristics are designed to fit into the 
particular characteristics of the propellers which are used to 
drive them. We were able to get an efficiency of 78.1 per cent 
for our equipment in winds blowing at 14 miles an hour. We 
also build a double-propeller wind-driven electric-light and power 
plant in which one propeller carries the armature and the other 
the field. In this manner we are able to double the relative 
speed without gears and also take advantage of race rotation 
mentioned in the paper. We have found that this increases 
our efficiency, especially in low wind velocities. 


3 The Aerodyne Co., Minneapolis, Minn. 
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The author’s coefficients relative to the analyzing of wind 
velocities in general are very valuable to those interested in de- 
signing windmills for certain localities wherein the load and 
the wind velocity are known. However, we find that the storage 
battery is only about 70 per cent efficient in the hands of in- 
experienced users over a period of years, and in the hands of 
those who abuse it or under special loading conditions the effi- 
ciency sometimes drops to 50 per cent. Keeping this in mind 
we have strived to build equipment which would generate current 
practically every day, instead of using only the energy winds. 

We have found that one of our double-propeller installations 
has generated 1715 kw-hr. in 11 months. One month was not 
recorded as the watt-hour meter was out of commission, and 
is not included in the total. This is an average of 171.5 kw-hr. 
per month. There were times when the windmill generator 
was shut down. 

We find we can increase the efficiency of our equipment by 
using the double-propeller machine for the reason that we are 
using lower tip velocities, and the double propeller wheel lends 
itself much better to long-propeller design. However, it is a 
little more costly to construct as two propellers are used, but the 
generator cost is lowered since we doubled the speed. The 
starting torque is much higher as a larger blade angle is used. 
We are using this equipment where a high efficiency is desired, 
especially in the low wind velocities. 


TueoporeE Lucas.‘ The paper presents an interesting solu- 
tion not only for the production of electricity on land or for 
auxiliary service on board airplanes but also of possibly the 
greatest part of the knotty problem of the helicopter. 

Taking the author’s Fig. 13 with the highly increased tip- 
speed ratio of the new turbine type over old 4-arm Dutch-mill 
type, one might get wind-tunnel data again for a propeller from 
which there might be evolved a turbine vertical-lift propeller 
vastly superior to the present helicopter. 

If, further, the turbine were fitted with guide blades above 
and also below, the air being made to enter and leave in a ver- 
tical direction, one might vision that this research material of 
the author’s might lead to quite practical results. One might 
imagine a thick-wing monoplane into which two turbine lift pro- 


’ pellers with guide-vane sets were sunk flush so that there would 


be no increase in air resistance. If arranged one on each side 
with centrally located driving motor, nothing but a few pieces 
of shafting would be exposed. For horizontal flight the lift 
propeller would cut out and the normal propelling plant would 
come into action. 

As stated in the paragraph on model tests, the research seems 
to cover wind speeds down to 4 m.p.h. and apparently the author 
is already in possession of such complete data as would make 
attention given to this most urgent problem well worth while. 

4New York, N. Y. Mem. A.S.M.E. 
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Materials for Aircraft Parts Subjected to High 


Temperatures 


The Operating Conditions and Materials Now Being Used—Desirability of Developing Better 
Materials to Meet Requirements of Modern Design 
By J. B. JOHNSON,' DAYTON, OHIO 


are subjected to temperatures above atmospheric. These used. The desirability of developing better materials to meet 

are confined to engine parts heated by the combustion of the the requirements of modern design is also considered. 
charge. The temperatures attained in aircraft engines are All of the heat energy of the internal-combustion engine is 
higher than those of automobile engines due to the use of greater generated in the combustion chamber. This energy is con- 
mean effective pressures and the development of more horse- verted into useful work in driving the piston, and dissipated 
as waste heat by the products of combustion and by conduction 
through the various parts of the engine. These parts are the com- 
bustion chamber, consisting of cylinder wall, cylinder head, piston, 
and valves, and the pipes for disposing of the exhaust gases. 
Transverse sections through the cylinders of the water-cooled 
and the air-cooled Liberty engines are shown in Figs. 1 and 2. The 
jacket of the water-cooled engine is generally either a welded- 


I. AIRCRAFT there are only a few parts whose materials the operating conditions and the materials which are now being 


Fig. 2. Transverse Section oF Arr-CooLep Lisperty-12 ENnGrne 


steel sleeve or an aluminum casting. It completely surrounds 
the cylinder head and barrel of the engine, and holds the tem- 
perature of these parts close to the temperature of the cool- 
oe ing water. The air-cooled cylinder depends for cooling upon 
ah ‘ the transfer of heat from the metal in the head and barrel di- 
rua - rectly to the air. This is facilitated by a large radiating surface 


me and high thermal conductivity. The former is attained by 
the use of thin, deep fins; the latter, by the selection of a suit- 
. able material for the head. A very satisfactory combination 


is a steel barrel and an aluminum-alloy head. The head is fast- 
Fic. 1 TrANsveRsSE Section oF Water-CooLep Liserty-12 ened to the barrel by screwing and shrinking, which forms a 

ENGINE joint with good thermal conductivity. The air-cooled engine 
is subject to greater variations in temperature and attains 
higher temperatures than the water-cooled engine, due to the 
nature of the coolant. 


power per cylinder. The selection of material for these parts, 
in order to assure safe and continuous operation, requires a 
knowledge of the operating temperatures and the properties of 
the materials at these temperatures. This paper describes TEMPERATURES ATTAINED IN THE VARIOUS Parts 


‘Chief, Materials Branch, Engineering Division, Air Service, The temperatures attained in the various parts depend “pee 
War Department, McCook Field. the type of engine and coolant and the operating conditions. 
Contributed by the Aeronautics Division and presented at the The detailed design of the scheme for cooling the parts is very 


Annual Meeting, New York, N. Y., December 5 to 8,1927,of THe 
AMERICAN SocieTY OF MECHANICAL ENGINEERS. important, but the engineer must have materials which will 
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permit a variation in design and also take care of the worst 
operating conditions. Several investigations have been made 
to determine the operating conditions which produce the maxi- 
mum temperature. Temperature surveys have been made under 
variable operating conditions by changing mixture propor- 
tions, coolant temperatures, ignition settings, and the char- 
acter of the conducting surface. The results of an extensive 
survey of a water-cooled Liberty cylinder at the Matériel Divi- 
sion of the Air Corps by F. G. Shoemaker indicate that the 


Fig. Exuaust Stacks, Liperty-12 ENGine. SHort STeen 
STACK 


Fig. 4 Swiri-CHaMBer STack 


maximum cylinder-wall temperatures occurred at an air-fuel 
ratio giving maximum power, and that the maximum ex- 
haust-gas temperatures occurred at a leaner mixture than that 
giving full power or highest cylinder-wall temperatures. 
Cylinder-wall temperatures were only slightly affected by wide 
variations in the rate of flow of the cooling water, but increased 
directly with the water outlet temperature. Detonation caused 
an increase in the temperature of the cylinder walls, but a drop 
in exhaust-gas temperature. Increasing the exhaust back 
pressure had little effect on the cylinder-wall temperatures, but 
did increase the temperature of the exhaust gases. A thin layer 
of lime scale increased the temperature of the wall and the head. 
An increase in temperature of 120 deg. fahr. for 0.025 in. of scale 


was noted and caused the maximum temperature in the com- 
bustion chamber to reach 450 deg. fahr. at a point on the head 
between the valves. Cylinder-barrel temperatures did not 
exceed 220 deg. fahr., and the maximum temperature of the 
valve seat was 320 deg. fahr. for the exhaust and 220 deg. fahr. 
for the intake. The maximum temperature of the exhaust 
gases was 1700 deg. fahr., attained with a back pressure of 
7.5 in. of mereury. 

The piston temperatures, as reported by Jehle and Jardine,’ 
also obtained in a water-cooled Liberty cylinder, reached a 
maximum of 650 deg. fahr. This value is higher than noted 
by other investigators and can be considered the maximum for 
satisfactory design in aluminum alloys. Cast-iron pistons often 
exceed this temperature. Dr. Gibson’ has reported temper- 
atures up to 460 deg. fahr. for aluminum pistons. Exhaust-valve 
and cylinder-head temperatures for air-cooled engines have been 
checked on several types of cylinders at the Matériel Division. 
The maximum temperature in this type of cylinder occurs on the 
lee side, generally in the middle of the head adjacent to the section 
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between the valve seats. Temperatures as high as 650 deg. far. 
have been recorded for large cylinders. Exhaust valves do not 
reach the temperature of exhaust gases, but range from 1000 
to 1450 deg. fahr. as observed by a Shore pyroscope or similar 
optical pyrometer. There is not much difference between the 
temperature of the exhaust valves in the water-cooled and air- 
cooled engines. Efficient cooling of the valve guide and seat 
has a marked effect upon the temperature of the valve. The 
use of valve stems of large diameter and cooled internally by 
means of oil or salt has been an important factor in lowering 
the operating temperature.‘ Inlet valves operate at a temper- 
ature 200 to 300 deg. fahr. lower than the exhaust valves. 
A temperature survey of several types of exhaust stacks on 
the Liberty engine indicates that the highest temperatures 
are reached with an exhaust manifold of the swirl-chamber 
type, shown in Fig. 4, and the minimum temperatures in 4 
cast-aluminum-alloy stack, Fig. 5. The former reached 
860 deg. fahr. and the latter 450 deg. fahr. in the hottest section. 
Short steel stacks (illustrated in Fig. 3), which are in quite 
common use, reached a temperature of 760 deg. fahr. The 
low temperature of the aluminum alloy has the advantage that 


2 een Jehle and Frank Jardine, Journal S.A.E., September, 
1922 


3A. Gibson, “Piston Temperatures in Aero Engines,”’ Report 
of Koval ‘Aircraft Establishments. 
. Heron, “Aircraft Engine Practice Applied to Passenger 
Cars Journal S.A. E., vol. 12, no. 1. Appendix 1. 
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it is not hot enough to ignite the air-gasoline mixture which sur- 
rounds the engine after a crash. 


SELECTION OF MATERIAL FOR CYLINDER HEADS AND PISTONS 


The materials used for cylinder heads in air-cooled engines 
and for pistons in both air- and water-cooled engines are selected 
primarily on account of their high thermal conductivity, low 
density, and satisfactory physical properties at the operating 
temperatures. A comparison of the physical constants for 
a few of the available materials is shown in Table 1. The 
data for the pure metals are more reliable and complete than 
for the alloys. The natural selection to fulfil the above re- 
quirements is an aluminum-base alloy, since aluminum is commer- 
cially available in large quantities and the technique of cast- 
ing and manufacture is well known. Pure aluminum has a 
high thermal conductivity, but loses a large proportion of its 
strength at elevated temperatures and is difficult to cast and 
machine. Various elements added to aluminum increase its 
strength both at room temperatures and at elevated temper- 
atures. Copper has been >, 


TABLE 1 PHYSICAL CONSTANTS FOR PURE METALS AND 
TYPICAL ALLOYS 


True 
specific 
Coefficient Thermal heat, 
of expansion conductivity, calories per 
Density, per deg. cont. calories per cc. gram per 


grams x 107- per deg. cent. deg. cent. 
at 20 avg. 20 to at 100 deg. at 300 
Pure Metals deg. cent. 300 deg. cent. cent. deg. cent. 
Aluminum...... 25.7 0.492 0.2420 
Copper....... 16.7 0.908 0.0993 
Iron... 7.90 13.2 0.151 0.1340 
Magnesium. . 1.74 28.3 0.350 0.2728 
Alleys 
2.88 28.6 0.340 
Al 94.4-94.8, Cu 3.66- 
3.74, Mg 0.36-1.08 24.7-26.9 
Al 95, Si 5, to Al 87, Si 
13. 22 .2-24.8 
Cu 92.2, Al 7.3, Zn 1.4 7.85 17.9 sim 
Cast iron. 7.20 11.6 0.121 
Steel (0.45 C). or . 7.80 12.7 0.106 
Mg 96, Al 4. 0.170! 
Mg 87, Cu 26.9 0.320! 


1 100-250 deg. cent. 

Sources: International Critical Tables, vol. 2. Bureau of Standards 
Scientific Publications. Smithsonian Physical Tables. American Mag- 
nesium Corporation's Handbook. 


almost universally used for this | 
purpose. In fact, practically © 102n, ?Cu, fe | 
every piston or cylinder-head = - 
alloy used in the past twenty Su a 
years has contained some cop- 5 
per. The analyses of a large « a — 
number of pistons used in <= —— 
foreign engines indicate that ©& - 1 
the percentage of copper varied | 
from 2 to 14 per cent. One “ 
reason for this is indicated by 3% 
the curves in Fig. 6. The 9» Le 
strength increases with the cop- 2 io 
per content up to at least 14 E 2Zn 
percent. Silicon alsoincreases = | 
the strength at high tempera- Tests at 300 Deg. Fahr Tests at 500 Deg.Fanr.| 
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limit and distort under stresses 
at high temperatures more 
easily than the copper-bearing 
alloys. Manganese added to 
a copper-aluminum alloy prevents the rapid fall in strength 
above 500 deg. fahr. which is a characteristic of practically 
all of the aluminum alloys, but it lowers the thermal conduc- 
tivity. Zine has also been used as the principal alloying ele- 
ment, but is not satisfactory where the operating temperatures 
exceed 400 deg. fahr. Iron raises the tensile strength and with 
zinc gives a ternary alloy of good physical properties but 
less satisfactory than the copper-bearing alloys. Small quan- 
tities of iron, magnesium, and nickel are now generally added 
to form ternary, quaternary, or higher alloys with copper and 
aluminum and the ever-present silicon. 

The principal advantage to be gained from the use of these 
alloys is the increase in strength and hardness after suitable 
heat treatment. This has led to the use of these alloys almost 
exclusively in this country in the modern types of aircraft 
engines for pistons and cylinder heads. The pistons have been 
manufactured in green-sand molds, dry-sand molds, semi- 
Permanent molds (using a sand core), and in permanent molds. 
The method of manufacture affects the ultimate hardness. 
The average hardness for a semi-permanent-mold casting varies 
from 90 to 100 for the nickel-bearing alloy and from 100 to 110 


wn J. Jenkin, ‘‘Report on Materials of Construction Used in Air- 
t 2 es.”’ 
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Fig. 6 Errect or INCREASING THE PERCENTAGE OF ALLOYING ELEMENT IN ALUMINUM ALLOYs CasT 


1n GREEN SAND 


The letter x before the chemical symbol denotes the variable alloying element with aluminum. 


for the iron-bearing alloy after heat treatment. Permanent- 
mold castings will average from 10 to 30 points harder than 
sand castings. Cylinder heads are cast in dry sand. Typical 
analyses and heat treatments of these alloys are shown in Table 
2. The physical properties at elevated temperatures are shown 
in Figs. 7 and 8. These results were obtained at the Matériel 
Division on test bars cast in green sand and subsequently 


TABLE 2. MATERIALS USED IN AIRCRAFT ENGINES FOR 
PARTS OPERATING AT ELEVATED TEMPERATURES 


Chemical analysis Heat treatment 


Copper 4.0-5.0 9.25-10.75 | Heat 935 to 965 
Pistons, air- Iron 0.75 (max.) Be “ -1.5 deg. fahr. for 2 
cooled cylinder } Silicon 0.5 (max. oe to 5 hr., quench 
heads, cast ex- ' Nickel 1.75-2.25 “es hot water. Age 
haust stacks Magnesium 1. 25-1. 75 0.35 (max.) | 210 to 350 deg. 
Aluminum R R ind a for 10 to 
Aluminum 10.25-19.25 | Heat 1650-1675 
Valve seats for | Iron .56 - 3.5 4.5-5.5 |deg. fahr., 
air-cooled cyl- { Nickel 4.5 - 5.5 | quench cold 
inder heads Tin 0.25 (max.) 0.25(max.) | water. Tem- 
Copper Remainder Remainder per 800 to 1000 
deg. fahr. 
Carbon 0.44 1.30 
Manganese 0.34 0.44 
Chromium 8.34 12.80 
Valves, exhaust ; Silicon 3.60 0.31 
Tungsten 
Molybdenum... 0.75 
Cobalt 3.05 
Piston rings, Cast iron—combined High-speed 
valve guides carbon 0.50 to 0.70 tungsten steel 
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heat-treated. The specimens were immersed in an oil bath 
(Fig. 9) heated by an electric heater and held at the required 
temperature for 30 minutes before the load was applied. The 
proportional limit was obtained by using a special extensometer 
developed by D. M. Warner. The ball remained immersed 
during the heating period in making the Brinell hardness tests. 

The tensile properties and hardness of the aluminum-copper- 
nickel-magnesium alloy are consistently higher than the alu- 
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Fic. 7 Tension Tests at ELEVATED TEMPERATURES ON ALLOYS 
USED FOR PISTONS AND CYLINDER HEADS 


H.T.—Cast in green sand and heat-treated as follows: 
Al-Cu-Ni-Mg: Heated 950 deg. fahr., 4 hr.; quenched in boiling water; 
aged 400 deg. fahr., 1 hr. 
Al-Cu-Fe-Mg: Heated 925 deg. fahr., 5 hr.; quenched in boiling water; 
aged 400 deg. fahr., 1 hr. 
S.C.—Cast in green sand. 


minum-copper-iron-magnesium. This is partially due to the 
fact that the original properties of the latter were lower, and 
there is little to choose between the two alloys on the basis 
of the physical properties at elevated temperatures. The 
aluminum-copper-nickel-magnesium alloy in the form of sand 
castings has more uniform physical properties after heat treat- 
ment than the aluminum-copper-iron-magnesium alloy, espe- 
cially in thick sections. 

If the heat-treated alloys are reheated for a considerable 
length of time at elevated temperatures, the tensile strength 
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and Brinell hardness are decreased by an amount which is 
dependent upon the length of the heating period. The effect 
of 25 hours of heating for temperatures from 300 to 800 deg. 
fahr. is shown in Fig. 10. The effect of longer and shorter peri- 
ods is shown for 500 and 700 deg. fahr. by the individual points 
plotted on the chart. The numbers opposite the points represent 
the length of the heating period in hours. 

From a survey of the hardness over the cross-section of a 
piston (Fig. 11) which had been run in an engine, it is possible to 
deduce approximately the maximum temperatures which have 
been attained in the cylinder. The hottest spot was at or very 
close to the center, as indicated by the drop in hardness from 
about 110 to 59. One side of the piston was a little hotter than 
the other, but the skirt was practically unaffected by the rise 
in temperature. Increased hardness at the piston-pin bosses 
may be due to the fact that the temperature of this section 
was in the neighborhood of 300 deg. fahr., which tends to age 
the alloy and increase the hardness. The increase in strength 
due to heat treatment is lost at the center of the head, but 
is retained in the bosses and ribs. The hardness at the lands 
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Fic. 8 Brinett Test at eye TEMPERATURES. SAME AS 
HIG. 
which forms a bearing surface for the piston rings is only slightly 
affected. 

Alloys containing a high percentage of magnesium have been 
used for pistons in automobile engines and, experimentally, for 
pistons in aircraft engines. The thermal conductivity of these 
alloys is lower than the aluminum alloys, and the tensile strength 
at atmospheric temperature is from 25 to 40 per cent less than 
that of the aluminum piston alloys previously mentioned. The 
effect of elevated temperatures on the magnesium alloys is 
comparable with their effect upon the aluminum alloys. The 
results of tests on an extruded 4.5 per cent zine alloy showed a 
loss in tensile strength of about 30 per cent at 300 deg. fahr., 
60 per cent at 500 deg. fahr., and 80 per cent at 650 deg. fahr. 
Similar tests on a sand-cast alloy containing 9 per cent aluminum 
showed a percentage drop of 30, 40, and 60 per cent, respec- 
tively. The effect of the lower conductivity is to increase 
the temperature of the piston head if the thickness remains the 
same as for the aluminum piston. Therefore the weight of 
pistons cast from the two alloys will not vary directly with 
the density, since the volume of the magnesium-alloy piston 
must be increased, and it is doubtful whether a piston can 
be made from a magnesium alloy which will have any advantage 
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in weight over the aluminum pistons now used in modern en- 
gines. 

The aluminum-copper-nickel-magnesium alloy was selected 
for the exhaust stacks (Fig. 5) on account of the higher pro- 
portional limit, which prevents them from drooping. These 
stacks are fastened on with aluminum-bronze studs, as it was 
found that the difference in the coefficient of expansion of the 
steel stud and aluminum alloy caused the joint to loosen. 

The principal disadvantage of the aluminum alloys is the 
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Fic. 9 Diagram or Set-Up Usep 1n Maxine Tension Tests aT 
ELEVATED TEMPERATURES, SHOWING RELATIVE POSITIONS OF 
SPECIMENS AND EQUIPMENT 


high coefficient of expansion. In piston design the difference 


between the expansion of the piston and the steel barrel is 
large enough to affect satisfactory operation. The information 
on the expansion of aluminum alloys is not very complete, and 
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piston clearance is generally determined by a “cut and try” 
method. The minimum clearance is calculated from the coef- 
ficient of expansion, but the final dimensions are determined by 
running the pistons with this minimum clearance in a cylinder, 
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Fic. 10 TENSILE AND BRINELL Tests aT Room TEMPERATURES ON 
Heat-TREATED ALUMINUM ALLOYS REHEATED FOR A LONG 
Periop aT ELEVATED TEMPERATURES 


Al-Cu-Ni-Mg: Heated 950 deg. fahr., 5 hr.; quenched and aged for 16 hr. 
in boiling water. 

Al-Cu-Fe-Mg: Heated 925 deg. fahr., 5 hr.; quenched and aged for 16 hr. 
in boiling water. 


which very often results in seizure. The clearance is then 
increased slightly until the pistons can be operated without seiz- 
ing. A piston alloy with a lower coefficient of expansion for use 
with steel-lined barrels would be advantageous. Silicon tends 
to decrease the coefficient of expansion, but has not been used 
for the reasons previously mentioned. The use of an alu- 
minum-alloy barrel with the requisite surface hardness obtained 
by plating with nickel or chromium has been advocated. 
The chemical stability of the piston alloys at the temper- 
atures and pressures attained in high-compression engines is 
also subject to considerable improvement. Burning of the 
pistons occasionally takes place. Attempts to overcome this 
by spraying the top of the piston with nickel and chromium 
have not been satisfactory, since it is impossible to get a sat- 
isfactory bond between the sprayed coating and the aluminum 
casting. A bond formed by electroplating these metals may 
be more satisfactory, but a more stable alloy is desirable. 
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A high specific heat, especially in a cylinder-head alloy, tends 
to reduce the mean operating temperature for the extreme 
conditions experienced in flight. In the water-cooled engine 
the radiator with its large volume of hot water acts as a heat 
reservoir, but with the air-cooled engine the specific heat of 
the material in the head and cylinder must fulfil this function. 
The thermal conductivity is naturally very important, but there 
is another factor in connection with thermal conductivity 
which has not been thoroughly investigated, and that is the 
surface radiation. Mr. Heron® refers to tests reported in the 
Transactions of the Society of Automotive Engineers which 
indicate the importance of this factor. Copper was found to be 
the poorest of the materials studied, although it has the highest 
conductivity of any ordinary commercial material. Aluminum 
was not so good as steel. A high-gloss enamel applied to alumi- 
num improves its radiating properties, but attempts to use 
it have not been very satisfactory, as it is difficult to get a 


Fie.11 At-Cu-N1-Me Piston REMOvED FROM ArR-COooLED ENGINE 
ON ACCOUNT OF SEIZURE AFTER 10 Hours oF RUNNING AT FULL 
THROTTLE 


product which will withstand the high operating temperatures 
in the cylinder head. Its use has been practically discontinued. 


Atuminum ALLoys Too Sorr ror VALVE SEATS 


Aluminum alloys are too soft to form satisfactory valve seats 
in air-cooled cylinder heads. Aluminum bronze was selected 
in preference to steel, as it has a coefficient of expansion consider- 
ably higher. The bronze has been used with a Brinell hardness 
of from 150 in the extruded condition to 250 in the cast and 
heat-treated condition. A hardness of 200 gives an excellent 
seat and tends to polish under the impact of the valve. Two 
analyses which are used are given in Table 2. According 
to Bregowsky and Spring,? aluminum bronze loses practically 
no tensile strength up to 450 deg. fahr. Tests on seats removed 
from cylinders which have been in service show no loss in hard- 
ness. 

The conventional material for valve guides in the water- 
cooled engines has been cast iron. About the only control over 
this material was to specify a combined carbon content of about 
0.50 to 0:70. Cast iron is not entirely satisfactory on account 
of the excessive wear. On account of the high-temperature 
operation of the valves, lubrication is practically impossible. 
Tungsten steel is now being used in some air-cooled cylinder 
heads. Aluminum bronze is a satisfactory material when the 
valve mechanism does not cause too much side thrust on the 
valve stem. Comparative tests on cast-iron and malleable-iron 


*S. D. Heron, “Air-Cooled Cylinder Design.’’ Trans. 8.A.E., 
1922, vol. 17, part 1, p. 347. 
71. M. Bregowsky and L. W. Spring, ‘‘The Effect of High Tem- 
peratures on the Physical Properties of Some Alloys.” Proc. Int. 
Testing Materials, Sixth Congress, vol. 2, part 2. 
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TABLE 3 TESTS ON VALVE GUIDES IN LIBERTY ENGINE 
-————Wear in Inches 


Material Minimum Maximum Average 
Malleable iron, heat treated'............ 0.0024 0.0057 0.0030 


1 Heat treatment: Quench 1550 at deg. fahr. in oil; temper at 1200 deg. fahr. 


guides (Table 3) indicate the latter is much superior, espe- 
cially when heat-treated. 

Heat-treated aluminum bronze has been tried for piston 
rings, but the wear was excessive. Steel rings are being used 
experimentally with good results. 


VALVES 


Aircraft-engine valves have practically always been made 
of a heat-resistant steel. The operating characteristics have been 
discussed in a previous paper. The exhaust valves in the 
Liberty engine were made of a steel of an analysis similar to 
a high-speed tool steel. These valves, however, are not satis- 
factory for continuous full-throttle operation due to the for- 
mation of scale which may become pounded into the valve seat, 
causing blows and loss of power. The 13 per cent chromium 
steel used extensively for the manufacture of cutlery or a steel 
containing higher carbon can be used in engines in which the 
operating temperatures are low, but if the temperature of the 
valve stem exceeds 1100 deg. fahr. it becomes softened and tends 
to gall in the valve guide. In order to obtain a better valve, 
tests have been made at the Matériel Division on high-chromium 
steels containing smaller percentages of silicon, cobalt, molyb- 
denum, and tungsten. These steels resist scaling much better 
than the high-speed tungsten steel and retain a large percentage 
of their original hardness. The chromium-silicon steels may be 
operated to about 1300 deg. fahr. without galling and with no 
surface oxidation. Above 1300 deg. fahr. the cobalt-chrome- 
molybdenum steel has a slight advantage. The addition of 
a small amount of tungsten to the chromium-silicon steel in 
an attempt to increase its red hardness has produced a valve 
which is somewhat better than the silchrome steel without 
tungsten, but the severe tests of engines operating on a test 
block indicate that the cobalt-chromium-molybdenum steel is 
slightly superior. The tendency in air-cooled engines where 
valves operate at high temperatures has been to cool the valve 
stem internally by some means, such as oil, mercury, or salt. 
The temperature of valves which are cooled in this manner 
can be reduced from 300 to 400 deg. fahr. This method is 
not entirely satisfactory, however, due to leakage past the plug 
in the stem and bulging of the walls under impact. The oper- 
ating temperature of the valve does not seem to have much effect 
upon the output; therefore a valve steel which would operate 
without scaling and retain its hardness at 1400-1600 deg. fahr. 
is highly desirable. 

The paucity of reliable data on the physical constants and 
properties at elevated temperatures of the various alloys used 
in aircraft-engine construction is very noticeable and undoubted|y 
retards the development of new materials. In procuring these 
data it is essential that standardized test methods be used, as 
very often the results from two laboratories are at wide variance 
and it is impossible for the designer to use them intelligently. 

The American Society for Testing Materials and The Amer- 
ican Society of Mechanical Engineers have recognized this 
need and are cooperating through a special committee. This 
work should have the support of all engineers designing and 
building internal-combustion engines. 


8 J. B. Johnson and S. A. Christiansen, “Characteristics of Mate- 
Operating at High Temperatures.” A.S.T.M. 
une, 
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(Registered United States, Great Britain and Canada) 


Items from Aeronautics Classification 


AERONAUTICAL INSTRUMENTS 
Oversea Navigation. Aircraft Instruments 


for Oversea Navigation, V. E. Carbonara. 
Soc. Automotive Engrs.—Jl., vol. 21, no. 5, 


Nov. 1927, pp. 528-531, 4 figs. Direction of 
motion and rate of speed are sole data needed for 
determining position of moving object after 
certain period of time, but at present there are 
no absolutely precise instruments on airplane for 
accurate determination of these two factors; 
factors that constitute unsatisfactory features of 
navigating instruments available for aircraft are 
discussed and present methods of using various 
types of instrument and comments upon their 
practicability for oversea position finding. 


AERONAUTICS 

Air Transport, Future of. The Future of 
Air Transport, H. F. Guggenheim. Ry. Age, 
vol. 83, no. 26, Dec. 24 (Section I), 1927, pp. 
1251-1253. Factors in air transportation; safety 
today compared with pre-war times; how life is 
lost, fog problem, comparative costs, and dis- 
advantages of air transportation; cooperation of 
railroads needed. 

Commercial. Development of Commercial 


Aviation—A Duty to the National Defense, 
W. S. Varney. West. Machy. Wid., vol. 18, 
no. 12, Dec. 1927, pp. 569-570, 2 figs. Brief 


article dealing with progress of commercial planes; 
aviation now a business rather than science; 
night service steadily being increased; American 
air mail service envy of world; hundreds of small 
machine parts shipped by air mail and hundreds 
of orders for machinery dispatched by air mail; 
air-mail service proved reliability of American- 
built motors and established reliability of air- 
plane as means of transportation. 

Progress. Progress in Aeronautics. Mech. 
Eng., vol. 50, no. 1, Jan. 1928, pp. 48-54, 5 figs. 
Report contributed by Aeronautic Division of 
A.S.M.E. Interesting feature has been pre- 
dominance of air-cooled type of engine; airplane 
design and construction; aerodynamics; aerial 
surveyir.g; Department of Commerce, Aero- 
nautics Branch; aeronautical activities of Navy; 
airships. 

Southern United States. What Aeronautics 
Means to the South and the South to Aeronautics, 
G. Garner. Mfrs. Rec., vol. 92, no. 25, Dec. 22, 
1927, pp. 51-57, 4 figs. Treatment of desirability 
of opening South to airplane transportation; 
building of landing fields. 


AIRCRAFT 
Propellers, Design of. Calculating Thrust 
Distribution and Efficiency of Air Propellers, 
Bienen. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandums, no. 444, 
Dec. 1927, 10 pp., 2 figs. Proposes method for 
preliminary approximate calculations under any 
operating conditions; determines speed relations 
and forces developed on section with given 
direction and velocity of air current, solved with 
aid of momentum theory; determination of 
effect of finite mumber of blades. Translated 
from Zeit fuer Flugtechnik u. Motorluftschiffahrt, 
vol. 17, no. 22, Nov. 27, 1927, pp. 485-487, 2 figs. 
Radio Direction Finding. Radio Direction 
Finding, L. A. Hyland. Aviation, vol. 24, no. 1, 
Jan. 2, 1928, pp. 30-33, 5 figs. Fifth of radio 
series; aims of radio direction finding to direct 
aircraft along dark airways, to determine accu- 
rately limits of airport and to effect landing 
regardless of visibility; rotating coil compass not 
suitable; radio compass valuable on isolated 
routes; radio beacon; comparison of three types 
of direction finders; development of beam trans- 
mitters; no known remedy for “night effect;” 
‘beacon emergency landings possible; airplane 
direction finding by radio not automatic. - 
Specifications. | Manufacturers’ Specifica- 
tions on American Commercial Airplanes and 
Seaplanes as Compiled by Aviation. Aviation, 
vol. 24, no. 1, Jan. 2, 1928, pp. 42-43. Two- 
Page chart showing price, seats, engine, propeller, 
Span, wing area, overall length, overall height, 
Weight empty, pay load, disposable load, normal 
Stoss weight loaded, high and cruising speed, 


landing speed, climb at sea level, climb to 10,000, 
service ceiling, fuel capacity, range, fuel con- 
sumption, fuselage and wing construction, wings 
wired for lighting, control, brakes, shock absorber, 
pontoons, certificate granted, performance figures 
guaranteed. 


AIRCRAFT CONSTRUCTION MATERIALS 

Selection. Selection of Materials for Aircraft 
Structures. J. A. Roche. Soc. Automotive 
Engrs.—Jl., vol. 21, no. 5, Nov. 1927, pp. 494-496. 
Formulas giving rational criteria for design of 
airplane members and for selection of most suit- 
able materials, taking due account of physical 
properties of aircraft materials and of resistance 
that result from proper use of each; tables of 
relative strength values show which materials 
are best for various parts and how much weight 
it is wise to add for given reduction in parasite 
resistance or for given increase in output of power 
plant; properties of various materials are studied 
separately with relation to their functions, and 
indexes are given classifying them in order of their 
merit for tension and compression, and for beams 
and columns. 


AIRPLANE ENGINES 

Air-Cooled. American Air-cooled Aircraft 
Engines, E. E. Wilson. Am. Soc. Naval Engrs.— 
Ji., vol. 39, no. 3, Aug. 1927, pp. 533-543, 6 figs. 
Details of Pratt & Whitney “Wasp” and ‘Hor- 
net;"" Wright “Whirlwind” and ‘Cyclone’’ 
engines. 

Combustion in. Combustion Time in the 
Engine Cylinder and Its Effect on Engine Per- 
formance, C. F. Marvin, Jr. Nat. Advisory 
Com. for Aeronautics—Report, no. 276, 1927, 
16 pp., 16 figs. Outline of what may happen in 
engine cylinder during burning of a charge; 
suggests type of information needed to supply 
details of picture and points out how combustion 
time and rate affect performance of engine; 
theoretical concept of flame front which is as- 
sumed to advance radially from point of ignition 
is presented, and calculations based on area and 
velocity of this flame and density of unburned 
gases are made to determine mass rate of com- 
bustion; from this rate mass which has been 
burned and pressure at any instant during 
combustion are computed; effects of different 
rates of combustion of engine performance are 
discussed and importance of proper spark ad- 
vance is emphasized. 

Commercial. The German Commercial 
Aero-Engines, Oefele. Eng. Progress, vol. 9, no. 
1, Jan. 1928, pp. 17-21, 7 figs. Achievements of 
German industry; as regards reliability, price, 
and economy, German engines compare very 
favorably with foreign types; advantages of 
German engines; they excel by exceedingly low 
fuel consumption and have made considerable 
progress with regard to increased durability; 
details of different German makes. 


Compression-Ignition. High-Speed, Com- 
pression-Ignition Engine Research, H. B. Taylor. 
Automobile Engr., vol. 17, no. 235, Nov. 1927, 
pp. 466-470, 13 figs. Advantages compared 
with gasoline engine are summed up as follows: 
reduction in specific fuel consumption; utiliza- 
tion of cheap fuels of high flash point; reduction 
of fire risk; elimination of electric-ignition 
system; possibility of simple two-stroke opera- 
tion. Offset against these advantages: increase 
of structural weight; lower power output per 
unit volume of cylinder capacity; need for some 
form of preheating of air. 

Fairchild Caminez. Fuel Tests on the 
Fairchild Cam Engine. Aviation, vol. 23, no. 
19, Nov. 7, 1927, pp. 1114-1116. Flights made 
in Waco 10 to determine engine-endurance 
possibilities. 

Farman. Farman Inverted 550-700-Hp. 
Aviation Engine (Le moteur Farman inverse 550- 
700 cv.). Aérophile, vol. 35, no. 19-20, Oct. 
1-15, 1927, pp. 314-317, 5 figs. This is 18- 
cylinder W-type engine arranged in three sets of 
six cylinders at angle of 40 deg.; dimensions are 
such that light gasoline without benzol or alcohol 
additions may be used; cylinders are cast en 
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bloc in Alpax alloy and each cylinder is provided 
with separate jacket; valves are operated by 
single camshaft carrying four cams per cylinder. 

Liberty. The Air Cooled “Liberty Engine. 
N. H. Gilman. Aviation, vol. 23, no. 25, Dec. 
19, 1927, pp. 1468-1470, 7 figs. Weight is less 
and it develops more power than water-cooled 
design; improvement in use of rotary induction 
system; increased lift and longer valve opening; 
better designed intake port; new design for 
cylinders, camshafts and housings, valves, springs 
and rocker arms; cylinder-assembly method. 

Superchargers. Supercharged Engine Per- 
formance, Calculated and Actual, O. Chenoweth. 
Soc. Automotive Engrs.—Jl., vol. 21, no. 5, 
Nov. 1927, pp. 508-515, 11 figs. Method of 
predicting power output of given aircraft engine 
equipped with direct gear-driven centrifugal 
supercharger; three superchargers of different 
ratings are considered for purpose of selecting 
one giving best all-round performance; effect 
of superchargers of various ratings on engine 
power output and effect of various factors on 
engine performance; conclusions reached are 
that, for all-round performance to definite alti- 
tude, an intermediate supercharger rating should 
be selected, and that performance of engines 
equipped with direct-driven centrifugal super- 
chargers can be predicted with fair degree of 
accuracy by methods outlined. 

Two-Cycle. The “‘Ajax’’ and “Atlas” En- 
gines. Aviation, vol. 23, no. 23, Dec. 5, 1927, 
pp. 1351-1352, 3 figs. Two-cycle, eight- and 
six-cylinder, radial, air-cooled, supercharged 
engines produced by Aircraft Holding Corp.; 
development from tests; effect of double system 
of intake and exhaust; absence of valves and 
valve mechanism; forced-feed lubrication system. 

Valve Seats, Replacement of. Method of 
Installing Valve Seats Lengthens Life of Hisso 
Engine. Aviation, vol. 23, no. 24, Dec. 12, 
1927, p. 1405. Method and tools used in re- 
placing valve seats. 


AIRPLANE PROPELLERS 


New Type. A New Type of Propeller, 
F. K. Kirsten. Soc. Automotive Engrs.—Jl., 
vol. 22, no. 1, Jan. 1928, pp. 77-80, 4 figs. Rotor 
disk with blades projecting at right angles to 
disk surface; blades mounted to rotate about 
own axes, which lie on an orbit concentric with 
axis of propeller rotor; all blades effective during 
complete revolution on orbit; efficiency superior 
to screw type; thrust directed along any line in 
horizontal plane coincident with rotor surface; 
noiseless operation; possible applications. 

Variable-Pitch. A Promising Variable-Pitch 
Airscrew. Aeroplane, vol. 33, no. 19, Nov. 9, 
1927, p. 646, 1 fig. Successful series of tests 
was made by Royal Canadian Air Force on 
propeller designed by W. R. Turnbull; variation 
of pitch angle is controlled by small electric 
motor carried on, and in front of, hub, which 
rotates blades through suitable train of gearing. 


AIRPLANES 

Airfoils. The Characteristics of the N.A.C.A. 
97, Clark Y, and N.A.C.A.-M6 Airfoils with 
Particular Reference to the Angle of Attack, 
G. J. Higgins. Nat. Advisory Committee for 
Aeronautics—Tech. Note, no. 270, Dec. 1927, 
4 pp., 8 figs. Aerodynamic characteristics as 
determined in variable-density wind tunnel at 
Langley Field; differences in geometric and 
absolute angles of attack; drag-coefficient curves 
and lift curves; polar curves and curves of 
profile-drag coefficient plotted against lift co- 
efficient; curves of induced-drag coefficient. 

Airfoils. Experiments on Airfoils with Aileron 
and Slot, A. Betz. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandums, no. 437, Nov. 
1927, 6 pp., 4 figs. Results of experiments on 
three airfoils to which rear portions, having 
chords respectively 1/4, 1/3, and 2/5 or total chord, 
are hinged so as to form ailerons, especial atten- 
tion being given to _— of slot between aileron 
and main portion of airfoil. 

Alignment. Alignment and Checking of 
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Components, R. C. Taylor. Roy. Aeronautical 
Soc.—Jl., vol. 31, no. 203, Nov. 1927, pp. 1037- 
1049, 13 figs. Deals with certain methods of 
checking components for alignment; principles 
of lining up fuselages; method of supporting 
fuselages; checking alignment of various types 
of fuselages. 

Amphibian. The Loening OL-8 Amphibian. 
Flight, vol. 19, no. 51, Dec. 22, 1927, pp. 861- 
864, 8 figs. For army and navy observation 
work and aerial photography; 425-hp. ‘Wasp 
air-cooled radial engine unusually mounted; 
combination flying-boat and tractor fuselage; 
hull of wood frame with metal-covering sheets 
bolted on; specially braced to withstand cata- 
pult stress; composite wing construction, aileron 
fitting and operation; landing wheels pivoted on 
frames, raised and lowered laterally with respect 
to hull; dual control provided. ; 

Avimeta. First French All-Metal Commercial 
Aeroplane. Flight, vol. 19, no. 46, Nov. Rif 
1927, pp. 793-795. ‘“‘Avimeta A.V.M. 132 is 
3-engined monoplane of same general type as 
Fokker F VII 3-m, but differing from that 
machine both constructionally and in several 
features of its design. 

nes, Wing Design of. e Distribution 
of Wings of a Biplane Having 
Decalage, R. M. Mock. Nat. Advisory Commit- 
tee for Aeronautics—Tech. Note, no. 269, Nov. 
1927, 33 pp., 13 figs. Distribution at various 
angles of declage, when gap-chord ratio is one, 
and there is no stagger, terms defined; vortex 
theory applied to biplane and corrections noe 
sary in equation due to three effects; theoretical 
and experimental investigations and comparison; 
wind-tunnel experiments. 

Blackburn Bluebird. The Blackburn Blue- 
bird, Mark II. Aeroplane, vol. 33, no. 19, 
Nov. 9, 1927, pp. 650-654. Unlike all other 
two-seater light planes now on market, it has 
side-by-side seating for two occupants. 

. The Arens Control. Aviation, vol. 
PP yy Nov. 21, 1927, pp. 1242-1243, 4 figs. 
Co mechanism designed to replace bell 


Control 
cranks and yet be light, positive and reliable. 


De Havilland. A New De Havilland Aero- 
plane. Flight, vol. 19, no. 44, Nov. 3, 1927, 
p. 759. D.H. 61 is designed and built to order 
of Australian firm for use between Broken Hill 
and Adelaide; it is single-engine biplane fitted 
with Bristol Jupiter engine and has cabin accom- 
modation for 6 to 8 passengers, as well as ample 
luggage space and considerable range at its 
cruising speed of 100 m.p.h. 

Defects and Deterioration. Defects and 
Deterioration, W. G. Gibson. Roy. Aeronautical 
Soc.—Jl., vol. 31, no. 203, Nov. 1927, pp. 1050- 
1060. Deals with general defects and deteriora- 
tion encountered during normal life of aircraft 
without reference to actual breakages caused by 
crash, together with more general methods of 
overcoming or repairing such defects and deterior- 


ation. 

Design. Problems in Transport-Airplane De- 
sign, C. N. Monteith. Soc. Automotive Engrs.— 
Ji., vol. 21, no. 6, Dec. 1927, pp. 682-690, 9 figs. 
Major problems encountered in operation under 
contract of that portion of Transcontinental Air 
Mail line between Chicago and San Francisco; 
possible solutions for difficulties; comparison of 
relative advantages of monoplane and biplane 
for transport service. 

Design Control. Control of Aircraft Design, 
E. W. Stedman. Soc. Automotive Engrs.—]Jl., 
vol. 21, no. 5, Nov. 1927, pp. 516-518. Difficul- 
ties experienced in regard to engineering features 
of control of civil aviation during period of 7 years 
are summarized; outline of formation of Inter- 
national Commission for Air Navigation sub- 
sequent to Great War; Canadian Air Board Act 
of 1919; I.C.A.N. minimum requirements of air- 
craft and engines for air-worthiness which are 
being worked to in Canada as closely as possible; 
suggestion is then made that regulations must 
make minimum requirements for strength and 
performance sufficiently great to allow for rea- 
sonable deterioration of structure and loss of 
engine power; effect of increasing load factors. 


Gliders. Structural Details of German Gli- 
ders, A. Gymnich. Nat. Advisory Com. for 
Aeronautics—Tech. Memorandums, no. 439, 
Nov. 1927, 32 pp., 63 figs. Deals with wings; 
fuselage; landing gear; steering organs. 

The Rhoen Glider Contest of 1927 (Technische 
Fortschritte beim Rhoen-Segelflugwettbewerb 
1927), W. Huebner. V.D.I. Zeit, vol. 71, no. 49, 
Dec. 3, 1927, pp. 1717-1721, 22 figs. Descrip- 
tions of recent glider models, including one 
weighing only 35 kg.; also glider having wing, 
symmetrical in cross-section. 

Kirkham-Packard. The Kirkham-Packard 
Racing Biplane. Aeroplane, vol. 33, no. 19, 
Nov. 9, 1927, p. 648. Biplane wings, of unequal 


span and chord are of multiply-spar construction, 
covered with two-ply spruce, and are attached to 
top and bottom lines of fuselage; engine cooling 
is by means of wing radiators. 

Landing Brakes. Landing Brakes for Air- 
craft. Aeroplane, vol. 33, no. 22, Nov. 30, 1927, 
pp. 738 and 740. Important design features; 
American experiments and production; points 
to be considered in fitting brakes to machine. 


Metal. Metal Aircraft Construction at 
Vickers. Flight, vol. 19, no. 37, Sept. 15, 1927, 
pp. 646-649. Vickers, Ltd., at their Wey- 
bridge works, have carried out long series of 
experiments, and evolved forms of duralumin 
construction; simplicity is keynote of design; 
forms. of construction evolved are such that 
resulting structure is considerably lighter than 
corresponding wood structure, for same strength; 
basis of system is novel form of spar web. See 
also Nat. Advisory Committee for Aeronautics— 
Tech. Memorandums, no. 440, Dec. 1927, 5 pp., 
5 figs. 

Metal, France. New French Three Engined 
Metal Plane Is of Interesting Design. Aviation, 
vol. 23, no. 26, Dec. 26, 1927, p. 1521, 1 fig. 
Built of Alferium alloy; wing divided in two 
parts; cantilever structure reinforced by struts; 
ailerons extending whole length of wing; vertical 
stabilizer adjustable in flight, horizontal only on 
ground; three air-cooled 9-cylinder Salmson type 
9AB engines; table of dimensions. 

Military. English Aircraft Firm Builds New 
Biplane for the R.A.F. Aviation, vol. 23, no. 24, 
Dec. 12, 1927, p. 1409. Military equipment and 
fuselage construction: inspection facilitated. 

The Curtiss Attack Plane. Aviation, vol. 23, 
no. 24, Dec. 12, 1927, pp. 1404-1405. Original 
Falcon developed into series of two-place ob- 
servation and attack planes; armament speed 
and maneuverability of A-3 Falcon. 

Monoplane vs. Biplane. Monoplane or 
Biplane, C.° H. Chatfield. Soc. Automotive 
Engrs.—Jl., vol. 22, no. 1, Jan. 1928, pp. 49-52 
and (discussion) 52-54. Comparison of struc- 
tural efficiency, aerodynamic characteristics and 
performance; in structural efficiency biplane 
superior both in strength-weight ratio and in 
rigidity; monoplane better adapted to metal 
construction; biplane advantage in smaller size 
and affording better vision; advantages of mono- 
plane in aerodynamic characteristics. 

Non-Stallable. German Firm Builds Non- 
Stallable Plane Which Won't ‘“‘Nose Over.” 
Automotive Industries, vol. 57, no. 26, Dec. 24, 
1927, p. 945, 1 fig. Few facts about plane that 
cannot be stalled and cannot ‘‘nose over’’ on 
ground; table of weight distribution; description 
of initial flight. 

Performance. A Simple Theoretical Method 
of Analysing and Predicting Airplane Perfor- 
mance, I. H. Driggs. Flight, vol. 19, nos. 
34, 38 and 43, Aug. 25, Sept. 22, and Oct. 27, 
1927, pp. 596a-596d, 668d-668f, and 750a-750b. 
Gives formulas to show relation of certain funda- 
mental variables to absolute ceiling and to rate 
of climb, and to allow estimate to be made for 
these quantities with but minimum of calculation. 


Rotating Wings. Another Rotating Wing 
Machine. Aeroplane, vol. 33, no. 22, Nov. 30 
1927, pp. 742 and 744. Designs and rights of 
“‘Helicogyre’’ acquired by British Air Ministry; 
separate engine and airscrew to give horizontal 
motion. 

Slot-and-Aileron Control. On Salvation by 
Slots. Aeroplane, vol. 33, no. 17, Oct. 26, 1927, 
pp. 549-570 and 572, 2 figs. It is claimed that 
with Handley Page slot (plus aileron) control, 
even worst pilot cannot spin and nose-dive if he 
stalls his machine. 

Spars. Metal Wing Spars. Aviation, vol. 23, 
no. 23, Dec. 5, 1927, pp. 1342-1346, 15 figs. 
Construction of deep, medium and shallow spars; 
cheap production, easy inspection and simple 
repair considerations; metal spar as quantity- 
production affair. 

Tiger Moth. The D.H. “Tiger Moth.” 
Aviation, vol. 23, no. 25, Dec. 19, 1927, pp. 
1472-1473, 3. figs. Monoplane flies 186.5 
m.p.h. at altitude of 20,000 ft. and lands at 
60 m.p.h.; experimentation with very high 
speeds at reasonable cost; easily converted into 
seaplane; controls operated by stick and pedal; 
stick attached to crank which through rocker arm 
actuates ailerons by torque. 

Vought Corsair. The Vought “Corsair.” 
Aviation, vol. 23, no. 26, Dec. 26, 1927, pp. 
1518-1519, 3 figs. Results of Navy tests; 
military equipment; interchangeable landing 
gear. 

Wheel and Brake. The Bendix Wheel and 
Brake. Aviation, vol. 23, no. 22, Nov. 28, 1927, 
pp. 1286-1287. Complete brake and disk-wheel 
unit is now on regular basis. 


Wheel Brakes. Wheel Brakes and Their 
Application to Aircraft, G. H. Dowty. Flight, 
vol. 19, no. 47, Nov. 24, 1927, pp. 810d-S10f. 
4 figs. Indicates nature of modifications to air. 
_ Welding. Airplane Construction and Weld- 
ing, R. M. Mock. Acetylene Jl., vol. 29, no. us 
Jan. 1928, pp. 284-289, 7 figs. Discussion of 
advantages of welded construction and some of 
important joints in which welding is essential. 
welding is now practically confined to tubular 
members, though there is some tendency toward 
building trusses of pressed sheeting. 

AIRSHIPS 

British. The Airship R 100. Engineering, 
vol. 37, no. 3228, Nov. 25, 1927, pp. 692-693, 
3 figs. Passenger-carrying airship of 5,000,000 
cu. ft. capacity; it is 709 ft. in length and has 
maximum diameter of 130 ft., while displace 
ment is 156 tons; hull is streamlined throughout. 
without any parallel portion; power plant will 
consist of six Rolls-Royce engines running on 
gasoline 

The First of Our New Airships. Aeroplane 
vol. 33, no. 21, Nov. 23, 1927, pp. 694-696. 4 figs 
Two ships for British Air Ministry, R 101 of 
steel tubing and unique framework; R 100 of 
duralumin with interchangeable and replaceable 
girder units; tube production; crew and passen 
ger accommodations and control inside main hull 
framing; power from six Rolls-Royce Condor 
engines 

Rigid. Some Recent Developments in the 
Design of Rigid Airships, W. T. Sandford. Roy 
Aeronautical Soc.—Jl., vol. 31, no. 203, Nov 
1927, pp. 1029-1036. Factors governing shape 
loading; stresses in structure, structural arrange 
ments, other considerations affecting safety 
future development; increased knowledge of 
loading has led to development of more accurate 
method of stressing which have indicated many 
improvements in structural arrangement, unt)! 
it should now be possible to build a successful and 
economical commercial airship of a strength 
several times that of any previously constructed 

Semi-Rigid. A New British Semi-Rigid Air 
ship. _ Flight, vol. 19, no. 46, Nov ne, $087, 
pp. 490-792. 1 of 1,000,000 cu. ft 
capacity; fundamental feature of design is new 
form of “twin keel,"’ mainly enclosed inside 
envelope in such manner as to reduce head 
resistance by avoiding as far as possible any pro- 
jJections causing unfair shapes; keel is constructed 
in form of two girders of duralumin; power plants 
consists of four main engines. : 


AUTOMOTIVE FUELS 


Aircraft Engines. Fuel for the Wright 
“Whirlwind.”” Aviation, vol. 23, no. 20, Noy 
14, 1927, pp. 1170-1172. Of the hundreds of 
new fuels recently put on market only two have 
been recognized as being satisfactory by Army 
and Navy Air Services; these are gasoline 
blended with benzol or with tetraethy! lead and 
even these fuels must be used with caution, as 
it is not sufficient to insure suitable anti-knock 
value unless other requirements as to purity and 
volatility are complied with. 

Anti-EKnock. Anti-Detonators, G. B. Max 
welk Instn. Petroleum Technologists—J1., vol. 
13, no. 63, Aug. 1927, pp. 578-581. Summary 
of prevalent theories of pinking in internal 
combustion engine. 

Characteristics of Some Anti-Knock Fuels in 
Internal Combustion Engines, M. K. Thornton 
Jr., and R. Flagg. Agric. & Mech. College of 
Texas—Bul., vol. 13, no. 7, July 1927, 26 pp. 
89 figs. There are several preparations on mar 
ket which when added to gasoline are claimed to 
improve its qualities; among improvements 
claimed are that they will eliminate carbon 
deposit, increase power of engine, improve 
economy, and either reduce or eliminate detona- 
tion; investigation undertaken to determine to 
what extent preparations exhibit characteristics 
claimed for them, especially when used in engine 
of Ford or similar type. 

Detonation. Dopes and Detonation, H. L. 
Callendar. Aeronautical Research Committee — 
Reports and Memoranda, no. 1062, Dec. 1925, 
31 pp., 7 figs. Primary object of investigation 
was to complete rational explanation of cause of 
detonation in engines using liquid fuel, with 
especial reference to chemical side of problem 
study of low-temperature oxidation of liquid 
fuels in air, in conjunction with engine experi- 
ments to determine relationship between detona- 
tion and observed chemical action; it is found 
that detonation is due to formation of organic 
peroxides, which become concentrated in nuclear 
drops during compression and ignite them 
simultaneously when detonation temperature of 
peroxide is reached; it is suggested that isolation 
of organic peroxides and study of their properties 
might wed to discovery of more useful dopes 
than are known at present. 
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Development of the Buffalo Airport 


Early Work in Planning Airport—General Layout—Runways and Drainage—Power and 
Other Stock——-Administration Building, Etc. 
By JOHN M. SATTERFIELD,' BUFFALO, N. Y. 


portance in the United States. Many cities throughout 

the country are building airports, and a still larger number 
are contemplating such construction. In the construction of 
the Buffalo airport lack of experienced engineering service in- 
volved the needless expenditure of thousands of dollars. It 
would have been worth to the city of Buffalo a sum of $50,000 to 
have had the services of a competent airport engineer. City 
departments gave some little help, and local engineers, not in the 
service of the city, gave all the assistance they could. Never- 
theless the construction of the Buffalo airport developed so many 
new problems and difficulties that a review of our work and 
experience should certainly be of service to others. 


tT question of airport construction is one of vital im- 


CONSIDERATION OF THE Future 

The building of an airport is an engineering problem, similar 
to the basic problems met in many other lines of engineering. 
But when it comes to the solution of these problems in an air- 
port, many new factors are introduced which make standard 
practice not exactly applicable, and which demand novel solu- 
tions. Also in the construction of an airport we have to look 
into the future. We know what is used in aviation today. 
We know there are going to be tremendous developments. 
Just what form those developments will take we do not know. 
Yet when we build an airport we are building something that is 
permanent in design and construction, something which cannot 
be altered from time to time to meet the changes that will come 
in the future, without serious difficulty and expense. There- 
fore it is of prime importance before starting an airport to 
consider very carefully all the possibilities that can be envisaged 
in the future, and then to lay out the design to meet all those 
possibilities, so far as the physical conditions of the field will 
permit. 

AND SURROUNDINGS 


One of the first questions that always arises is that of the size 
of the airport. Opinions differ very widely. There is no stand- 
ard as yet, although there have been efforts to arrive at some- 
thing definite. Size will depend on two factors. One is the 
surroundings, the other the extent to which the future is to be 
taken care of. 

As to the surroundings, in a large, open, flat country where 
obstructions are few and very low, where the terrain generally 
is suitable for forced landings, where encroachment of buildings 
and development of subdivisions and other extensions of the 
city are not likely (as, for example, in locating an airport near some 
small city on the western plains), the actual area necessary for 
the airport is relatively small. Near a large city in the East the 
field must be large enough not only to afford the necessary flying 
areas but to afford a safety zone beyond those areas. Notwith- 
standing all the improvements that have been made in motors, 
they still fail sometimes. They fail sometimes directly after 
‘the take-off. In such a case it is impossible to turn because 
4turn may mean a crash; the pilot must come down wherever he 
happens to be at that moment, and he cannot choose. This 


! Chairman, Buffalo Air Board. 
Presented at the First National Meeting of the A.S.M.E. Aero- 
hautic Division, Buffalo, N. Y., April 25 and 26, 1927. 


means that there must be a large safety zone beyond the point of 
take-off and in the line of flight of the plane, so that if the plane 
is forced to come down in the first few moments it may land 
with perfect safety and without a crash. 

As to the future, it is wise for the municipality that is under- 
taking the construction of an airport to acquire a good deal more 
land than it expects to use at the moment, not only because of 
future developments which will probably require more space for 
the airport itself, but because of the activity which the building 
of the airport immediately creates as a center of interest. It 
at once brings other people there and it starts land speculation 
which will make it very difficult for the city to acquire additional 
land in the future without paying prohibitive prices. 

It is difficult to say how big an airport should be, but provision 
for taking off in any direction involves a clear run of not less 
than 3000 ft.; beyond that, if another thousand feet can be secured, 
so much the better. But a clear run of 3000 ft. in all directions 
is the minimum required for a good, safe field for the large com- 
mercial operations that are coming. 

The number of acres required will depend on the shape of the 
field and the amount of land which will not be usable for one 
reason or another. It will also depend on the amount of land 
necessary for hangars and other buildings. Each airport is a 
problem by itself, so it is not possible to state definitely the 
number of acres needed. 


Earty IN PLANNING BuFFALO AIRPORT 


When we started our airport in Buffalo, we started with an 
ambition to build the best one in the world. The first thing we 
did, before we had actually acquired the site, was to draw a map 
of the airport of Buffalo as we conceived it would appear in the 
year 1947. It would have been relatively easy to draw a map 
of the airport of Buffalo for the year 1927. That, unfortunately, 
is just what has been done by a very large majority of the cities 
that have built their airports. The result every time has been 
that within a few years they have had to start rearranging and 
compromising, thus wasting very large sums of money. 

Perhaps the most outstanding example of such lack of fore- 
sight is Croydon, the airport of London. Croydon was built 
as a military flying field during the war. It was a small field and 
was used under great pressure during the war, but served fairly 
well. After the war was over it was utilized as a commercial 
field, and more buildings and facilities of one sort or another were 
added from time to time. A great deal of money was sunk in it, 
but finally the authorities realized that it was so badly arranged 
and the size so much too small, that a large amount of adjacent 
property was purchased at a very high price and the airport was 
entirely rebuilt. In planning airports for our cities, such ex- 
amples should be kept in mind. 

The first layout of the proposed airport is shown in Fig. 1. 
It was a composite of the dreams of quite a number of us who 
had been working in aviation for a long time, and represented 
what we thought would be about the right sort of airport for 
Buffalo to have twenty years from today. 

The city finally purchased a tract of 518 acres, somewhat 
irregular in shape. It lies at the highest point near Buffalo, 
which is important because of fogs. The higher the level of 
the site, the greater the freedom from fog. Our site was located 
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Fig. 1 


on the Lehigh Valley Railroad in order to secure the necessary 
rail transportation. The site was located on a main highway, 
Genesee Street, which leads into the city and which affords 
quick and easy access. It is possible to go from the airport 
into the center of the business district in twenty minutes. 


SLoPE AND CHARACTER OF SoIL 


The land slopes gently in two directions from a high line 
that divides the area into approximately two equal parts. It is 
frequently said that an absolutely flat piece of land is the ideal 
airport site. It is not, because drainage problems that are very 
difficult are introduced thereby. At Buffalo the watershed is 
in both directions and we get rid of most of our water imme- 
diately by surface flow. A certain residue remains that has to 
be taken off by subsoil drains, but the important thing is to get 
rid of most of it immediately by surface flow. (See Fig. 2.) 
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First Proposep Layout oF BUFFALO AIRPORT 


The character of the soil is something that should be considered. 
Good natural drainage is important. We in Buffalo were not 
fortunate in that respect. We had to put up with a soil that is 
not the best. We have a great deal of clay in our soil, and this 
makes it difficult to develop the underground drainage. A 
loose, sandy soil saves a great deal of money on drainage. 


GENERAL Layout oF AIRPORT 


The plan called for the building of a new road as shown in 
Fig. 2, to bring passengers and traffic into our airport. We 
determined that this road should be the heart or center of every- 
thing; that the field should be laid out so that there would be 
& minimum distance from the operating center and hangars to 
the center of the runways. Many fields are so laid out that the 
distance from the hangars out to the flying area is excessive, run- 
ning to 2000 or 3000 ft. This may not appear to be an important 
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AERONAUTICS 


matter but it is so in reality, because of the amount of taxiing 
that has to be done in getting in and out of the hangars. We 
located our flying center and our operating center as near to- 
gether as we could possibly get them. Then we laid out the 
runways, 3000 ft. long, and placed them in directions that would 
be most serviceable for the winds we usually have here. The 
prevailing wind in Buffalo is nearly always from the south- 
west, and the runway in this direction is used 75 to 80 per cent 
of the time. The wind next most frequent is east and west. 
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taurant and the shop buildings, repair buildings, etc., so that all 
our repair and building operations will be on the east side of the 
road. The west side is reserved for hangars. 


RUNWAYS AND DRAINAGE 


The runways themselves were one of our great problems. 
There is in fact a great diversity of opinion as to whether or not 
runways should be built at all. Most fields in existence today 
are not using runways but simply taking off from the sod. In 
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Fic. DrainaGe System 


We therefore laid out a very good runway running east and 
west. We rarely have a north and south wind, but we shall 
nevertheless build a north-and-south runway and also a north- 
west-southeast runway this summer. 

The administration building (Fig. 11) is the heart of all 
operations. It not only provides offices, but also the control 
point for the whole field, and was located as shown in Figs. 2 
and 3. 

The hangars as at present constructed are adjacent to the 
administration building on both sides and we have provided 
for the construction of additional hangars. We have planned 
also for the establishment of an army post on the northeast 


corner of the field. 


Factory space was laid out along the northwest end of the field, 
so that builders of airplanes could locate here and carry on 
testing operations on the field. 

On the east side of the entrance road we have all the accessory 
buildings. There is the so-called garage (Fig. 7), which is really 
& good deal more than a garage. Here will be located the res- 


fine summer weather there is nothing more delightful than to 
have a fine seeded lawn to take off from, but unhappily the 
weather is not to be depended on, and it is not always sum- 
mer. We are assuming in this airport that we shall run 365 
days a year. When we have a bad day, and there has been a 
very heavy rainfall, the ground may be soggy and soft. Land- 
ing one of the large commercial planes with a ton of freight 
on the soft sod or taking off under those conditions is not pleas- 
ant. The mere fact of having a week of heavy rain in the sum- 
mer would transform the field into a sea of mud, and operations 
would be severely hampered if not suspended. But with run- 
ways it is always possible to land and take off quite regardless 
of weather. 

The runways are 100 ft. wide and 3000 ft. long. They were 
constructed by excavating the soil to a depth of about 14 in. 
on each side and then crowning toward the center so that the 
center was practically at the normal grade of the adjacent land. 
The clay soil was then rolled hard with a 10-ton roller. Then 
we ran ditching machines along the edges so as to sink a drainage 
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tile about a foot below the low point of excavation. We then 
covered the drainage tile with coarse gravel so as to permit 
an easy flow of water into the tile. Then we covered the whole 
with cinders so that we have a 12-in. bed of cinders on top of the 
soil. The water seeps through the cinders to the hard crowned 
subsoil and is pitched down to the drains at the edges. This 
is absolutely essential. The runways must be kept as dry as 
possible to make them practicable. 

The center area here is largely used now by planes for beginning 
their run, but we prefer that a plane should go up to the end 
of the runway for taking off, so as to have the benefit of its full 
length. A plane starting up needs only three or four hundred 
feet to get into the air. It may be said there is no occasion for 
these longrunways. However, a plane may leave the ground, get 
up perhaps thirty or forty feet, and then have the engine go dead 
and have tocome down. Witha thousand feet of runway to go it 
is possible to make a perfect landing. In other words, the pilot 
can come down with perfect confidence. That is of inestimable 
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value in the operation of a field and the real reason why we have 
to use the 3000-ft. runways. 

In the drainage diagram of Fig. 

2 the basis of the system is a 

30-in. steel conduit, designed to 

carry off all the sub-surface drain- 

age of the field. We have indi- 

cated in Fig. 2 the size of other 

pipes and tiles. This represents 

a very large expenditure in the 

way of labor and material. The 

4] main drain also serves as our sewer 
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system. The sewer system runs 
through a septic tank. We had 
to practically create a city, with 
sewers, lights, telephones, and 


ROAD 


everything that goes with one. 
Ordinary standards of drainage 
uitable f irport 
a de 4 are not suitable or an 
GARAGE The best drainage avail- 
a 4 LY QQ QQ able in our territory who were en- 
| | SS gineers engaged in the practice of 
/ their profession and in laying out 
i! opinions. We decided they were 
A i all wrong and then laid out our 
\ Seal | own system. Whether our system 
AAG ” ih | is right or not we are not quite 
| prepared to say, because we have 
only been running for six or eight 
40 60 months. We have made a few 
= SSX SS a | SCALE OF FEET minor changes not shown in the 
diagrams. After the winter when 
the snows had melted, we found 
| out some points where the water 
3 {] | accumulated rapidly and where 
Py ates we had some difficulty. We in- 
i stalled additional collection basins 

if at these points. 
These collection basins are large 
precast-concrete tanks buried un- 
3 derground and with cast-iron 
z drain covers. They are located 
at strategic points where water 
accumulates very rapidly. 

Fig. 3 gives an idea of the plan- 
ning and the work on the develop- 
ment of our underground conduits 


Fie. 3. ConpvuITs AND PLUMBING 


and plumbing. Our theory again 
was to build for the future. 
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POWER AND OTHER LINES 


We have our power lines, our telephone lines, our water lines, 
our fire-alarm system lines, our gas lines, and our compressed- 
air lines, all buried underground (Fig. 3). The pipes are of 
such size that they will not only care for existing hangars and 
buildings, but for all the other hangars that will be built there 
in the future. We have drilled for natural gas. We were lucky 
and got natural gas, and we distributed that all around the 
field so that we have natural-gas fuel available for heat. We 


have not got quite enough gas now to heat all the buildings, so we 
are going to drill another well or two and bring more gas in. 
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For water we drilled 
We installed an underground 
pressure-tank system and an automatic electric pump, and we had 


may turn part or all of the field lights on. 
a well and struck splendid water. 


a splendid water supply. Presently it was decided to drill 
another gas well near the water well. The gas well went down 
all right, but at the 500-ft. level it struck a most extraordinary 
supply of black sulphur water, highly curative but highly offen- 
sive to the sense of smell. This black sulphur water came up 
through the gas well and flooded the strata where our water sup- 
ply came from. We shall probably have to abandon the water 
well and pipe in from some other source of supply. 


HANGARS 


Fig. 4 shows a typical hangar. All our hangars and buildings 
are built from the same design. There is no such a thing as a 
standard type of hangar construction. It is necessary to gather 
the experience of other airports, get what information there is 
and make up a design that will meet special requirements best. 

We shall shortly start the construction of another hangar 
and shall build a duplicate of the one shown because we have not 
found any improvements as yet. The hangar has windows 
designed to give a maximum of light, which is of great impor- 
tance in designing a hangar. The lean-to is 20 ft. wide. This 


Fic. 6 Front View or GARAGE 


We are using about fifteen 
or sixteen telephone extensions 
now. Our ‘underground tele- 
phone conduits carry 100 pairs. 
This seems rather a large num- 


ber, but we are looking forward 


to the day when we are going to 
have many more hangars, and 
when that day comes the tele- 
phone lines will be ready for 
them. We carry another line 
that operates through remote 
control from the administration 
building. All the buildings are 
designed to be lighted on the 
outside for night flying, with 
central control in the admini- 
stration building so that no one 
can carelessly turn out the out- 
side lights. 

_ Inthe garage building we have 
our switchboard and an elec- 
trical room, and the remote- 
control operation is carried on by 
push buttons in the administra- 
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provides an office, shops, and storeroom facilities for the oper- 
ations carried on in this hangar, and is of concrete-block con- 
struction here. It has a concrete floor and there is a complete 
drain along the front of the hangar, which is open and covered 
with cast-iron drain cover, to pick up surface water. One of 
the most ticklish questions in hangars is the door. There are 
two types of doors, the rolling-curtain door, such as we have, 


Fie. 9 Specrat Service Truck 


Fig. 10 ADMINISTRATION BUILDING WITH CLEAR VISION FOR 
MANAGER 


and the sliding door, something like an old barn door. Each 
system has its advantages and disadvantages. It is really hard 
to say which is the better. The rolling-curtain door is easy 
to operate and quick in operation, and offers a minimum of diffi- 
culty in other respects so long as it is in good order. We have 
a large shaft running the full length of the door. It is operated 
by a 7-hp. motor which is located right behind the housing. The 
motor is controlled by switches, so that the operation of the 
door is exceedingly simple and only involves touching a button. 
There are times when a hangar door should be shut imme- 


diately because of the wind, cold weather, etc. The operation 
of our door, being simple and requiring no physical effort whatever, 
the result is that the attendant will open and shut it as often as 
may be desired. 

The sliding or barn-door type requires a good deal of physical 
labor by the attendants, not to mention time, and the result, 
therefore, is a natural disinclination to open and shut it except 
when absolutely imperative. . 

A mistake was made in our first hangar. The door, housing, 
shaft, motor, ete., were all hung on the front truss, and thus 
placed a very heavy load on that truss. Our first hangar did 
not have a sufficiently heavy truss. We have strengthened the 
truss since. On this hangar No. 1 we calculated ona 1!/,-in. sag 
with the extra load. The sag actually amounted to nearly 
2 in. and threw everything out of line, and we had to take it off 
and reset it. We know now that the door is set properly and it 
will stay so. 

Fig. 5 is a floor plan of the hangar as laid out. The office 
was desired by the commercial operators, and they also wanted 
a handy place for a stockroom and repairs. This, by the way, 
is a heated hangar, and that is another difficult problem. There 
has been no correct solution of hangar heating. We have failed 
so far and are going to do something else this coming winter. 


GARAGE 


In the garage (Fig. 6) we have carried out the same type of 
construction as in all our buildings, and we propose to continue 
along the same lines. 

Fig. 7 shows the floor plan of the garage building, which is 
rather interesting. It was originally intended to be only a garage, 
but as we developed our plans it was found desirable to include 
in it certain other departments. It was intended for, and is 
being primarily used as, space in which we store and repair 
our motor vehicles. We have to have a certain number of 
trucks, tractors, rollers, etc., and they are housed here. This is 
not a garage for the public. It is simply for field service. We 
have here a repair shop so that our rolling stock may be repaired 
frequently. The heavy duty required of these tractors causes 
them to require a good deal of repair. 

In the garage are located the fire apparatus and the gasoline 
apparatus. The walls and ceilings of the appropriate rooms 
are fireproof. There are always some men working here, so 
we have our fire crew ready. The fire apparatus is called by the 
central fire-alarm system that goes to every building and has 
as its center the administration building. We went to all the 
fire-apparatus manufacturers and told them what we wanted, 
and they all said they had never built anything like that. We 
have submitted our designs to them and we shall get our ap- 
paratus shortly. Ordinary fire apparatus will not work. 

The boiler room contains a boiler not only big enough to heat 
the garage building but also to heat the adjacent restaurant build- 


ing. 
Ro.uine Stock 


Figs. 8 and 9 show some of the rolling stock that we use, includ- 
ing a large truck, three Ford tractors and a scraper and grader, 
the latter being an exceedingly useful machine not only in con- 
struction but in the business of upkeep. 

The service truck shown in Fig. 9 is an exceedingly useful 
piece of apparatus. The first rule we established was that no 
airplane may be filled with gasoline while in any hangar. Every 
airplane must be rolled out of the hangar before gas is put in it. 
That is of course essential because of the fire hazard. One 
reason it is not enforced at some airports is because the outside 
servicing on an airplane is not easy and makes a lot of trouble. 
This car was developed to meet that condition. It is equipped 
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with two tanks for gasoline and 
additional tanks for water and 
oil. We have a power pump 
which is connected with the en- 
gine. The valves and tanks 
are so connected that we can 
pump from these tanks into 
the airplane and from one tank 
to another, and from the un- 
derground main storage tank 
into the tank on this truck. 
The filling hose here has a 
self-closing valve on the end. 
When that valve is shut off, 
the back pressure in the hose 
causes a bypass in the pump 
to open, so that there never 
can be any excessive pressure 
on the hose. We have a meter 
which measures the gasoline 
pumped out of, and into, the 
tanks. The pump delivers gas- 
oline at such a rate that we 
find we are able to completely 
service the largest planes with 
oil, gasoline, and water, so that 
they are ready to take off with- 
in six minutes of the time when 


they land on our field. The 
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car has double wheels with large 
balloon tires so that it cannot 
sink in soft ground. Webought 
four 5-gal. foamite fire extinguishers to attach to the truck. 
In service this arrangement proved unsatisfactory because when 
the truck was traveling over rough ground it jounced about 
enough to set off the fire extinguishers. We were therefore 


forced to design a new type of container for our extinguishing 
Experiments with the new type have shown them 


material. 


Fig. 11 or ADMINISTRATION BUILDING 


Fig. 12 


GENERAL View oF AIRPORT 


to be satisfactory, and the truck is now equipped withthem. This 
truck is not only prepared to fight fire in case it occurs during 
the fueling of a plane, but also to fight a burning crash. If a 
plane crashes on the field and catches fire, we expect that this 
truck will be out in less than a minute, with a prospect of ex- 
tinguishing that fire. So far as we know, there has been no 
attempt made at other American airports to pro- 
vide this form of fire protection. 


ADMINISTRATION BUILDING 


Fig. 10 is an exterior view of the administration 
building, which was designed only to fulfil its purpose. 
The curved front is the manager’s office. When 
the manager sits in his office and looks through the 
large curved window he can get a complete view 
of all the flying operations on the field at all 
times. These wings run in both directions, and 
the building is so designed that the wings can be 
extended as the need arises in the future. 

On top we have our 7,000,000-candlepower re- 
volving beacon, which is intended to bring a pilot 
within sight of our landing lights. The landing 
lights we have not put in because we have been un- 
able to ascertain what is the best light. We are 
not going to buy our night-landing lights until that 
question is settled. 

Fig. 11 shows the layout of the building. There 
is no obstruction to the manager’s vision in any 
direction. The public will come in through the 
main entrance at the rear. We have a main wait- 
ing room, the information clerks’ room, an opera- 
tion and assistant manager’s office, and a pilot’s 
room. We have taken great pains to provide com- 
fort for pilots and have a fine, large room for them. 
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Fie. 13° Arr View oF AIRPORT 


They have their own outside entrance and they can make them- 
selves perfectly comfortable with every facility. We have a 


dressing room so that when the pilots come in after a long flight, 
they can lock their belongings in their own locker, take a shower 
and get dressed, clean up and go to town. 

This building is the center of the telephone system, gas system, 
fire-alarm system, lighting system, etc., and all controls are 
centered in it. 


GENERAL VIEWS OF THE FIELD 


Fig. 12 is a photograph from the air which was taken some 
weeks ago when the field was particularly muddy and rough. 
Those of you who have had experience with aerial photographs 
know that a very slight track on the ground shows up plainly. 

It is possible to distinguish a “hard area’’ as we call it. It is 
composed of 18 in. of heavy slag, impregnated with tarvia. 
A plane comes out on to this “hard area’ and warms up there, 
and it does not blow dirt and stones about as always happens on 


a dirt area. As we go on with our construction this hard area 
will be carried on in front of all hangars. 

Fig. 13 is another air view which gives a little better idea of 
the same buildings. The cinder runways are plainly visible. 
One of the problems to solve is how to surface these runways 
Our first thought was to build concrete runways. Concrete 
would have been permanent and would have provided an ideal 
surface when there was no wind. However, with any kind of a 
cross-wind a plane could not hold its course on a concrete run- 
way and would “ground loop.” The tail skid could not “‘bite in” 
on concrete. A softer surface is necessary. And yet we cannot 
have material which will blow away too easily and be disturbed 
too much. Some of our cinders do blow away. We have 
experimented with a number of binding compounds without 
finding anything which will do, but hope some day to get one 
that will act as a soft binder for those cinders that will not be- 
come hard with the passage of time, that will not wash out, and 
that will not become lumpy. 
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The Development and Technical Aspects of 
The Fairchild Caminez Engine 


By HAROLD CAMINEZ,'! FARMINGDALE, L. I., N. Y. 


Fic. 1 


The object of this paper is to explain the operation of the drive- 
cam mechanism and to give a general description of the Fairchild 
Caminez engine. The history of the engine development is next 
related, following which come particulars of tests conducted and 
problems encountered. A discussion of the principles and the 
method of the drive-cam design is also included. . 


HE Fairchild Caminez engine is a four-cylinder radial 
aircraft engine which differs from other engines in respect 
to the mechanism employed for converting the reciprocating 
motion of the pistons into rotary motion of the propeller shaft. 
This engine utilizes a double-lobed cam in conjunction with 
piston rollers in place of the conventional crankshaft and con- 
hecting rods. This cam causes each piston to complete four 
strokes at each revolution of the propeller instead of two strokes 
as in a crankshaft engine. The propeller shaft of the cam engine 


' Fairchild Caminez Engine Co. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


Cross-Section OF Mopet 447-B Cam ENGINE SHOWING GENERAL ARRANGEMENT OF CAM AND ROLLERS 


therefore runs at one-half the speed that a crankshaft would 
run to give the same number of piston strokes. The cam mech- 
anism is thus the mechanical equivalent of a crankshaft employ- 
ing a 2 to 1 propeller reduction gear. It provides the means of 
obtaining high power output per unit of cylinder displacement, 
at the same time affording efficient propeller-shaft speeds with- 
out resorting to propeller reduction gearing. 

The cross-sectional view of the cam engine shown in Fig. I 
illustrates the general construction of the cam mechanism. Four 
cylinders are arranged radially about a central double-lobed cam, 
the axes of the cylinders being at right angles to each other. 
Mounted on the center of each piston pin is a large roller bearing, 
the outer race of which acts as the cam follower. The outer 
ends of the piston pin fasten to a parallelogram of links, which 
serves as an interconnection between all four pistons. The 
outline of the double-lobed cam is such that the linkage em- 
ployed constrains the motion of the piston rollers and causes 
them to follow the cam. The piston connecting links are at- 
tached to the piston pins through the medium of intermediate 
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link holders. The use of these link holders, which are free to 
pivot about the piston-pin axis, equalizes the tension in the pis 
ton interconnecting links and prevents any piston side pressure 
being set up by the forces acting through the links. This link- 
age arrangement cares for any misalignment of cylinders and 
for some slight inaccuracy of the cam profile. The tendency 
of the link holders to be rotated about the piston-pin axis pro- 
vides an automatic compensation for the clearance that might 
exist between the cam and the piston rollers. The profile of the 
drive cam is such that there is always a force due to piston 
inertia which tends to draw at least one of the pistons from the 
cam. Because of this all the links are always in tension when the 
rotational speed of the engine is high enough for the inertia 
forces to overcome piston friction. A photograph of the piston, 
roller, and link assembly, arranged around the drive cam, is 
reproduced in Fig. 2. 

A longitudinal section of the cam engine is shown in Fig. 3. 


Fig. 2. Piston, Rotter, AND LINK ASSEMBLY ARRANGED AROUND 

Drive Cam 
Aside from the basic differences due to the use of a drive cam and 
piston rollers in place of a crankshaft and connecting rods, 
the construction of this engine is similar in most respects to that 
of the usual conventional radial aircraft engine. It may be 
noted that the counterweights required in the usual radial crank 
engine to counterbalance the piston inertia forces are not re- 
quired in the cam engine, since opposite pistons of the cam 
engine move with the same velocity and acceleration with respect 
to the engine axis and are therefore in complete inertia balance. 
It may also be noted that the valve cams of the cam engine are 
mounted directly on the engine drive shaft and that no valve- 
cam drive gears are employed. This construction is possible 
in this engine since each of its pistons completes four strokes 
during a revolution of the drive shaft, so that a single-lobed cam 
mounted directly on this shaft operates the valves in proper 
sequence. 

The main engine case or cam case of the Fairchild Caminez 
Model 447-C engine consists of two aluminum-alloy castings 
which are bolted together in the plane of the cylinder axis. 
The main shaft of the engine is supported in the cam case at the 
rear by a roller bearing and at the front by a deep-groove radial 
ball bearing which locates the shaft endwise and takes all thrust 
loads. A large plain bearing is provided in the center of the 
shaft and acts as a medium for transmitting the lubricating oil 
into the shaft, whence it is distributed throughout the engine. 
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The drive cam is mounted on the shaft by means of integral 
splines. The valve cam is keyed to the shaft, being located at 
the front end directly behind the ball thrust bearing. 

Four holes bored in the cam case at right angles receive the 
cylinders, which consist of cast aluminum-alloy heads screwed 
and shrunk onto hardened steel finned barrels. Steel cylinder 
skirts fitted in the cam case have recesses into which the cylinder 
barrels pilot. Two aluminum-bronze rings are shrunk into each 
spherical-domed cylinder head and serve as valve seats. One 
intake and one exhaust valve are used in each cylinder, the exhaust 
valve having a wide seat and a large-diameter stem to provide 
for adequate valve cooling. The valves are operated from the 
valve cam mounted on the main shaft by means of pushrods 
and overhead rocker arms. 

The drive cam, which is a chrome-vanadium alloy-steel forg- 
ing, is heat-treated to obtain maximum surface hardness on the 
cam profile. This cam is carefully ground to conform to a master 
cam which has been generated to be correct to within 0.002 in. 
The piston rollers are special double-row roller bearings, the 
outer races of which act as the cam rollers while the inner races 
are mounted on the centers of the piston pins. The roller races 
are made of high-chrome, high-carbon alloy steel carefull) 
hardened and ground. The double row of cylindrical steel rollers 
are located in these races by means of extruded-bronze cages 
The pistons are made of heat-treated aluminum alloy and are 
of the slipper type with larger bearing areas on their thrust 
sides. Four narrow piston rings are provided, one of which js 
an oil-scraper ring. The cam roller bearing is mounted in each 
piston on a carburized and hardened alloy-steel pin. The piston 
interconnecting links are mounted in the link holders upon double- 
row roller bearings, the link holders being bolted to each end of 
this piston pin. 


History OF THE CaM-ENGINE DEVELOPMENT 


The development of the cam engine was initiated at the 
Engineering Division of the U. 8S. Army Air Corps at McCook 
Field, Dayton, Ohio, in 1923. The object of the Air Corps was 
to determine what promise the cam mechanism had for aircraft 
engines. Toward this end an improvised engine was constructe:, 
using wherever possible details from existing engines in order 
that the project might be accomplished at a minimum expense. 
Because a set of cylinders of 5°/, in. bore were available, tlic 
cam engine was developed with this bore of cylinder. The 
stroke was fixed at 4'/2 in. The number of strokes per minute 
of the cam engine is high, and this short piston stroke was chosen 
in order to avoid excessive piston speeds. This bore and stroke 
in a four-cylinder engine produces a piston displacement of 
447 cu. in. The bore and stroke determined in this first cam 
engine worked out satisfactorily and were retained on future 
models. 

The design of this first cam engine was somewhat crude, «ue 
to lack of data and experience on what was required of thie 
various details of the cam mechanism, and also due to the 
necessity of building the engine so that the accessories which 
had initially been designed for engines of a different type could 
be employed. However, the engine satisfied the object for 
which it was constructed. It was carefully tested on an electric 
dynamometer, and the power output and the mechanical effi- 
ciency determined. These tests showed that the brake mean 
effective pressure and the mechanical efficiency of the cam 
engine were equal to those of modern crankshaft engines. The 
results of these tests, determined at McCook Field in 1924, are 
given in the Table herewith. 

After the dynamometer tests a test propeller was installed on 
the engine and it was submitted to further running in the engine 
test house. Here the engine was run for a total of about 25 
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Power Run 


Brake 
Equivalent Brake m.e.p., 
Cam crank load, Brake lb. per 
r.p.m. r.p.m. lb. hp. sq. in. 
600 1200 403 80.0 119.4 
780 1560 4111/2 109.5 124.3 
900 1800 373 112.2 110.3 
1000 2000 357 119.3 105.7 
Friction Run 
Equivalent Brake Mechanical 
Cam crank load, Friction efficiency, 
r.p.m. r.p.m. lb. hp. per cent 
600 1200 42 8.4 90.6 
900 1800 87 26.1 85.6 


hours, most of which was at throttled speeds. In the test-house 
installation the maximum cooling air blast that could be obtained 
on the engine was 30 miles per hour, which was insufficient to 
allow any extended full-throttle running. About 40 minutes 
of full-throttle running was obtained, which was composed of 
runs of 3 to 5 minutes duration. According to the calibration 
of the test propeller, this engine developed at full throttle a 
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maximum of 140 hp. at 1040 r.p.m. A tear-down inspection of 
the engine after this test showed that the pistons, cylinders, 
spark plugs, and valves had been overheated. The drive cam 
had also failed, being badly pitted on the power lobe. This 
cam had been made of a medium-carbon steel heat-treated to a 
Brinell hardness of about 300. It was finished by hand filing 
to a templet after heat treatment, which prevented providing 
greater hardness. The test of this first cam engine showed 
that cams of greater hardness were essential in the further 
development of engines of this type. 

Due to the results obtained with preliminary development of 
the cam engine at the Air Corps, the Fairchild Caminez Engine 
Corporation was formed in 1925. Using the experience gained 
from the Air Corps tests, a new engine was constructed which 
contained numerous modifications in the basic cam and roller 
design and which possessed engine accessories, such as a valve 
gear, oil pump, induction system and ignition, that were designed 
specifically for the cam engine. This engine had a hardened 
and ground drive cam. In order to manufacture this cam it was 
first necessary to build a special grinding machine as there was 
no equipment available on the market for this purpose. This 
engine, which was known as the Fairchild-Caminez Model 
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447-A cam engine, was the first complete engine specifically 
designed around this cam mechanism. It was completed in 
May, 1925, and delivered to the Air Corps for test. Here the 
engine was run for 50 hours, half of which time was between 
90 per cent and 100 per cent full throttle. While numerous 
minor failures were experienced such as are common with all 
newly developed aircraft engines, the cam and roller mechanism 
proved entirely satisfactory. The hardened and ground cam 
had eliminated the trouble with this part that was experienced 
in the McCook Field test engine. After the tests at McCook 
Field this Model 447-A cam engine was shipped to the newly 
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acquired factory of the Fairchild Caminez Engine Corporation, 
where it was submitted to further testing in the laboratory, 
after which it was installed in an Avro 504K airplane and suc- 
cessfully flight tested in April, 1926. In this connection it might 
be interesting to note that this was the first flight on record of an 
airplane powered with a crankless engine. During 1926 the 
Model 447-A engine was redesigned; the new design being the 
Model 447-B engine. A number of these engines were con- 
structured for test purposes, in order to establish a production 
model of this type. Extensive tests on these engines were 
conducted in 1926 and 1927, both on the test stand and in the 
air. A 50-hour test on one of these engines was completed in 
June, 1927, for the U. S. Department of Commerce, together 
with other extended tests for the purpose of developing detail 
parts of the engine. 

One of the early criticisms of the cam mechanism was that 
wear would occur on the cam and rollers, and that this wear 
would set up excessive clearances which would be destructive to 
the mechanism. In all the test work the cams and rollers were 
therefore carefully inspected for wear. In none of the test 
engines, several of which were run for over 200 hours, did any 
measurable wear occur on these parts. In the course of the 
development, tests were made to determine what minimum cam 
and roller width could be employed. When the width of these 
surfaces was too narrow or when these parts were not properly 
hardened, failure occurred which was not caused by the wear in 
the surfaces, but was due to the crushing of these parts. These 
tests proved that in a properly manufactured cam engine, 
the wear on cam and rollers need not be considered. 

In order to determine what effect excessive clearances between 
the cam and rollers would have on the operation and life of the 
engine, a test engine was assembled with undersize cam and 
rollers. At that time the engines were being assembled with a 
total clearance between the cam and rollers ranging from 0.000 
to0.015in. For this test the clearance was increased to 0.065 in. 
This engine was run for considerable periods both on the test 
stand and in an airplane. On inspection no increase in the initial 
clearance between the cam and rollers could be determined. 

The wear testing of the cam engine and rollers revealed certain 
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interesting phenomena. A standard 50-hour type test, which 
consisted of ten 5-hour non-stop runs, the first half-hour at full 
throttle and the next 4'/, hours at 90 per cent full throttle, 
was conducted on one of the test engines. The cam and rollers 
were carefully measured before and after this test. The cam 
after the test had the exact same fit to its gage as before test. 
A photograph of this cam which had a total of 168 hours of 
running, 92 hours of which were between 90 per cent and 100 
per cent full throttle, is reproduced in Fig. 4. Measurement 
of the four piston rollers after this test showed that two rollers 
had no appreciable change in size; that one was 0.001 in. larger, 
and one 0.002 in. larger after test than before the test. It was 
first thought that this increase in size was due to a mistake in 
measurement, and all instruments and micrometers were there- 
fore carefully checked. A metallurgical examination was then 
conducted on these rollers which revealed the cause of their 
growth. It was found that they had been somewhat neglected 
in the drawing operation after heat-treating. Because of the 
lack of sufficient drawing the steel was in an austenitic condition. 
The operating temperature in the engine was sufficient to change 
some of the austenite to martensite, with a resulting increase in 
volume of the steel and a corresponding increase in roller diam- 
eter. While no effect in engine operation could be noticed due 
to this slight increase in roller diameter, the heat treatment of 
of these parts was altered to provide a sufficient time and tem- 
perature during the drawing operation so as to prevent any 
further occurrence of this phenomenon. In this connection it 
may be noted that the determination of the proper materials 
and heat treatment for the component parts of this engine was 


HoH 
4 + + | + rT 
| 
4 | ity \ 
t is 3 
+ + + + + 4 + + + 7, + 4 % 
RS ht 
+ + + ian 
0 10 20 30 40 50 60 70 80 SD 100 110 120 130 190 150 16D 170 190 
=—/NWARO STROKE ——*=—OUTWARD STROKE 


TOP CENTER BOTTOM CENTER TOP CENTER 


Fie. 5 Curves or Piston TRAVEL, VELOCITY, AND ACCELERATION 
Versus Cam ANGLE, TOGETHER WITH VARIATION OF INERTIA 
Forces on Piston ConnectTina Links WitH Cam ANGLE 


4 | 


AERONAUTICS 


most essential for the successful development of the engine. 
Credit for this work is due to Mr. F. P. Somers, metallurgist 
of the company. The service to which the material in the cam 
and rollers is subjected in this engine is somewhat unusual, 
and the experience gained on materials in the more conventional 
aircraft engines is of little value as a basis of selection. 


Tue DesiGn or THE Drive Cam 


The most interesting design problem in the development of 
the cam engine is the determination of the proper profile for the 
drive cam. This profile determines the characteristics of the 
piston motion. While considerable variety in the characteristics 
of the piston motion is possible in cam engines, only a few types 
of piston motion are suitable for a successful engine. The cam 
profile must be such that it produces a piston motion in which 
there is no sudden change in acceleration. A constant-accelera- 
tion cam or any other such cam profile in which the piston 
acceleration changes instantaneously from positive to negative 
should be avoided. A curve of piston acceleration should be a 
continuous curve, preferably a harmonic such as is obtained in 
a crank engine. It is desirable that the maximum accelerations 
occur when the velocities are low, as the product of acceleration 
and velocity is proportional to the kinetic energy stored in the 
moving part. 

Another point to be considered in the determination of the 
cam profile is that all inward inertia forces of the piston are taken 
directly between the cam and roller, while the outward inertia 
forces are transmitted through the piston connecting links. 
Since the cam and rollers must be made sufficiently large to take 
the maximum explosion pressure on the piston, the magnitude 
of the maximum inward inertia force is unimportant at the 
speeds at which aircraft engines operate. However, as the value 
of the maximum outward inertia force determines the size of the 
link and link bearings, it is desirable to keep the value of this 
outward acceleration as low as possible. The desired outward 
piston acceleration should produce a continuous tension on the 
piston connecting links which will be constant throughout a 
cam revolution. 

The cam of the Model 447 cam engine was laid out to meet the 
above requirements. Curves showing the variation in piston 
position, velocity, and acceleration, together with the variation 
in stress on the piston connecting links that occurs throughout 
a revolution of the cam, are shown in Fig. 5. The equations 
for piston motion which were used in laying out the cam profile 
can best be explained by reference to Fig. 6. Referring to this 
figure, quadrant MN of the cam is identical with the opposite 
quadrant PR, and quadrant NP is identical with the opposite 
quadrant RM. The contours of quadrants MN and PR de- 
termine the piston motion inward, and those of quadrants NP 
and RM the motion outward. 

The cam quadrants MN and PR are so laid out that the piston 
motion inward will be in accordance with the following equations 


x =r [(1— cos 2a) — k(1 — cos B)].......... {1] 


where x = piston travel from top center 

r = 1/, length of total piston travel 

a = angle of cam rotation from top center 

k = constant selected to suit cam-profile requirements, 
which for Model 447-C engine is 2.3, and 

8 = angle whose value is determined from Equation [2] 
following 

sin 8 = [2] 


The variation in velocity during the inward stroke of the piston 
is obtained by differentiating Equation [1] 


AER-50-9 5 
Vz = rw (sin 2a — cos 2a tan B)............ [3] 
where Vz = piston velocity during inward stroke, and 


angular velocity of cam. 


The variation in acceleration during the inward stroke of the 
piston is obtained by differentiating Equation [3] 


1 22 
Az = Tw? (x 2a—- 
k 


+ sin tan [4] 


where Az = piston acceleration during inward stroke. 
The quadrants RM and NP are such that the link length 


Fig. 6 DiaAGRAMMATIC ARRANGEMENT OF Drive Cam, ROLLER, AND 
Piston CONNECTING LINK 


employed keeps the piston rollers in contact with this portion 
of the cam during the outward stroke. Referring to Fig. 6, it 
is seen that the following hold true 


[5] 
(a — z)? + (6— = [7] 
where a = distance of link-pin center from center of cam 
when piston is furthest out 
b = distance of link-pin center from center of cam 
when piston is furthest in 
s = length of piston stroke 
c = length of piston connecting link 
x = travel of piston in from top center 
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—y = travel of piston out from bottom center, y being 
taken as negative to denote motion away 
from cam center. 


The distance the piston moves outward on quadrant RM in 
relation to the piston motion inward on quadrant MN is therefore 
as follows: 


The velocity of the piston during the outward stroke with 
relation to the velocity of the adjacent piston is obtained by 
differentiating Equation [8] 


V, = [9] 
b—y 
where V, = piston velocity during outward stroke, and 
V. = velocity of adjacent piston at corresponding 


instant during its inward stroke. 


The acceleration of the piston during the outward stroke with 
relation to the acceleration of the adjacent piston during its 
inward stroke is obtained by differentiating the preceding 
equation 


a—vz 1 
Ay = — Az — —— (Vz? + Vy?)........ [10] 
b—y b—y 
where A, = piston acceleration during outward stroke, and 
Az = acceleration of adjacent piston at corresponding 
instant. 


The curves of piston travel, velocity, and acceleration versus 
cam angle shown in Fig. 5 were obtained from the preceding 
equations. 


CONCLUSIONS 


The experience gained with the cam engine to date shows that 
the cam mechanism is an adequate means for converting re- 
ciprocating motion of the pistons into rotary motion of the drive 
shaft in an engine. The merits of the cam mechanism for air- 
craft engines are that it allows low propeller-shaft speeds without 
sacrifice in engine horsepower; it eliminates the necessity of 
counterweights and valve-cam operating gears; it allows a 
simple construction for the use of anti-friction bearings; and it 
provides an engine arrangement in which compactness and low 
head resistance are obtained without sacrifice of accessibility. 
The Fairchild Caminez engine is now developed to a point where 
adequate performance and reliability are obtained. Because of 
the comparative newness of the cam mechanism, it is probable 
that refinements in design and improvements in material for 
cam, rollers, and links can still be made, resulting in further 
increase in engine performance and reduction in engine weight. 
It is also probable that the results obtained with the cam mecha- 
nism in aircraft engines may lead to its use in other branches of 
engineering. 


Discussion 


The author has furnished a description of 
one of the most interesting undertakings in recent aircraft activ- 
ities. This is one of the very few successful departures from the 
conventional crank and connecting-rod mechanism in the field of 
internal-combustion engines, and it is particularly engaging be- 
cause the benefits which seem likely with this type of construc- 
tion are virtues greatly sought after for aircraft service. The 
author deserves hearty congratulation for his accomplishment, 


2 Major A. C.; Chief, Experimental Engineering Section, Mate- 
rial Division, Air Corps, Wright Field, Dayton, Ohio. 
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not only for his discernment in recognizing the possibilities of such 
construction, but for his courage and tenacity in its development. 

The writer has no serious complaints against the paper. On 
the whole, it is an excellent description of the mechanical arrange- 
ment of the engine and of the general-design procedure. It would 
have met a wish if the author had gone into more detail about the 
features of the design which first inspired its development by the 
Materiel Division. The author indicates that curiosity was the 
underlying motive. In general, that is true, but it was aroused 
primarily by the promise of greatly reduced weight and complex- 
ity, and by the hope of obtaining the advantages of propeller re- 
duction gears without paving for them in engine weight. This 
apparently has been accomplished, but not entirely without price. 
The large slow-speed propeller required by the reduced shaft 
speed and the low frontal area of the engine, made possible (neces- 
sary, in fact) by the cam mechanism, combine to leave the cooling 
of the engine very much dependent upon the forward speed of the 
airplane. This establishes a rather severe condition of operation 
for the engine in low-speed climbs and in ground testing. It 
seems likely also that the four-cylinder torque variation accentu- 
ated by the reduced propeller speed may in some installations 
produce rather severe vibration. 

The author indicated early in the paper that the cam mechan- 
ism hardness was entirely responsible for the durability of the 
present cams. The unhardened cam had no provision or very 
little provision for oil supply to the cam face, and the hardened 
cam, the writer believes, was not successful until generous lubrica- 
tion was supplied. That, however, is a detail, as is also the fact 
that the short stroke, which it is true provides low piston speeds, 
is essential in this type of construction; for with the present 
stroke, short as it is, it has been necessary to slot the cylinder 
skirts for the cam lobes and links. The Air Corps has purchased 
one of these engines for performance comparison in a Consolidated 
primary training airplane with the more conventional types of 
power plants. 


AUTHOR’s CLOSURE 


In regard to Mr. Bartel’s question as to weight per horsepower, 
the present four-cylinder cam engine weighs 350 lb. and develops 
135 hp., resulting in a weight per horsepower of 2.6 lb. This 
weight per horsepower is about what would be expected from a 
conventional aircraft engine of equal power output. The larger 
multi-cylinder engines recently developed have considerably lower 
weight-to-horsepower ratios. My experience has been that in 
small engines with few cylinders, built for commercial aircraft use, 
it is not possible to obtain the same low weight per horsepower as 
in the larger multi-cylinder engines. 

Mr. Gerhardt wished to know what data we had on the differ- 
ence between our engine and conventional engines of the same 
horsepower employing high propeller speeds. Unfortunately we 
have not had sufficient equipment to conduct really thorough 
tests on relative performance of high- and low-speed propellers. 
It is very difficult to know the exact horsepower of an engine at 
the time of flight. When comparing the performance of two en- 
gines in one plane, the errors in determining engine horsepower 
have a large effect on the accuracy of propeller performance data. 
We have made some comparative performance tests of our present 
cam engine against the OX-5. Both engines were installed in the 
same make of plane, and they were flown together. The OX-5 
engine was run at 1550 r.p.m. at full throttle in the plane that 
was tested, at which speed it is estimated this engine develops 
from 90 to 100 hp. When flying against the airplane with the 
OX-5 engine operating at full throttle, the cam-engine plane 
maintained the same speed when throttled to 820 r.p.m., at which 
speed it developed about 80 hp. with the propeller that was em 
ployed. The fact that a low-speed propeller requires less engine 
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horsepower to fly a given plane is also demonstrated by the fuel 
consumption. In a cross-country flight from Kansas to New 
York we had two similar airplanes flying together, one powered 
with a cam engine and the other with an OX-5. In spite of the 
fact that the cam-engine plane was carrying a slightly heavier pay 
load it consumed about 20 per cent less gasoline. 

Mr. Gerhardt asked about the take-off of a plane with our en- 
We find that our low-speed propeller results in a shorter 
take-off than is obtained in the same plane with an engine of equal 
power but operating at higher propeller speed. The low-speed 
propeller results in an improved rate of climb. The maximum 
rate of climb also occurs at lower airplane speeds, so that the 
angle of climb is increased to a greater extent than the rate of 
climb, making it possible to more readily climb over obstructions 
at take-off. We have measured the static thrust of our engine, 
using a two-bladed propeller which allowed the engine to turn up 
to 900 r.p.m. at full throttle on the ground. At this speed the 
engine develops 125 hp. and the static thrust was 900 Ib., resulting 
in a static thrust per horsepower of 7.2 lb. This thrust is greater 
than usually obtained with a high-speed propeller. It is a con- 
venience in taxiing in muddy fields and allows the plane to get 
under way quicker during take-off. 

Professor Kirsten desired to know the cooling properties of the 
engine and whether the engine would cool satisfactorily if it were 
entirely out of the propeller slip-stream. The cooling of any air- 
cooled engine depends considerably on the climate and the con- 
dition of engine operation. Our experience on the test stand has 
shown that a 60-m.p.h. air blast is required for the engine to give 
satisfactory cooling for continuous operation at full throttle. In 
an airplane the cooling blast is obtained both from the forward 
speed of the airplane and the slip-stream from the propeller. In 
full throttle flight this air blast is generally well over 60 m.p.h. 
With the plane stationary on the ground the slip-stream from the 
propeller around the engine is about 30 m.p.h. This air blast is 
sufficient to allow the engine to be run at full throttle for a few 
minutes, which is long enough to determine whether it is operating 
satisfactorily before take-off. In our flying to date we have ex- 
perienced little trouble due to overheating of the engine. How- 
ever, I do not advise holding the engine wide open on the ground 
for any length of time in hot weather or flying wide open at stall- 
ing speed for long periods. In our engine we depend partly upon 
the lubricating oil for cooling the pistons and cylinders, and there- 
fore circulate more oil through the engine than is necessary for 
lubrication purposes alone. If air-cooling conditions are bad, we 
can inerease the oil circulation by increasing the oil pressure, but 
this would necessitate the use of a large oil cooler in the airplane. 

Mr. Stinson wanted to know whether we provided any adjust- 
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ment on the piston connecting linkage to obtain a proper fit of the 
rollers on the shaft. We have provided no adjustment for the 
linkage in the engine and have found no use for it. The parts are 
manufactured with a sufficient degree of accuracy so that the en- 
gine can be assembled with proper clearances without any adjust- 
ment of the linkage. All the bearings and rubbing surfaces are of 
hardened steel and do not wear in service, so that no take up in 
I believe that if an adjustable feature 
was required for the linkage to obtain proper clearances, either in 
initial assembly or in operation, the engine would not be a satis- 
factory aircraft engine. 

Mr. Webb asked about the relative efficiency of cam and crank 
engines. Our tests have shown that the mechanical and thermal 
efficiency of the cam engine is about the same as the conventional 
crank aircraft engine. There is apparently no noticeable differ- 
ence in efficiency between the cam and crank mechanisms. It is 
the experience of the author that in aircraft engines the efficiency 
of an engine depends more on the cylinder design and manifolding 
employed than upon the mechanism to convert the reciprocating 
In order for a mech- 
anism to stand up under the high power outputs that it must 
transmit in an aircraft engine its efficiency must necessarily be 
high in order that its bearings and rubbing surfaces will not over- 
heat and burn out in operation. 


the linkage is necessary. 


motion of the pistons into rotary motion. 


While the cam engine has no 
advantage over crank engines so far as the overall efficiency of the 
engine is concerned, it develops its rated power at lower propeller 
revolutions, which results in increased propeller efficiency in air- 
craft use. 

Mr. Sweet desired to know the effect of 1/3. lost motion in the 
linkage. Such high lost motion is not ordinarily obtained in the 
cam engine. This !/3. lost motion might cause an engine to be 
noisy at low speed, but it would not affect the power output of the 
engine nor the endurance of the mechanism. The engines are 
generally assembled with clearances allowing less than '/¢ loss 
motion in the linkage, and after extended tests there is no appre- 
ciable increase in the initial clearances. 

Mr. Morse inquired about the change in design that we have 
made in the linkage. In our first engine we used plain bearings in 
the links, and therefore the link centers were spaced about 1!/, in. 
apart in the link holders in order to obtain ample bearing area for 
the plain link bearings. We later changed the link design to use 
roller bearings in order to obtain the advantage of any friction 
bearings throughout the engine. With the roller-bearing links, 


’ the link centers were brought to a common point in the link hold- 


ers and the bearings were placed side by side. We have found 
roller-bearing links more satisfactory as they require no direct 
lubrication and are therefore more reliable in operation. 
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An Introduction to the Problem of Wing 
Flutter 


By CARL F. GREENE,' WRIGHT FIELD, DAYTON, OHIO 


After defining wing flutter and analyzing the evidence accumu- 
lated as to the conditions under which it occurs, the author gives 
particulars of a study of the torsional oscillations of an airfoil, 
and of the position of the elastic axis and location of the center of 
mass of an airplane wing. He then discusses the aerodynamic 
considerations involved in the problem and the present status of 
the latter, and concludes with a brief discussion of the field of future 
investigation. The purpose of the paper is not to present any 
general solution for the problem, but to promote discussion as to 
rational methods of employing such data as are now or may be on 
hand with a view to formulating a sound basis for future design 
procedure. 


ING flutter or the undamped and destructive oscillations 

which appeared in some early cantilevered wings at 

high speeds, has been the cause of several major acci- 
dents both in this country and abroad, many minor accidents, 
and the condemning of quite a number of airplanes as unsafe to 
fly. Like other diastrous manifestations which are apparently 
unexplainable and unreasonable, it gave rise to a feeling of mys- 
tery and suspicion regarding the soundness of the unbraced 
monoplane as a substantial and trustworthy type. Perhaps a 
more far-reaching result attributable to these experiences has 
been the retarding effect on monoplane development, particularly 
in the United States. Fortunately, however, the mysterious 
and unknown, while repelling the matter-of-fact purchaser, also 
attracts the investigator, and wing flutter has been investigated 
by a great many individuals and organizations. 

This activity has produced a large amount of mathematical 
analysis, and a number of wind-tunnel experiments of a more or 
less specific nature. Adding to the above the scattered data 
obtainable regarding experiences with actual flutter in the air, 
we find an apparently extremely complex problem the only 
key to which at the present time lies in finding some relationship 
between a large number of partial solutions. That the assorted 
data such as we now have can be straightened out into com- 
paratively reliable engineering information and the results suc- 
cessfully applied to actual design, is demonstrated by the fact 
that many examples of the unbraced monoplane are now in 
daily use. 

The purpose of this paper is not to present any general solution 
for the problem, but to promote discussion as to rational methods 
of employing such data as are now or may be on hand with a 
view to formulating a sound basis for future design procedure. 


HIsTORY OF THE PROBLEM , 


Wing flutter, as a distinct manifestation, began to appear 
in the shape of “tip flutter’ at about the same time that de- 
signers sought to reduce the amount of external bracing by allow- 
ing an increasing portion of the wing tip to project unsupported 
except for its own internally contained structure. The vibra- 
tions and oscillations obgerved at this stage were usually accom- 
‘panied by a flapping action of the ailerons which was quite the 
most pronounced part of it all and was apparently regarded as the 


his a Lieut. A. C., Airplane Branch, Material Division, U. S. Army 
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beginning and end of the trouble. At any rate aileron design, 
together with the shape of wing tips, came in for a lot of attention, 
with the result that a great deal was learned about both. It was 
not, however, until some examples of fully cantilevered wings 
had been brought out that well-defined wing flutter appeared and 
was recognized as a source of oscillation entirely independent 
of the aileron. Meanwhile several disasters and near-disasters 
occurred in fairly rapid succession. The first-hand data, when 
obtainable from survivors of these experiences, could hardly be 
called first-class scientific information inasmuch as they were 
collected under circumstances not favorable to calm analytical 
observation. 

Unfortunately there were also cases from which no witnesses 
survived excepting those who happened to make observations 
from the ground. These observations could usually be boiled 
down to the following: 


a The plane apparently nosed downward, picking up speed, 
or had commenced a maneuver; 

b The plane was seen to shake violently, with a flapping 
action of the wings; 

c One or both wings carried away and the plane crashed. 


The evidence accumulated from all sources, although incom- 
plete and differing in many respects, and complicated by many 
cases of vibration wholly or partly chargeable to sources such as 
ailerons, power plant, or even machine guns, all pointed sub- 
stantially to some fluctuation in the wing loading, this fluctua- 
tion becoming destructive only upon finding resonance with some 
natural period of vibration of the wing structure. This con- 
fined the investigation to finding what type of fluctuation and 
what mode of vibration might, under the proper conditions, 
become mutually complementary or undamped with respect to 
each other. Whether the fluctuations caused the vibrations or 
the vibrations, once set up, caused the fluctuations which in 
turn aggravated the vibrations and so on to destruction, was not 
considered important so long as it was established that the 
guilty pair were a menace only when working in collaboration. 
The problem would then be solved by finding ways and means of 
keeping them apart. 


RESEARCH AND EXPERIMENT 


With the above conclusion to work from, the trail led directly 
to a study of the effects of torsional oscillations. An examination 
of Fig. 1 will show that this line of investigation was entirely 
sound. The figure shows the chief characteristics of an airfoil, 
represented in the conventional manner excepting that for our 
present purpose the curves of lift and moment can be assumed 
to represent total forces acting on a wing of given size and section 
at a given air speed. We can also disregard numerical values for 
the time being. 

To see what happens as a result of torsional displacements, 
and eliminating other complications, suppose this wing to be in 
equilibrium at, say, 4 deg. angle of attack and that no torsional 
stresses exist. That is, the position of the center of pressure 
coincides with the position of the elastic axis of the wing. The 
moment curve has been plotted with reference to the above 
point. If the wing is twisted back and forth a few degrees about 
this axis it is seen that the induced changes in moment are always 
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unstable, tending to aggravate the motion. If now we substitute 
for the forced twisting of the wing its own natural period of tor- 
sional vibration—a vibration of the order of, say, ten per second— 
the case becomes complete, provided one other condition is met. 
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LocaTION OF CENTER OF Mass or WING 


When the location of the center of mass does not coincide wit|: 
the elastic axis, the necessity arises for considering the effect of 
bending oscillations, and, more particularly, the combined effect 
of bending and torsional movement. The pos- 
sible combinations, both dynamic and aerody- 
namic, are so many and of such a widely varying 
degree of importance that for our purpose it 
will only be possible to locate by inspection 
and concentrate on those whose magnitude 
and characteristics render them most active 
in and adapted to unstable oscillation. 

Motion in pure bending such that each cle- 
ment moves vertically in translation with re- 
spect to the root of the wing can only occur in 
vibration when the center of mass of each cle- 
ment lies exactly on the elastic axis. If the 


— wing, oscillating in this manner, is moved for- 
ward through the air the resultant changes in 
angle of incidence will produce no change in 
lift at points of maximum vertical acceleration, 
but, at points of zero acceleration, maximum 


changes in lift but opposite in direction to the 
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This other condition must be considered in view of the fact that 
the induced variation in torsional moment is not mechanically 
hooked up with the wing vibration. In other words, there is 
apparently a certain amount of what might be called ‘‘lag’’ in 
the ability of the air flow to conform to the changing attitude of 
the wing and to register the moments corresponding to each 
instantaneous value of the angle of attack. The condition 
which seems to affect and even eliminate this apparent lag has 
been shown experimentally to be air speed. In any event it 
has been definitely shown that there exists for each wing a 
certain minimum air speed below which the torsional vibrations 
and the fluctuations of torsional moment cannot be brought into 
agreement. It is fortunate that this is the case, otherwise it 
would be difficult if not impossible to build a wing which would 
not have a tendency to flutter at any and all airspeeds. Further- 
more it may be accepted that in general, other things being 
equal, the stiffer torsionally the wing can be constructed the 
higher its natural torsional frequency will be—and the higher 
the critical speed at which flutter can be established. 


Position oF Evastic Axis 


Another important element in the problem, and one which is 
a factor in the economy of the structure, is the location of the 
elastic axis of the wing. Fig. 2 (a) is a typical sheaf of curves 
showing the magnitude of the moments, plotted against angles 
of attack. Each curve shows the moments referred to a different 
axis: at leading edge, '/; chord, '/, chord, ete. It will be noted 
that for an axis at about 22 per cent of the chord the moment 
for this wing is approximately constant throughout a range of 
angles of incidence between —10 deg. and +17 deg., which in- 
cludes the normal flying range. The same data shown in con- 
nection with center-of-pressure travel are represented in Fig. 
2(b). Since the rate of change of the moment with change of 
incidence must be some measure of the intensity of torque 
fluctuation, it follows that the elastic axis giving the flattest 
curve should give the greatest flutter stability. That this is 
true is borne out by several laboratory experiments, and further 
demonstrated in certain examples of present-day wing con- 
struction. 
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Fic. 2 (a) Location or Exvastic Axis oF WING 


Fig. 2 (b) CrEnTER-oF-PRESSURE TRAVEL 


to induce twisting displacements in a direction depending 
whether the center of mass is in front of or behind the elas 
axis. If in front, the inertia of the wing with downward accel- 
eration will tend to increase the incidence, producing aerodyna™* 
damping; if in the rear, the induced change of incidence will be 
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decreasing for downward accelerations, giving instability. This 
latter is the condition under which many ailerons developed 
sustained flapping, the axis of movement being at the leading 
edge and the center of mass to the rear. The cure has been 
substantially to bring these axes more into coincidence. 

Returning to the wing, if we can imagine one with an ex- 
tremely strong and stiff front spar, a conventionally weaker rear 
spar, and the two connected by a single plane of drag bracing 
supplemented by light ribs, we shall have a wing that will have a 
tendency to flutter in the most destructive manner possibte—by 
combined and synchronous bending and torsion. The elastic 
axis is well forward, the center of mass back toward the center 
of the wing, and the whole so limp in torsion as to readily follow 
and aggravate the stronger bending oscillations. This wing is 
not a freak, but can easily be the reputable product of design 
rules at present in use for externally braced biplane wings. 
Fig. 3 (a) illustrates the essential features of this system, in which 
each spar is treated as an individual structural unit carrying its 
share of the design load. Furthermore the design loads applied 
to these spars are produced by two entirely distinct conditions 
of flight. In other words, when one spar is working efficiently 
the other is partially idle, and the wing is carrying excess struc- 
tural weight. 

Supposing we merely rearrange the structure by removing some 
of the material from the strong front spar, using it to form a tor- 
sionally stiff connection between the front and rear spars. The 
strength of the system can be retained and the resultant structure 
will be a unit torsionally, having the ability to resist twisting 
action induced not only by vertical bending oscillations but by 
the unstable torsional impulses previously considered. Fig. 3 (b) 
illustrates the application of the air load to the wing for design 
purposes. If the elastic axis of this box structure can be deter- 
mined in advance in the design room, the use of a diagram such as 
shown in Fig. 2 (a) will permit of locating this box at such a point 
as to give any desired relation between the direct and torsional 
loads to meet critical design conditions. Further discussion of 
this important part of the subject will be continued later. 

To return to the location of the center of mass and the com- 
bined effects of bending and torsion, the field of investigation is 
narrowed considerably by the fact that we are dealing only with 
elastic bodies having the physical proportions of normal wings. 
Assuming structures reasonably close-knit torsionally, the inertia- 
stiffness ratios referred to the axes of movement are such that the 
natural frequency in torsional vibration may be of an order of 
from 5 to 10 times that in bending. This means that the two 
will have a tendency to operate independently unless one or the 
other can be forced out of its natural period or mode of vibration 
and into step with the other. This was shown to happen where 
the torsionally limp wing or aileron obligingly flapped in unison 
with the strong bending movement. On the other hand, it is 
evident from an inspection of Fig. 4 that a wing with mass eccen- 
tric to the elastic axis and vibrating in so-called pure torsion 
induces a synchronous bending component. This arises from 
the fact that the resultant center of oscillation lies at some point 
other than at the elastic axis or the center of mass, this point 
depending on the stiffness-inertia relations involved, and each 
has a vertical component of motion different from the other. 
These vertical displacements are not set up dynamically by 
torsional vibration when the axes coincide, and are also subject to 
aerodynamic damping when the center of mass is in front of the 
tlastic axis. See Fig. 4 (b). For convenience the center of 
movement is shown midway between the axes. 

Although the wing within itself is less stable when the center 
of mass is rearward, the outstanding evil of eccentric mass loca- 
tion, either fore or aft, arises from the fact that it renders the 
wing vulnerable to torsional vibration contributed by sources 
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outside the wing. In other words, any outside disturbance 
applied to the wing and having a vertical component with a 
frequency close to that of the wing in torsion may set! up 
torsional oscillation. These possible sources such as the power 
plant, fuselage, tail, machine guns, ete., are so numerous and 
would be so difficult to clearly identify as the seat of the trouble 
that sensible design again points to the desirability of keeping 
the center of mass directly on or close to the elastic axis. If 
this is done, outside vibrations with vertical components or, 
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in fact, any periodic disturbances of ordinary magnitude im- 
pressed on the wing other than pure torsional impulses should not 
contribute to instability. 


AERODYNAMIC CONSIDERATIONS 


It is believed by a number of investigators that the flow of air 
around even a steady airfoil is characterized by regular fluctua- 
tions in torque, and that the frequency of these fluctuations is, 
for any particular airfoil, some function of the air speed. Just 
what causes this action has not been demonstrated, although it 
is natural to suspect those sources of discontinuity of flow with 
which we are most familiar—that is, the trailing edge and tip 
vortices. Possibly a closer study of these phenomena by means 
of extremely high-speed motion pictures similar to the Japanese 
films recently shown in this country by Professor Klemin may 
clear this question up somewhat. A few investigators believe 
that these fluctuations are able to produce torsional oscillation 
in a wing, possessing both mass and stiffness, independently of 
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any natural vibration of the wing itself. This theory appears 
doubtful, but it is entirely reasonable that the frequency and 
magnitude of these torsional impulses are inherent aerodynamic 
properties of each airfoil and can be represented by coefficients 
plotted in the same manner as those of the usual airfoil character- 
istics. If these coefficients are related to and can be derived from 
standard lift-drag-moment data, the experimental research in- 
volved in their derivation will be greatly reduced. There will 
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remain, however, all the usual difficulties of applying wind-tunnel 
data to full-sized bodies, complicated considerably by the fact 
that the dimensions of mass and time will enter more frequently 
into the seale-effect relationship than they now do in considering 
only the air reactions on stationary models. 

One phase of the investigation now under way in the Experi- 
mental Engineering Section of the Army Air Corps is expected to 
bring out: 

a Whether airfoils do or do not generate aerodynamic 
impulses in torsion whose magnitude and frequency, 
under identical conditions as to air speed and size and 
shape of model, are characteristics of each particular 
airfoil section; and 
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b What relationship these periods may bear (if any) to the 
lift-drag-moment characteristics of the airfoil. 

Another phase of this same investigation deals directly with the 
proposition previously mentioned that aerodynamic torsional 
fluctuations are not in themselves of sufficient magnitude to 
disturb a comparatively stiff and inert wing and must therefore 
find resonance with some natural period of the wing in order to 
become destructive. The apparatus to be used in this investi- 
gation is illustrated in Fig. 5 and consists 
of an airfoil supported by a horizontal 
shaft of known strength and elastic prop- 
erties. This shaft is in turn supported 
outside the wind channel in such a way 
that the torsional stiffness can be varied 
independently of the bending. stiffness. 
The center of mass and moment of inertia 
of the wing and the position of the shaft 
attachment on the wing may also be varied 
independently, the total mass remaining 
constant. Readings of air speed at which 
flutter occurs, periods in bending and tor- 
sion and all the corresponding settings of 
the apparatus, should establish a large 
number of comparative or qualitative re- 
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under identical conditions, it is hoped to 
determine what bearing (if any) the airfoil 
section itself has on the problem. 

It is expected that these tests, while 
not in themselves conclusive evidence of 
the quantitative results to be expected 
with full-scale wings, will at least be truth- 
ful as to relative effects. In any event 
the field of critical relationships should 
turn out to be fairly well defined, so that 
any further or more exact experimental 
work can be focused directly on the most 
important spots in the problem. 


PRESENT STATUS OF PROBLEM 


It might seem from the foregoing that, 
lacking certain specific and fundamental 
mathematical and aerodynamic laws, the 
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of monoplane wing stability carries with 
it such large rewards, particularly in op- 
erating economy, that a number of con- 
structors both in this country and in 
Europe have specialized in and made a suc- 
cess of some particular form of monoplane 
construction. They have built large numbers of planes, mostly 
for commercial purposes, and the proportion of monoplanes 10 
daily use is increasing rapidly. Their results have been the 
product of extensive study and development, and the application 
of sound structural sense to a problem the solution for which 
does not appear in any book. These airplanes must certainly 
be considered as stable in respect to flutter within the ranges 
of speeds and maneuvers for which they are intended. They 
are safe structurally by virtue of demonstrated performance, 
which, after all, is the final test for all engineering products. 
These airplanes may be said to have “made the grade” in one 
respect at least—that of safety. Just how close they may come 
to instability or, on the other hand, how much excess structural 


| 
Variation of Lncriia—_—e 
| Center of “ass. | 
| Path of Airis of | 
| | of Eile 
Lnerha. | 
| 
Path of Axis of Movement” | | 

| Ph of Ceriér of Mass. 

| | 
| | 


AERONAUTICS 


material they may carry is not a matter of general knowledge at 
the present time. A reasonable margin of strength and rigidity 
is essential, but the expenditure of fuel and lubricants for carrying 
excess weight which displaces pay load and does not contribute 
particularly to the stability of the structure will cause purchasers 
to become more and more particular about stiffness-weight re- 
lationships. It would appear that the interests of all would be 
served if certain information and experience were pooled for a 
better understanding of the subject. For instance, if for every 
monoplane design actually constructed we knew certain physical 
characteristics such as stiffness in bending and torsion, position 
of elastic axis, position of eg. axis, and weight of the wing, we 
could today define a field within which stability is reasonably as- 
sured. It might be possible to state that for a wing of certain 
proportions intended for operation through a given range of 
air speeds the torsional stiffness should be such that the wing 
would twist not more than so many radians per foot of length 
under a torsional load which would be some function of a standard 
loading—say, low incidence. Further, that for every two per 
cent of chord separating the center of mass and the elastic axis 
the above allowable torsional displacement should be reduced in 
the neighborhood of ten per cent. Bear in mind that this is an 
imaginary ruling and is set down merely as one example of the 
general form which suggests itself as expressing possible future 
criteria. Being elastic properties, their determination could be 
arrived at under loadings which need not stress the structure to 
the elastic limit or to the yield point, so that such tests could be 
carried out on production articles without permanent distortion. 
This fact together with the simplicity with which these proof 
loadings may be applied should tend to overcome whatever ob- 
jections manufacturers may have had heretofore to the static 
testing of major assemblies on the grounds of expense and delay. 
It is understood that the Germans, who are today the most exten- 
sive builders of metal monoplanes, employ severe torsion tests 
and are continually adding to their fund of information along 
this line. 
Fievp or Furure INVESTIGATION 

We might stop right here and leave the problem in the hands 
of the industry, but there is still quite a field open to the student 
and investigator. Up to the present time, in this country at 
least, the monoplane has been produced only in moderately large 
sizes for moderate speeds. Eventually increases in size and 
performance will necessitate drawing on some fund of positive 
information which has been reduced to terms usable in the design 
room. There must be a demonstrably accurate agreement be- 
tween the requirements of safety on the one hand and the de- 
mands of competitive economy on the other. 

There are two general lines which if followed in immediate 
future investigations should combine in the end to furnish both 
theory and proof, namely: (1) Research and Experiment, and 
2) Practical Application. 

Under Research and Experiment will come: 


a Experimental determination of the effect of air speed on 
the frequency of torsional impulses under varying con- 
ditions of elastic restraint, mass distribution, ete. 

b Development of practical design-room methods for pre- 
dicting the natural torsional frequencies of complex wing 
structures. 


This involves: 


1 Location of elastic axes 

2 Evaluation of torsional stiffness 

3 Determination of moment of inertia 
(A function of the two former). 
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Under Practical Application will come: 


a Compilation of elastic-dynamic properties of current 
products, with a view to corroborating or revising 
the theoretical methods mentioned above. | 

b Establishment of rational methods of static test. to demon- 
strate the qualities entering into the question of sta- 
bility. 


To these might well be added the necessity previously pointed 
out of throwing away design methods based on the old two- 
spar school of procedure. While this system might have been 
the best for computing the separate actions of the spars, ribs, and 
drag bracing of an externally braced wing, its early application 
to monoplane design undoubtedly contributed largely to some 
of the ensuing misfortunes. Cantilever wings of this period were 
designed with ample individual spar strength to absorb in bending 
the allotted loads, drag bracing was inserted to take the drag 
loads, and ribs were sprinkled along to hold up the outer covering 
and deliver the surface loadings to the spars. The wings promptly 
flapped their ailerons off —and no wonder! 
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It is not to be expected that a full transition from the loading 
conception shown in Fig. 3 (a) to that shown in 3 (b) can be accom- 
plished until methods are developed for computing not only the 
theoretical distribution of combined torsional and bending stresses 
but the actual capacities under combined loadings of the thin- 
gage material entering more and more into this sort of con- 
struction. This latter presents a large field of investigation 
in itself, involving stability of thin material, stress-bearing skins, 
ete., and belongs here only as it exemplifies the failure of the old 
fashioned internal structure to cope economically with the situ- 
ation. 

The revision of established rules for the application of wing 
loadings is therefore of the utmost importance, because any 
interpretation of future criteria based on the elastic properties 
of the wing must contemplate the action of the wing as a struc- 
tural unit—not as a collection of individual and more or less 
independent elastic bodies. 

LITERATURE 

The following is a summary of the documents on hand in the 
library of the Matériel Division pertaining to the general subject of 
wing flutter. These include both theoretical analyses and experi- 
mental results. It might be stated that the most complete mathe- 
matical treatment is believed to be contained in the application 
by Mr. J. S. Newell of the study by Messrs. Blenk and Liebers. 
The most convincing experimental work is that reported by Mr. 
Geo. W. Brady. 


Marériet Division DocuMENTs AND TRANSLATIONS 


“New Problems in Airplane Statics (Cantilever Wings),”’ by 
Prof. H. Reissner, Zeitschrift fiir Flugtechnik und Motorluftschiffahrt, 
1926. Trans. by J. F. Vanier, 4 parts, three of which are com- 
pleted. 

“The Oscillation of Airplane Wings Due to Combined Bending 
and Torsion,"’ by Blenk aod Liebers, Zettschrift far Flugtechnik und 
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Motorluftschiffahrt, Dec., 1925. Translation and application by 


J.S. Newell (A.D.M. No. 827). 

“Torsion Tests and Study of Flutter on a Single Spar Panel,”’ 
by J. S. Newell (A.D.M. No. 758). 

“Fluttering on Single Spar Lower Wings,’’ by H. Blasius, Zeit- 
schrift fiir Flugtechnik und Motorluffschiffahrt, Feb., 1925. Trans. 
J. F. Vanier (A.D.M. No. 160). 

“Wing Flutter Investigation on Brady’s Wind Tunnel Model,” 
by J. E. Younger (1.C. No. 608). 

“Some Aspects of Torsion in Multi-Spar Cantilever Wings,’’ by 
F. W. Pawlowski, Univ. of Mich. (A.D.M. No. 911). 


OruerR LITERATURE 

“‘Accidents to Airplanes Involving Flutter of the Wings,”’ Aero- 
nautical Research Committee (British), Reports and Memoranda 
(No. 1041). 

“‘An Investigation of Wing Flutter,’’ by R. A. Frazer, Aero. 
Research Committee, Reports & Memoranda (No. 1042). 

“Some Factors Affecting the Critical Velocity of Wing Flutter,” 
thesis by Geo. W. Brady, M.I.T., 1927. 

‘‘Remarks on the Stability of Oscillations of an Aeroplane Wing,”’ 
by A. G. von Baumhauer and C. Koenig. Translation for Inter- 
national Air Congress, London, 1923. 


Discussion 


A. F. Zaum.? The author shows graphically, for an unbending 
wing in a uniform wind of speed V, how the magnitude L and po- 
sition x of the lift vary with varying angle of attack a, and how 
the pitching moment M = Lz varies with them. Thence the 
author graphs the rate of change 0M /da versus a. 

Wing Twisting. These graphs show that if, for a given V and 
a, the lift is at the wing’s elastic axis, it runs ahead thereof when 
a increases, and conversely. Thus M increases with a; that is, 
it is a disturbing moment tending to cause torsional flutter. 
Here the present writer should introduce the restoring moment 
M’ due to the torsional elasticity of the wing. If with increasing 
a, due to wing twist, the restoring moment grows faster than the 
disturbing moment M at the speed V, the flutter tendency is 
nullified. This stability condition is expressed by 


oM OM’ 

which means that the inclination of the disturbing-moment curve 
must be less than that of the restoring-moment curve. This re- 
quirement may be called the first rule of anti-flutter design. 

Wing Flapping. So much for a wing free to twist but not to 
bend. If it is limber and free to bend but not to twist, it may 
flap if it has an auto-rotative profile; viz., if its rolling moment is 
in the direction of roll. Auto-rotational flapping can be pre- 
vented by providing for adequate bending stiffness, also by choos- 
ing a wing form having 


[2] 


that is, having a negative slope in its graph of rolling moment L 
versus roll velocity p. This is a second rule for anti-flutter de- 
sign, though not presented by the author, and probably less im- 
portant than rule |. 

Wing Bending and Twisting. If the wing flaps vertically, giv- 
ing its mass m an acceleration z, the entailed inertia force is m2. 
This force multiplied by its distance y from the wing root is the 
inertia flapping moment m2zy», and multiplied by its distance xy 
aft of the torsion axis is the inertia pitching moment mzzo. 
These moments combined with those previously noticed appear 
in the complete equation for combined twisting and flapping. 
Its solution, not here given, shows stability against flutter when 
m is on or before the elastic axis, viz., when 
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which is a third rule for a nti-flutter design. Lieutenant Greene 
shows verbally that condition 3 causes flapping to damp out. 

Wing Viscosity. Rules 1, 2, and 3 apply to a perfectly elastic 
wing, hence more forcibly to one having viscous resistance to 
structural deformation. The internal viscous moments which 
the wing structure opposes to twisting and bending vary directly 
as the velocities of twist and bend, just as do the aerodyanmic 
damping moments; hence can be allowed for in the pitch and 
roll equations for the wing by suitably increasing its resistance 
derivatives for pitch and roll. Only experiment can furnish 
these aerodynamic and structural damping coefficients. 

Air-Stream Flutter. All the foregoing treatment assumes the 
air stream uniform in velocity and direction. In a pulsating 
wind or vibrating wake the air-stream flutter may beget some 
resonant flutter in a wing of like free period. This effect may be 
looked for in a tail unit located in the wing-wash. 

Experimental Program. A complete experimental investiga- 
tion of wing flutter should determine: 

1 The moments of inertia A, B of the wing about its rota- 
tion axes 

2 Its elastic coefficients M's, L’, for pitch and roll 

3 Its coefficients of aerodynamic pitching and rolling mo- 
ment Mg, Ly 

4 The aerodynamic damping coefficients M,, Lp 

5 The like structural damping coefficients M',, M,’ (the 
combined aerodynamic and structural damping coeffi- 
cients may be determined more easily and serve as well in 
the equations of flutter) 

6 The natural frequencies ng, n, of vibration of the wing 
structure in pitch and roll 

7 The air-stream variations in velocity and direction. 

Then the performance of the wing in a specified wind should be 
experimentally determined and compared with that previously 
calculated from the general equations of motion involving these 
coefficients. In this way we might learn both how to design 
flutter-proof wings and how to anticipate flutter in those of 
faulty design. These general equations serve not only to predict 
behavior, but also to indicate what coefficients the experimenter 
must determine and what role they severally have in the prac- 
tical operation of a wing. 

References. Brief equations of motion for roll, pitch, and both 
together are given in the forthcoming N.A.C.A. Report No. 285, 
entitled “A Study of Wing Flutter,”’ by Mr. R. M. Bear and the 
present writer wherein the rules 1, 2, and 3 are demonstrated. It 
gives theoretical and experimental results obtained by the authors 
in 1925 for the Bureau of Aeronautics and supplied to other aero- 
nautical laboratories of the government in the following year. 

The reader may consult also Reports and Memoranda Nos. 
1041, 1042 of the British Aeronautical Research Committee for 
1926-7, giving theoretical and experimental studies of wing flutter. 


Fevtix W. Pawtowsk1.* I would refer to this problem as a 
very nasty one, knowing no better way to refer to it, and I 
frankly admit that I personally do not see any way for an im- 
mediate successful solution of it. However, I am very glad 
that this problem is being taken up by Lieutenant Greene, as he 
is perhaps the best qualified man to tackle such a problem. 

It seems to me that the flutter, particularly the torsional flutter 
of wings, is determined by the elastic properties (the torsional! 
elastic properties) of the wing, and that every wing of certain 
construction will have some natural period of torsional vibration, 
the vibrations, being induced by various external causes. There 
are sufficient causes to set up these vibrations, and one of them 
—perhaps the principal one—might be the periodic discharge of 
trailing-edge vortices. These vibrations might become_very 0!- 
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jectionable and even dangerous if the period of discharge of 
these vortices coincides with the natural period of torsional vibra- 
tion of the wing. 

The period of discharge of trailing-edge vortices is, of course, a 
function of the velocity of flight, but primarily it is a function of 
the angle of attack and size (cord) of the wing. In an actual 
airplane the angle of attack of the wing is tied up with the velocity 
of flight. It is not so in the wind-tunnel experiment. In the 
wind-tunnel experiment, all kinds of velocities can be used, from 
zero up to a certain maximum, in connection with any angle of 
attack. 

Now it might be interesting to know the results of such experi- 
ments connecting up the wind velocity, the angle of attack, and 
the torsional stiffness of the wing. I am interested to know 
whether such results have been obtained and published. 

I would like to know what Lieutenant Greene means by “‘satis- 
factory stiffness.’’ Does he mean stiffness at which the period of 
natural torsional vibration in the wing would be entirely outside 
of the range of the period of discharge of the trailing-edge vor- 
tices, so that they would not be able to induce the setorsional 
vibrations in the wing? 

It seems to me that it would be perhaps the only way of prac- 
tical solution to build the wings in such a way that the natural 
period of torsional vibration would not coincide in any case with 
the period of discharge of the trailing-edge vortices, which are 
probably the chief source of wing flutter. That is just a supposition. 

I would like to ask, also, whether it would not be advantageous 
to make the center of mass of the wing coincide with the elastic 
axis of the wing, and whether it could be done, considering the 
usual wing construction, without introducing in the construction 
an undue amount of excess structural material, and whether there 
would be an advantage in making these two axes coincide. 


AvuTHOR’s CLOSURE 


The author would like to say, in replying to Dr. Pawlowski’'s 
questions, that the scope of this paper did not permit of more 
than a general survey or inspection of the subject. No mathe- 
matical expressions have been presented and many of the aero- 
dynamic considerations such as periodicity of vortex disengage- 
ment, airfoil section, planform and shape of wing tips, ete., 
have necessarily been neglected. The elastic-dynamic proper- 
ties have been emphasized as affording the most convenient route 
by which to arrive at some measure of the vulnerability of the 
wing to flutter incidence. Most of these properties may be 
disposed of in one final expression—the natural frequencies and 
modes of vibration of the wing. 
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Now for the designer’s use one cannot hand out a piece of infor- 
mation that deals with periods of vibration. That will have to go 
through a further series of approximations, so that the designer 
will have nothing more abstruse to think about than possibly 
mass distribution and torsional stiffness. That is the final ap- 
proximate solution of the problem in the way it is hoped that all 
the results of this work may be translated later on. That may 
not be right. One may not be able to evaluate it in any terms of 
torsional stiffness. It may be that some wing-load function that 
determines the ordinary mean operation of the aircraft within a 
certain field of angles of attack at certain speeds will be the de- 
ciding factor. If, however, one can give a table of satisfactory 
torsional stiffnesses, that will be the end of it all and will include 
quite a number of intermediate steps. 

We can define satisfactory torsional stiffness as that stiffness 
which gives the wing a period such that the setting up of un- 
damped oscillations requires a higher air speed than will be en- 
countered in even extreme operation of that aircraft. 

The author has said nothing about the periodicity of vortex 
discharge and so on. Those are things that the producing de- 
signer will not care about. He wants to have the information 
expressed somewhat as follows: 

“If the wing is of a certain mass distribution and certain size 
and if this wing will twist less than so many radians per foot of 
length for a certain torsional load which is a function of a given 
load such as the high or low incidence loading, it will be satisfac- 
tory for the purpose for which it is intended.”’ That would be 
the most useful piece of information to give to the designer. Of 
course, he can delve into the propagation of these impulses and 
all the laboratory research work that goes with it, the periodicity 
or where it comes from, and the natural period of the wing, and 
so on, as far as he wants to, but the object of it all is to find some 
way to put into the designer’s hands something that he can take 
and say, “If I do thus and so, I will avoid or overcome the bogy 
of wing flutter.” 

The author is not prepared to say that it will be absolutely 
necessary or even highly desirable to get the center of mass ex- 
actly on the elastic axis. The author has pointed out some of 
the things that happen when the center of mass is not on the 
elastic axis and all the considerations of modes of vibration that 
are involved in that condition. The author early in his paper 
took up the point of the indication of the desirability of deter- 
mining the effect of a separation of these axes. In other words, we 
want to find out what is in it for us to get the elastic axis and the 
center of gravity in coincidence before we say it must be done by 
all means or that it is highly imperative. 
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Combustion in Aircraft Oil Engines 


By WM. F. JOACHIM,? LANGLEY FIELD, VA. 


The oil engine is the most efficient self-contained prime mover 
so far developed, and endeavors are now being made to adapt it to 
the high-speed service required in automotive vehicles and aircraft. 
The author discusses the difficulties encountered in obtaining uni- 
formly controlled and efficient combustion at high speeds, and 
enumerates the factors upon which the solution of these problems 
depend. He also considers the advantages of light-weight, high- 
speed, high-capacity oil engines in aircraft, namely, high cycle 
efficiency, ability to burn heavy fuels efficiently, and general me- 
chanical simplicity and better adaptability to the two-stroke cycle. 
He then establishes formulas for the evaluation of aircraft-engine 
performance, using them in comparing the performance of 85 different 
carburetor aircraft engines, both air- and water-cooled, and 10] 
different oil engines. He concludes by giving brief particulars 
of researches being conducted by the N.A.C.A. to determine the 
laws governing the hydraulics of fuel-injection systems, and the 
formation and distribution of oil sprays, as well as their ignition 
and combustion in spray combustion chambers and in engines 
fitted with various pistons and cylinder heads. 


UCH has been said and is now being published on the oil 
M engine in the technical press of the world. At first 

thought it would appear that the subject might be quite 
fully covered from every angle. The engine itself has been de- 
veloped, through many successive stages, from the early con- 
ceptions of Dr. Rudolph Diesel (1)* to the many varied, but 
commercially successful, types of engines burning fuel oil today. 
Brief histories have been given and some of the problems to be 
solved have been indicated and discussed in technical papers 
on the oil engine (2, 3, 4, 5). Detailed descriptions of many 
sizes and types of engines have been written (6, 7, 8), and ex- 
perimental data have been presented and analyzed (3, 9, 10, 11). 
Many engineers, inventors, commercial organizations, and 
governments are engaged in the further development of the oil 
engine. Large sums of money are being devoted to the improve- 
ment of its efficiency. All these are well deserved because the 
oil engine is the most efficient self-contained prime mover so 
far developed. 

Oil engines will be found in successful daily operation in many 
different services, from the large, slow-speed engines in com- 
mercial power-plant or marine service to the relatively small, 
medium-speed engines being used in some locomotives, rail cars, 
tractors, and power shovels. Today we are endeavoring to 
extend the field of practical service of the oil engine to services 
requiring still higher speeds: to the truck, to the automobile, 
and to aircraft. 


ComBusTION CONTROL 


The difficulty of obtaining the same uniformly controlled 
and efficient combustion in the oil engine at high rotative speeds 
that is obtained now at low rotative speeds is well known and 
fully attested on every hand. Many engines of entirely dif- 
ferent designs have been constructed in the United States and 

‘ The illustrations in this paper have been supplied through the 
Courtesy of the National Advisory Committee for Aeronautics, Lang- 
ley Field, Va. 

* Mechanical Engineer, National Advisory Committee for Aero- 
nautics, 

_* Numbers in parentheses refer to similarly numbered items in the 
bibliography at the end of the paper. 

Presented at a meeting of the. Metropolitan Section of the 
A.S.M.E., New York, November 22, 1927. 
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abroad to run at automotive speeds, but, so far as is known, 
none may be said to be truly successful and efficient in public 
service. The reason for this present condition is not that injec- 
tion systems cannot be made to operate satisfactorily at high 
speeds, nor that all oil-engine parts cannot be adapted to high 
speeds, but that the combustion of the fuel is not yet satisfactorily 
controlled. 

While some oil engines are now approaching the performance 
required of truck engines, at moderate speeds of from 800 to 
1200 r.p.m., the experience that high-speed operation involves 
a sacrifice in fuel economy, or in the proper control of the maxi- 
mum cylinder pressures developed, is almost universal. This 
is particularly true at high loads, where efficient utilization of 
all the fuel and all the air in the cylinder, as is required in air- 
craft engines, almost invariably results in high explosion pres- 
sures, or, if the explosion pressures are kept low, results in greater 
fuel consumptions. 

The solutions of these two problems of maintaining good fuel 
economy and at the same time moderate explosion pressures in 
high-speed oil engines (3, 4, 9), are dependent upon four groups 
of interdependent factors. 

The first group of factors includes the general engine design, 
the materials used, the workmanship, heat treatment, and finish 
on all parts, and in particular the detail design and arrangement 
of the combustion chamber, valves, and the piston. 

The second group includes the general design of the injection 
system, the fuel pump, connecting tubes, and the injection valves; 
the materials used; the workmanship, heat treatment, and finish 
on all parts, and in particular the actual hydrokinetics of the 
system, and the rate, period, and timing of the injection. 

The third group of factors includes all those that affect and 
control the time lag of auto-ignition of the oil spray. These are 
the method of injection; the injection pressure, spray velocity, 
and penetration; the degree of atomization and the distribution 
of the oil particles within the spray and of the spray in the com- 
bustion chamber; the fuel characteristics and the initial fuel 
temperature; the compression ratio and the somewhat depend- 
ent cylinder temperatures and pressures; the timing, direction, 
and amount of turbulence; and the amount of radiation from 
hot surfaces in the combustion chamber. 

The fourth group includes those factors directly affecting and 
controlling combustion. These include all of the factors named 
under the auto-ignition time-lag group, and several factors 
from each of the first and second groups. They may be summar- 
ized under combustion-chamber design; the method, rate, 
period, and timing of the fuel injection; fuel characteristics; 
spray atomization and distribution; and cylinder-air turbulence. 

If the factors in these four groups are properly correlated and 
controlled, the engine and the injection system will operate 
efficiently and will be satisfactorily coordinated; the lag of auto- 
ignition of the oil spray may be minimized, the explosion pressures 
controlled and reduced, and the combustion completed early 
in the power stroke without shock and without excessive cylinder 
pressures at speeds suitable for trucks, for automobiles, and for 
aircraft. 

ADVANTAGES OF O1L ENGINES IN AIRCRAFT 

It is customary, when undertaking a new project, to review 

its advantages and disadvantages and to formulate the require- 


ments which the new thing must meet. While the aircraft-oil- 
engine project is not new, it is also not completely solved, so 
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that a brief review of its advantages is of value because it brings 
before us the reason for its existence. 

The advantages of the light-weight, high-speed, high-capacity 
oil engine for use in aircraft may be divided into three groups. 
The first group results from the relatively high cycle efficiencies 
at which the oil engine operates, the second from its ability to 
burn heavy fuels efficiently, and the third from its general me- 
chanical simplicity and better adaptability to the two-stroke cycle. 


Cycie Erriciency 


The cycle efficiency of the oil engine varies with the compres- 
sion ratio, the maximum cylinder pressure, and the amount of 
constant-pressure burning. According to Dr. W. J. Walker 
(12), the numerical values of the cycle efficiency of the oil engine 
vary from 47.0 per cent for a compression ratio of 8.0, to 47.6 per 
cent for a compression ratio of 12. Other authorities give higher 
values (10, 13), depending chiefly upon the method of calculation, 
the maximum cylinder pressure assumed, and the values used 
for the specific heats of the gases of combustion. Using Dr. 
Walker’s formula, Chorlton has obtained a cycle efficiency of 
65.3 per cent for a compression ratio of 15.0 and a maximum 
cylinder pressure of 1000 lb. per sq. in. If a value of 50 per cent 
for the cycle efficiency is assumed, then the brake mean effective 
pressure should be approximately 148 lb. per sq. in., and the fuel 
consumption only 0.35 lb. per b.hp-hr. These values may be 
readily calculated, assuming combustion of the fuel to be com- 
plete with no after-burning, the mechanical efficiency to be 80 per 
cent, and that enough fuel is burned with no cooling losses to 
reduce the excess air in the cylinder to 15 per cent. 

The average brake mean effective pressure for a number of the 
more efficient present-day carburetor aircraft engines is 123 
lb. per sq. in. The average fuel consumption for these engines is 
0.50 lb. per b.hp-hr. Indicated mean effective pressures as high 
as 137 lb. per sq. in., and fuel consumptions as low as 0.30 lb. 
per ihp-hr. have been reported for slow-speed commercial oil 
engines (14, 15). The author has measured indicated mean 
effective pressures up to 132 lb. per sq. in. with a fuel consumption 
of 0.33 lb. per i.hp-hr. on the standard N.A.C.A. Universal single- 
cylinder test engine. The engine speed was 1500 r.p.m. There 
was 38 per cent excess air in the cylinder and the mechanical 
efficiency was 80 per cent. This is good oil-engine performance 
for the high speed of 1500 r.p.m., but the cylinder pressures were 
too high for continuous operation in a light-weight aircraft engine. 

Another type of cylinder head used on t he N.A.C.A. Universal 
test engine has given an indicated mean effective pressure of 
132 lb. per sq. in. at 1500 r.p.m. and full load for a fuel con- 
sumption of 0.44 lb. per i.-hp-hr., and only 670 lb. per sq. in. 
maximum cylinder pressure. This and similar power perform- 
ance at 1500 r.p.m., and cylinder pressures as low as 500 lb. per 
sq. in., have been readily reproduced and the engine operated 
continuously with standard aircraft parts. 

The fuel consumption at part load on the Committee’s single- 
cylinder Liberty test engine has been measured as 0.26 lb. per 
i.hp-hr. The engine speed was 1600 r.p.m., and the maximum 
cylinder pressure was 560 lb. per sq. in. These data have been 
published in other papers (3, 16). Thus, the increase in power 
and the decrease in fuel consumption that are theoretically and 
practically attainable with the oil engine are distinct gains and 
will considerably increase the commercial or military load- 
carrying ability of aircraft between present destinations, or, 
with present loads, will increase the range of flight. 


CoMBUSTION OF HEAvy FUELS 


The injection of the fuel into the cylinder a few degrees before 
top dead center on the compression stroke is an inherent oil- 
engine advantage that not only permits high compression ratios 


to be employed, but also permits the efficient combustion of 
heavy fuels. The automotive carburetor engine is limited to the 
use of highly refined fuel and functions imperfectly when at- 
tempts are made to burn even very light oils. Because of the 
high-pressure atomization of the oil fuel during injection the oi! 
engine may operate without great differences in performance 
on several grades of fuel oil. The oil engine is not dependent on 
special fuels as are high-compression carburetor engines. 

Fuel oil costs less to produce than gasoline. At present the 
price of fuel oil ranges from about 30 to 50 per cent of the cost. ot 
gasoline. Considerable economic gains are therefore realized in 
commercial oil engines, and should be of interest and a con- 
siderable advantage in the operation of all aircraft and auto- 
motive vehicles. 


SMALL Fire Hazarp 


Probably one of the chief advantages of the automotive oil 
engine and its use of heavy fuels lies in the considerable decrease 
in fire hazard. Aviation has been physically and financially 
retarded by gasoline fires in the air and on the ground. The 
ground fires result, in most cases, from the breakage of a gasoline 
line, or of one or more of the fuel tanks, during a crash. These 
fires are most serious because the airplane may be partly or wholly 
wrecked and the pilot and passengers injured or pinned in the 
airplane. The high volatility and ease of ignition of gasoline 
constitute a definite fire hazard that has resulted in heavy finan- 
cial losses and the death of many able men. 

Fuel oil, on the other hand, has a very low volatility and is ex- 
tremely difficult to ignite at ordinary atmospheric temperatures. 
Though the temperature at which fuel oil ignites when sprayed on 
to a hot surface is somewhat lower than the temperature required 
to similarly ignite gasoline, it is certain that the low volatility of 
the fuel oil will effectually eliminate the almost instantaneous 
blaze that often envelops a crashed airplane and sometimes 
a wrecked automobile fueled with gasoline. In fact, it has been 
shown in tests that fuel oil at ordinary temperatures cannot be 
made to ignite from sparks and small blazes, and that where an 
incipient fire is already started a quantity of fuel oil thrown upon 
it, as it might be spilled from a crashed airplane’s fuel tanks, 
will extinguish it. The scanty vapors of fuel oil at ordinary 
atmospheric temperatures will not ignite. 


MECHANICAL SIMPLICITY 


Much could be written on the mechanical simplicity of the 
oil engine. Instead of a complicated carburetor with its idling 
and main jets, multiple venturi throats, accelerating well, alti- 
tude mixture control, automatic air-bleed valves, water jacket, 
and variously shaped intake manifolds with water jackets or 
exhaust-gas hot spots, the oil engine uses a small positively 
operated fuel pump and an injection tube and injection valve for 
each cylinder. The fuel pump will have a lesser number of 
parts, it will be more compact, and may easily weigh less than 
the carburetor, inlet manifolds, and ignition apparatus. Because 
of the mechanical operation of the oil-engine fuel pump it wil! be 
positive in its fuel delivery for any attitude or maneuver of an 
airplane. There can be no “missing” or “cutting out’’ of cyl 
inders on the oil engine because of rough ground or high acceler- 
ation in taking off or in violent maneuvers in the air. Likewise, 
there will be no difficulty in starting cold automotive oil engines, 
nor will there be any “missing” or “backfiring’’ when the acceler- 
ator is suddenly depressed. 

The injection valve may be as small and as light in weight 
an ordinary spark plug, and it may have as few parts. In fact. 
such a valve, having only four parts and no sliding surfaces, bs 
been used with entire satisfaction in a considerable amount © 
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Instead of a heavy ignition battery or dual magnetos, radio 
interfering distributers, ignition cables, and spark plugs, the oil 
engine uses only the heat of compression to ignite its fuel. The 
entire electric ignition system of the carburetor engine is com- 
pletely eliminated. 


Two-Srroke-Cyc_Le ADAPTATION 


Probably one of the most important inherent advantages of 
the oil engine, in its projected use in automotive vehicles and in 
aircraft, is its adaptability to the two-stroke cycle. Attempts to 
operate carburetor engines on the two-stroke cycle invariably 
lead to failure. This is especially true where the engine load 
and speed are variable. The practical impossibility of properly 
scavenging the exhaust gases and filling the cylinder with the 
fresh combustible mixture without mixing the new charge with 
some of the exhaust gases and losing some of it out of the exhaust 
ports is well known. 

There can be no such fuel losses in the two-stroke-cycle oil 
engine because only pure air is admitted to the cylinder during 
the exhaust-gas scavenging period. Thus the oil-engine cylinder 
may be completely scavenged and completely filled with fresh 
air at or higher than atmospheric pressure with no direct loss of 
fuel. Each oil-engine cylinder may be made to give an efficient 
full-load power stroke for each revolution of the crankshaft, and, 
with fewer engine parts, result in a lighter, more compact, and 
smoother-running engine. 

These many advantages would appear to place the high-speed 
oil engine well above any other known type for both automotive 
and aireraft service. This would actually be the case were it not 
for the increasing difficulty of controlling the maximum cylinder 
pressures while maintaining the high fuel economy of the slow speed 
oil engine as the rotative speeds are increased. It is the almost 
universal experience of oil-engine engineers that either the already 
relatively high cylinder pressures of the oil engine are rapidly 
increased with increase in engine speed, or, if the cylinder pres- 
sures are controlled to normal values by late fuel injection or 
special cylinder-head and piston design, the fuel economy is 
materially decreased. Thus it happens that the direct compari- 
son of brake mean effective pressures and fuel consumptions 
alone of different makes and designs of oil engines does not con- 
stitute a fair or complete measure of their respective perform- 
ances. It is necessary to take the maximum cylinder pressures 
and the engine speed into consideration. These last two factors 
are of considerable importance in determining the suitability of 
an oil engine for automotive and aircraft service, because the 
maximum cylinder pressure determines to a large extent the 
strength required in each engine part, and therefore the total 
weight of the engine, and the engine speed determines its weight- 
power ratio in pounds per brake horsepower. 


EVALUATION OF AIRCRAFT-ENGINE PERFORMANCE 


In order to establish the present position of various oil en- 
gines in respect to their suitability for use in aircraft and to indi- 
cate their relative performance when compared with carburetor 
aircraft engines, those factors that have the greatest influence on 
overall aircraft-engine performance may be arranged in formula 
form and the formulas evaluated for comparison. In order to 
obtain the maximum performance from any engine, the mean 
effective pressure and the engine speed should be as high as 
pessible, and the fuel consumption and the maximum cylinder 
‘pressure, or the weight-power ratio which it largely controls, 
should be as low as possible. These factors are therefore arranged 
Ps expressions for engine performance as in Equations [1], [2], 
3}, and [4]. 


_ LM.EP. Xx R.P.M. 
FOCI xX MCP. 


Engine Performance 
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Engine Performance = FCB XMCP. {2} 


IMEP.XRP.M. 


B.M.E.P. R.P.M. 
F.C.B. K Wt./B.H.P. 


Engine Performance = 


In these equations 


I.M.E.P. = indicated mean effective pressure, lb. per sq. in. 
B.M.E.P. = brake mean effective pressures, lb. per sq. in. 
R.P.M. = engine speed, r.p.m. 

F.C.I. = fuel consumption, lb. per i.hp-hr. 

F.C.B. = fuel consumption in Ib. per b.hp-hr. 


Wt./LHP. = engine weight, lb. per i-hp. 
Wt./B.HP. = engine weight, lb. per b.hp. 
M.C.P. = maximum cylinder pressure, lb. per sq. in. 


A consideration of Equation [1] shows that the numerical value 
obtained by evaluating this expression for any particular engine 
is largely a measure of the cycle and combustion efficiencies, 
and of the speed at which that engine operates. If another 
engine operates at the same indicated mean effective pressure, 
speed, and fuel consumption in pounds per indicated horsepower- 
hour, but with a lower maximum cylinder pressure, then that 
engine will have a higher overall performance than the first 
engine because it may be constructed to weigh less per indicated 
horsepower. Further, if an engine has a lower fuel consumption, 
then that engine is more economical and may fly farther without 
refueling, and it may do this for the same fuel cost. Or, if the 
indicated mean effective pressure or the engine speed is higher, 
the fuel consumption and the maximum cylinder pressure re- 
maining constant, then the horsepower output will be greater 
for the same fuel economy and engine weight. This equation 
provides a means for comparing the degree of perfection with 
which the combustion processes have been carried out. 

An inspection of the second equation shows that the brake 
mean effective pressure and engine speed appear in the numerator 
and the brake fuel consumption and the maximum cylinder 
pressure in the denominator. The second performance equation 
is similar to the first performance equation, the chief difference 
being the substitution of data based on brake horsepower for 
data based on indicated horsepower. The same comments that 
apply to the first equation apply with equal force to the second, 
and overall engine performances may be compared as regards 
their power-economy-weight characteristics at the crankshaft. 

The importance of high mechanical efficiency in aircraft 
engines is evident from an examination of Equations [1] and [2]. 
By multiplying the indicated mean effective pressure in the 
numerator and by dividing the indicated fuel consumption in 
the denominator of Equation [1], each by the mechanical effi- 
ciency of the engine being considered, Equation [2] may be 
derived. The mechanical efficiency thus appears twice in the 
transposition of engine performance on the indicated-horsepower 
basis, Equation [1], to engine performance on the brake-horse- 
power basis, Equation [2]. By performing the algebraic multi- 
plication indicated it is found that the mechanical efficiency 
appears as a squared function in the numerator of Equation [1] 
to obtain Equation [2]. Thus an engine having a mechanical 
efficiency of 90 per cent transforms only 0.81 of its indicated- 
horsepower performance to brake-horsepower performance, an 
engine having a mechanical efficiency of 80 per cent transforms 
only 0.64, and an engine having a mechanical efficiency of 70 per 
cent transforms less than one-half or only 0.49 of its indicated- 
horsepower performance to brake-horsepower performance. 

The mechanical efficiency of an aircraft engine is of consider- 


bs 
J = 
| 
5 
, 
3, 
ag 


20 


able importance in flight at high altitudes. It has been found 
that the friction horsepower of an engine does not decrease greatly 
with altitude (17, 18). Since the indicated horsepower of an 
unsupercharged engine decreases in proportion to the weight of 
the fuel charge taken into the cylinder with increase in altitude, 
and the friction horsepower remains substantially constant, 
the difference between them, the brake horsepower, decreases 
rapidly. Since the rate of brake-horsepower decrease with alti- 
tude is high when the initial ground-level mechanical efficiency 
is low, it is important to increase the mechanical efficiency of the 
aircraft-type oil engine as much as possible. 

Equations [3] and [4] are similar to Equations [1] and [2]. 
It may be noted that the factor of ‘Maximum Cylinder Pressure” 
in the denominator of each equation has been replaced by the 
factor, “Engine Weight in Pounds per Horsepower.’’ The nu- 
merical values arrived at by evaluating these two equations for 
different engines include the degree of perfection with which the 
combustion processes have been carried out, the effects of cooling 
and volumetric efficiencies as reflected chiefly in the mean effec- 
tive pressures, the effect of mechanical efficiency in Equation [4], 
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Several of the better-known and more successful carburetor 
aircraft engines of each type of cooling were selected, and their 
performances calculated and averaged. The average perform- 
ance for both air-cooled and water-cooled carburetor aircraft 
engines, as determined by each of the four formulas, was also 
determined. These carburetor-engine performance values indi- 
cate the small differences in overall performance that exist at 
present between the average good water-cooled engine and the 
average good air-cooled engine. These data are criteria for the 
estimation of the suitability of various oil engines for aircraft 
service and are presented in Table 1. 

Since the rotative speeds of the oil engines considered vary 
from about 100 r.p.m. to about 1600 r.p.m., and the engine 
speed factor appears in the numerator of each performance 
equation, the oil engines were classified into eight speed groups 
Values for the four performance equations were calculated for 
each engine and averaged to show the approximate numerical 
performance values of several oil engines at each speed. The 
results for commercial oil engines, at speeds from 890 r.p.m. to 
1600 r.p.m. include data for the Acro-Bosch, Attendu, Beard- 


TABLE 1 COMPARATIVE PERFORMANCE OF AIRCRAFT CARBURETOR ENGINES, COMMERCIAL OIL ENGINES, AND N.A CA 
SINGLE-CYLINDER EXPERIMENTAL AIRCRAFT OIL ENGINES 


(National Advisory Committee for Aeronautics, Langley Field, Va.) 


Aircraft 
Carburetor 
Engines(¢) 


N.A.C.A 
Experimenta! 


Commercial Oil Engines Engines{* 


(15 engines) (101 engines) Liberty Universal 
Performance Air- Water- R.p.m.— — m 
Equations cooled cooled 100 200 400 800 1000 1200 1400 1600 1600 170 
I.M.E.P. X R.P.M. 1094 1213 61 142 170 462 420 396 (d) (d) 764 617 
F.C.1. X M.C.P. (avg. 1153) (c) (c) (c) 
B.M.E.P. X R.P.M. 908 982 35 70 98 273 248 234 (d) (d) 450 383 
F.C.B. X M.C.P. (avg. 945) 
I.M.E.P. X R.P.M. 318,100 353,900 138 251 454 18,830 18,610 55,100 49,900 106,000 214,000 221,000 
F.C.1. X Wt./1.H.P. (avg. 336,000) (c) (c) (c) (c) (c) 
B.M.E.P. X R.P.M. 240,750 257,990 60 87 198 8,570 8,470 25,100 22,700 48,250 106,000 107,000 


F.C.B. X Wt./B.H.P. (avg. 249,370) 


(a) Average data for 15 high-performance engines selected from 85 engines. 

(b) Experimental engines, operated on the 4-stroke cycle. 

(c) Calculated from a mechanical efficiency of 76.9 per ceat; average of 29 oil engines. 
(d) Maximum cylinder pressure not available. 


and the effect of maximum cylinder pressure, the use of good 
engineering materials, heat treatment, and genius in design as 
reflected in the factor “engine weight in pounds per developed 
horsepower.” 

It is interesting to note that the introduction of the weight- 
power ratio into the denominator of Equation [4] has brought the 
mechanical efficiency into this important performance equation 
for the third time. When the algebraic multiplication indicated 
is performed it is found that mechanical efficiency appears as a 
cubed function in the numerator of the equation. Thus an 
engine having a mechanical efficiency of 90 per cent transforms 
only 0.73, and one having a mechanical efficiency of 70 per cent 
transforms only 0.34 of its indicated-horsepower performance to 
brake-horsepower performance. 

It is realized that a more complete expression for aircraft- 
engine performance might contain a factor on engine endurance, 
durability, and maintenance, but the almost complete lack of 
data has prevented the incorporation of such a factor. Some 
of the performance factors used in these four equations are more 
important than others, particularly where the engine is being 
used in different flight services, but no attempt has been made 
in this paper to assign coefficients or powers to any factor. 

Engineering performance data have been collected for 85 
different carburetor aircraft engines and for 101 different oil 
engines, and the above four formulas used in comparing their 
relative performances. There are 30 air-cooled, and 55 water- 
cooled carburetor aircraft engines represented in this group. 


more, Benz, Dorner, Foos, Junkers, M.A.N., Maybach, and 
Peugeot high-speed engines. 

Corresponding data for the Liberty and Universal single- 
cylinder test engines, two of the experimental engines of the 
National Advisory Committee for Aeronautics, have been pre- 
pared and their performances included with those of the car- 
buretor and commercial oil engines in Table 1. The data for 
these two engines have been previously published in other papers 
(3, 9). It is regretted that more complete information could not 
be obtained for recent development on other experimental air- 
craft oil engines. 

The cylinder pressures in the tests on the Committee's experi- 
mental single-cylinder test engines were carefully measured 
with gas-balanced, disk-type, maximum-cylinder-pressure indi- 
cators. The moving part in this type of indicator is small, light 
in weight, and has a relatively large area exposed to the gas pres- 
sures in the cylinder. The movement of the disk is restricted to 
about 0.002 in. The indicator is screwed into the cylinder head 
so that the disk is nearly flush with the combustion-chambert 
wall. 

When the pressure in the engine cylinder exceeds the gas 
pressure above the disk in the indicator, the disk is lifted from 
its seat and some of the cylinder gas is trapped in the indicator. 
This process continues until a stable condition is reached, when 
the pressure in the indicator is read from a calibrated Bourdon- 
tube pressure gage. The maximum cylinder pressures used t0 
calculate the Liberty-test-engine performances were determined 
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by this method. The maximum cylinder pressures used to 
calculate the performance of the Universal test engine were 
determined by bleeding high-pressure gas, fed by an air bottle, 
from the indicator until a slight but consistent movement of the 
pressure-gage hand could be detected. The pressure in the 
indicator was then read as before. This method results in higher 
cylinder-pressure readings than the first method and, from the- 
oretical analysis and the comparison of many cylinder-pressure 
measurements made with several well-known engine indicators 
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power basis, Equation [3], equal to only about one-third that of 
the carburetor aircraft engine. When mechanical efficiency is 
taken into account, Equation [4], the average brake-horsepower 
performance for these engines is equal to only about one-fifth 
that of the carburetor aircraft engine. The performance of the 
N.A.C.A. single-cylinder aircraft-type oil engines, compared on 
the indicated-horsepower basis, is equal to about two-thirds 
that of .the carburetor aircraft engine. When mechanical effi- 
ciency is taken into account the brake-horsepower performance 
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Pic. N.A.C.A. Liserty-Type Test ENGINE 
under the same test conditions, is believed to have high accuracy. 

Standard Liberty aircraft-engine pistons, connecting rods, 
inlet and exhaust valves, and other miscellaneous engine parts 
were used in the Committee’s test engines. Those calculations 
involving determinations of the weight-power ratios of these 
engines were therefore made by dividing the horsepower de- 
veloped in the tests by one-twelfth the weight of the Liberty 
12-cylinder aircraft engine. These weight-power ratios were 
used in calculating the performances of both test engines. 

It may be noted that although rapid advances in the develop- 
ment of the high-speed oil engine have been made in the past 
few years, its overall performance is still considerably below that 
of the carburetor aircraft engine. Some of the higher-speed com- 
mercial oil engines have performances on the indicated-horse- 


Fic. 4 N.A.C.A. UnrtversAL SINGLE-CYLINDER Test ENGINE 


for these two engines averages about two-fifths that of the car- 
buretor aircraft engine. 


AIrRCRAFT-OIL-ENGINE RESEARCH 


The researches carried on by the National Advisory Committee 
for Aeronautics on aircraft-type oil engines are entirely funda- 
mental in character. It is the purpose of these investigations 
to determine the laws governing the hydraulics of injection 
systems, the formation and distribution of oil sprays, and their 
ignition and combustion in spray combustion chambers and in 
engines fitted with various pistons and cylinder heads. Experi- 
mental data are obtained on these and other factors controlling 
the performance of high-speed, light-weight oil engines by con- 
ducting tests on special fuel-injection-system test equipment, 
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by taking photographs of the start, development, and cut-off of 
oil sprays, and by engine tests. Each of the several more im- 
portant factors that control the major oil-engine variables under 
investigation is altered step by step, so that information for a 
wide range of operating conditions and data on maxima and 
minima may be obtained. 

Fig. 1 shows the N.A.C.A. fuel-injection-system test equip- 
ment. This apparatus consists essentially of an electric motor- 
driven shaft and flywheel mounted on a cast-iron base. Attach- 
ments for testing various fuel pumps and injection valves are 
fitted to the apparatus so as to permit a complete injection 
system to be tested at the various speeds, fuel quantities, and 
injection rates and pressures studied in engine tests. By mount- 
ing the injection valves so as to spray the fuel against a paper 
target held on the inside of the flywheel rim, spray records are 
obtained that permit the determination of the oil-spray lag 
behind the fuel-pump adjustment, and the duration and cessation 
of injection. The effects of primary fuel pressure, injection- 
valve opening pressure, injection-tube dimensions, and various 
fuel-pump adjustments on injection characteristics are readily 
determined with this equipment and the data used in connection 
with engine research. 

The N.A.C.A. spray-photography equipment is shown in Fig. 
2. This equipment is grouped into three main apparatuses: 
first, the oil-spray production and control apparatus; second, 
the oil-spray illuminating apparatus, and third, the oil-spray 
recording apparatus. Although the velocity of an oil spray at 
the start of injection may be 600 ft. per sec. or more, this equip- 
ment is capable of recording, without measurable distortion on 
photographie film, each phase in the development of an oil 
spray. A very considerable amount of information has been 
collected by varying the injection pressure on the fuel, the pres- 
sure of the air into which the spray is injected, the design of the 
injection valve, the dimensions of the injection tube, and by 
making investigations with different fuels and spray-chamber 
gases. The spray-photography equipment has been described 
and the results of several fundamental investigations have 
been given in various papers and reports. 

Fig. 3 shows the Liberty single-cylinder test engine. A 
precombustion chamber or bulb-type cylinder head with a small- 
diameter orifice between the precombustion chamber and the 
cylinder is fitted to this engine. The piston head is spherical 
and operates with mechanical clearance between it and the 
cylinder head. An injection valve arranged to produce highly 
atomized fuel sprays is used. The performance of this bulb- 
type cylinder head is under investigation for various injection 
valve nozzles and degrees of air turbulence. 

Fig. 4 shows the N.A.C.A. Universal single-cylinder test en- 
gine. This engine is now fitted with a specially designed cylinder 
head in which the air turbulence may be controlled through a 
wide range in both intensity and direction. The inlet- and 
exhaust-valve gear has been designed for speeds up to 2400 r.p.m. 
The combustion chamber is disk-shaped and has three openings 
for studying the effects of injecting the fuel from different posi- 
tions. Tests are now under way, using one injection valve, to 
determine engine performance for nozzles containing round 
orifices. Various diameters, arrangements, and numbers of ori- 
fices will be investigated and the data compared with the results 
of similar tests in which nozzles with slotted orifices will be used. 

The data obtained in the researches carried out with these 


apparatuses and test engines are analyzed, compared with the- 
oretical analyses, and published as technical reports by the 
National Advisory Committee for Aeronautics (19). Several 
papers covering the various phases of oil-engine research carried 
on by the Committee’s Laboratories at Langley Field, Virginia, 
have also been given at engineering meetings (3, 4, 9, 20). 
Though the high-speed oil engine cannot equal the overall per- 
formance of the carburetor aircraft engine at the present stage of 
its development, it is certain that continued, systematic research 
will lead to the realization of each of the important advantages 
discussed in this paper and give to the world oil-engined aircraft. 
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Cycloidal Propulsion Applied to Aircraft 


By FREDERICK KURT KIRSTEN,' SEATTLE, WASH. 


After reporting observations on the flight of gulls which indicated 
that the wing top moves with a cycloidal motion, the author proceeds 
to an analysis of this type of motion as it might be applied to the 
propulsion of aircraft. Various aspects of cycloidal propellers, 
including their efficiency, are discussed, and their application to 
heavier-than-air and lighter-than-air craft is urged. The ad- 
vantages of this method of propulsion are discussed. Tests of model 
and full-size propellers are referred to, but are not included in the 


paper. 


itself while the author was engaged in an attempt at bird- 

flight analysis. A speculation relative to the character- 
istics of the actual path traced in the air by the tip of the bird’s 
wing led to the conclusion that this path might resemble a cy- 
cloid. It was observed that the motion of the wing tip relative 
to the bird’s body was not reciprocating motion transverse to 
the direction of flight, but that the tip described an ellipse or 
distorted circle. But the composite path of a body rotating 
about a center while the center itself moves along a straight 
line, both motions being uniform, is equivalent to the curve 
described by a point on the rim or spoke of a wheel rolling on a 
plane surface. 

Fig. 1 shows three cycloidal curves generated by a point on 
a radial line drawn from the center to and beyond the circumfer- 
ence of a circle. The line has uniform angular velocity about 
the center of the circle, while this center itself has uniform trans- 
lational velocity parallel to the straight line in contact with the 
periphery in its successive positions. 

Quite independent of but contemporary with the author's 
speculation, a similar analysis was made by Dr. Robert C. Miller, 
then engaged in research at the University of California and now 
Professor of Zoology at the University of Washington. His 
findings were published in The Condor, vol. 25, pp. 5-15, Janu- 
ary, 1923, and were reprinted in the Smithsonian Report for 
1923, pp. 395-403, from which its author has permitted the 
following quotation: 

‘During the beat of the wings there is a certain forward and 
backward as well as up and down motion, so that the wing 
tp describes an ellipse with reference to the body of the bird, or, 
owing to the forward movement of the bird, a series of loops 
(Fig. 1), which become more and more nearly closed with in- 
creasing acceleration of flight.”’ 

Fig. 2 taken from the above report with Dr. Miller’s permission 
illustrates successive positions of the wing tip relative to the 
bird's body during different periods of the cycle. 

As stated by Dr. Miller, the curve of the wing-tip motion 
is looped only when the bird is laboring to gain altitude or veloc- 
ity. It is apparent that as its translational velocity increases, 
the loops become smaller and tend to disappear entirely when 
the effort of the bird is a minimum, that is, when the bird is 
maintaining its translational velocity at a slight sacrifice of 
altitude. Referring to Fig. 1, the above phases of bird flight 
lie within the range of curves B and A. When, however, the 
bird begins to utilize the energy of the wind for its sustentation 
and propulsion, the amplitude of the wing motion relative to the 
bird’s body decreases as exemplified by curve C, finally becoming 
ro in soaring flight. The range of soaring flight, therefore, 
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lies between curve A and line 0-0, curve C showing an inter- 
mediate possibility. Using propulsion terminology, the cycloids 
traced by the bird’s wing tips assume the general character of 
curve C for negative slips, change to curve A for zero slip, and 
assume the shape of curve B with its loops at the bottom of the 
stroke for positive slips. 

It is evident that the curves traced by the wing tips of birds 
are not symmetrical cycloids such as shown by Fig. 1, but must 
be somewhat distorted, because the sustentation of a constant 
mass and, likewise, the overcoming of a constant resistance for 
uniform flight, when accomplished by periodic impulses, requires 
temporary storage of energy in the bird’s body. The down- 
stroke must differ from the upstroke, one making up for the 
deficiency of the other in supplying the required average sus- 
tentation and propulsion. 

Having arrived at the conclusion that the paths traced in the 
air by bird wings might well be represented by cycloidal curves, 
it was but a small step farther to try to simulate bird-wing action 
by compounding motion of rotation with motion of translation 
and placing a plane surface, representing a bird wing, upon the 
path in such a way as to derive effects from its reaction upon 
the air, similar to the ones obtained by the bird for its sustenta- 
tion and propulsion. 


ANALYSIS 


Fig. 3 represents a diagram of composite velocities of a point 
rotating about a center with uniform velocity Vr, the center 
itself moving on a straight linear path with constant velocity 
Vr. Six positions of the point on its orbital path are shown, 
numbered consecutively from 0 to 5. In any given position 
the composite or resultant velocity Vz of the point is the vector 
sum of the peripheral velocity Vp and the translational velocity 
Vr, the former being represented by a vector tangent to the 
orbit at the position of the point, and the latter being repre- 
sented by a vector equal and parallel to V7 of the center of the 
orbit. 

The resultant velocity Vz, shown by a full line, represents a 
condition of motion for which Vp = V7, and it will be noted that 
Ve varies from a magnitude of Vp — Vr = 0 in position 0 to 
Ve + Vr = 2 Vrin position 3. The path traced in space by the 
movement of the point as specified above is shown by the full- 
line curve A of Fig. 4 and represents a cycloid of maximum am- 
plitude 2r and period 2zr. 

The resultant velocity Vz shown by a dash line is obtained by 
assuming Vp greater than V7, the difference between the magni- 
tudes of the two velocities being 25 per cent of Vp. For this 
case also Vz is equal to the difference Vp — Vr in position 0 and 
increases to Vp + Vr in position 3. The residual velocity at 
point 0 is in the direction of movement of the point along the 
orbit, and the path traced by this movement is shown by the 
dash-line curve B of Fig. 4, representing a cycloid of maximum 
amplitude 2r and period 2xr(1 — 0.25). 

The resultant velocity Vz shown by a dot-dash line is obtained 
by assuming Vp smaller than V7, the difference in magnitude of 
the two velocities being 25 per cent of Vr. The resultant veloci- 
ties vary again from the difference to the sum in positions 0 
and 3, respectively; however, Vz in position 0 is in the direction 
opposite to the motion of the point on its orbit. The path 
traced by the point moving as specified above is shown by 
the dot-dash curve C of Fig. 4, representing a cycloid of maximum 
amplitude 2r and period 2zr + (1 — 0.25). 
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Fig. 4 is similar to Fig. 1, showing three cycloids of the same 
general shape but differing inasmuch as the three curves have 
the same cyclic period and different maxima amplitudes in Fig. 1, 
whereas they have different cyclic periods and the same maxima 
amplitudes in Fig. 4. The curves of Fig. 1 were traced by 
points in three different positions on a radial line from the center 
of the orbit, the orbit maintaining a fixed contact with the 
reference plane over the surface of which it is assumed to roll, 
whereas the curves of Fig. 4 may be thought to be generated by 
one and the same point located on the orbit, the latter being in 
fixed contact with the reference plane for curve A only, and 
making a slipping contact for curves B and C. Curve B repre- 
sents slipping in the direction of movement of the point on the 
orbit (simulating the slipping of a power-driven wheel of a wagon 
on too steep an incline), and curve C represents slipping in the 
opposite direction (simulating the slipping of a wagon wheel 
under the action of a brake when the grade is excessive). Hence, 
if a difference exists between Vp and V7, this difference will here- 
after be designated as “‘slip;’’ as “‘positive slip” if Vp > Vr 


A condition of symmetry of foil alignment exists with reference 
to a line joining positions 0 and 3, that is, foils symmetrically 
placed on the orbit with respect to this line, form with their 
chords an angle of which line 0-3 is the bisector. Hence, 
the line joining the two positions in which the chord of the foil 
is normal and tangent to the orbit will hereafter be called the 
“axis of symmetry.” 

The composite motion of a point in positions 0 to 3 is a move- 
ment toward position 3 on the left side of the axis of symmetry 
where Vz is increasing, but becomes a movement radiating from 
position 3 on the right side of the axis of symmetry where Vz is 
again decreasing. 

It will be noted that when Vp is greater or smaller than V7, 
the resultant velocity vector does not coincide directionally 
with the chord of the foil so that the foil strikes the medium 
with an “angle of attack,” designated as 8 on the diagram. As 
a consequence lift and drag forces react upon the foil, the former 
tending to displace it at right angles to Vz and the latter in the 
opposite direction to Vr. 

In tracing the leading edge 


, of the foil while moving from 
position 3 once around the orbit 
and back again to its starting 
point, it will be noted that it 
has become the trailing edge of 
the foil. This at once estab- 
lishes the requirement that the 
foil must be symmetrical or con- 
versely symmetrical re- 
spect to its chord if the foil re- 
action is to be the same for each 
cycle. The term ‘‘foil’’ seems, 
therefore, ill applied to a surface 
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and as ‘negative slip” if Vp < Vr. For zeroslip Vp = Vr. Posi- 
tive slip is usually expressed in percentage of Vp, and negative 
slip in percentage of Vr. 

Fig. 3 discloses the interesting fact that for zero slip the vectors 
representing Ve, if projected within the orbit, pass through a 
common point which is identical with position 3. Furthermore, 
these vectors rotate about the point whose motion they represent 
with an angular velocity equal to one-half the angular velocity 
of the point about the orbit center. Consequently, if the point 
in motion represents the axis of rotation of a thin airfoil and if 
this airfoil were made to rotate about this axis with one-half 
the speed at which the axis rotates about the orbit center, the 
chord of the foil would be trained upon one fixed point on the 
orbit during its entire rotation about the orbit center. If trained 
upon position 3, the chord of the foil would coincide with Vz 
at zero slip; that is, the movement of the foil in the air would 
not create any force reactions transverse to the ehord of the foil. 
Assuming a non-viscous fluid and an infinitesimal thickness of 
foil, a cycloidal movement of the foil, provided Vp = Vr, would 
create no interference with nor disturbance of the fluid medium 
in which it moves. With similar assumptions this corresponds 
to the zero slip action of a screw propeller. The translational 
velocity of the screw and its relation to the orbital velocity of a 
point on the blade are, however, a function of the screw pitch. 

The following geometric relations in the diagram of Fig. 3 
will also be readily recognized: 

Since the chord of the foil is always trained upon position 3, it 
must for all positions be normal to a line from its axis to position 0. 


specially shaped for cycloidal 
motion, since it is usually as- 
sociated with cambered aeronau- 
tical structures (airplane wings 
and screw-propeller blades), and 
the term “blade’’ will hereafter be used in its stead. 

By applying the cosine law to Fig. 3, the magnitude of V, in 
any position is given by the equation 


Ve = (Ve? + Vr? + 2 VeVr cos 6)'/*......... (1) 


Fig. 5 shows diagrammatically the force reactions upon a 
blade as it passes through one cycle of motion representative of 
25 per cent positive slip. Instead of only six positions as indi- 
cated by Fig. 3, twenty-four equally spaced positions on the 
orbit are illustrated so as to show more clearly the cyclic variations 
in magnitude of Vz and of the force reactions. Position 4 of 
Fig. 3 corresponds to position 16 of Fig. 5, position 5 of Fig. 3 
to position 20 of Fig. 5, ete. The dash-line vectors Vz of Fig. 3 
are reproduced in Fig. 5, and the blade is represented as a thin 
flat plate. The force reactions upon the blade are indicated by 
heavy full-line vectors, the magnitudes of which were computed 
from aerodynamical measurements of force reactions normal t0 
flat plates of aspect ratio 6. These forces are a function of Vr’ 
and of the angle between the plate surface and Vg. This angle, 
designated as 8 in Figs. 3 and 5, increases from zero in position 
12 to 90 deg. in position 0, and is a function of the slip for all 
positions with the exception of 12 and 0. 

It is important to note that the rate of change of 8 from position 
12 to position 0 is very small, but increases very rapidly in close 
proximity of position 0 on both sides of the axis of symmetry. 
In fact this angle does not reach magnitudes at which “burbling’ 


_------F 

AZ 

RS 

| 


AERONAUTICS 


begins until after it passes through position 21 for slips as high 
as 50 per cent. However, for the burbling positions Vz is very 
small, so that the energy expended in the vortex ('/, MV%) is 
equally small. 

Fig. 5 shows that the force reactions upon the blades, if pro- 
jected into the orbit, pass through position 0. The forces to 
the right of the axis of symmetry act in a direction away from 
position 0 while the forces on the left all act toward position 
zero. Hence, all forces generated for positive slip conditions 
constitute, for each and every blade position on the orbit, a 
couple or a turning moment about the center of the orbit in 
opposite direction to the assumed direction of rotation indicated 
by an arrow directly above the diagram. This turning moment 
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directional for all positions and are plotted in Fig. 6. The area 
under the resulting curve was integrated and divided by its 
base, thus yielding the average F, for the cycle. Hence, the 
consequence of increasing Vp over V7 is a thrust upon the blade 
which tends to accelerate the blade in the direction of Vr or 
to increase Vr. The average thrust upon the blade multiplied 
by Vr represents the energy transferred by the blade to the 
medium, air, and would be equal to the torque times Vp im- 
parted to the blade from an energy source if the efficiency were 
100 per cent and the orbit radius unity. 

Figs. 5 and 6 show that the force reactions upon the blade 
vary from a minimum to a maximum twice for each cycle. It is 
quite significant that these reactions act normally to the blade 


The Completion of the Stroke 


Wings Advanced on Downstroke and Retired on Upstroke 


Five Different Phases of the Stroke 
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tends to retard the movement of the foil on the orbit and con- 
stitutes the torque required to operate the blade at +25 per cent 
slip. In other words, if a blade motion is to be created such that 
Vp > Vr, energy must be imparted to it, and this energy is used 
to accelerate the fluid medium in which the blade moves. 

The foree vectors of Fig. 5 have also been indicated as the 
.vector sum of two components, one parallel to V7 and the other 
at right angles to it. The former is identified by the symbol F, 
and the latter by F,. It will be noted that all F, components 
for positions symmetrically disposed with respect to the axis 
of symmetry are equal in magnitude but opposite in direction, 
80 that the average force generated normal to Vr during a com- 
plete cyele is zero. The F, components, however, are uni- 


surface in the same direction for the complete cycle, but are re- 
versed with reference to the same blade surface for each alter- 
nate cycle. Thus the bending moments on the blade consist of 
two periodic impulses in one direction followed by two periodic 
impulses in the opposite direction, a condition which makes it 
impossible that the blade can long sustain a natural vibration, 
no matter what its speed of rotation might be. Furthermore, 
the maxima peaks of the curve of Fig. 6 are not located exactly 
on position 6 and 18 but are displaced somewhat toward positions 
5 and 19; and, measuring the total force on reaction on the blades, 
it will be found that the maxima occur in the neighborhood of 
positions 7 and 17. Hence, even the two successive impulses. 
per cycle are not exactly periodically rhythmic. [It is evident, 
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therefore, that cycloidal motion of a blade cannot, at any speed, 
induce or sustain vibrations at the natural frequency of vibration 
of the blade. 


NEGATIVE 


The diagram of Fig. 7 shows the force reactions upon the 


Fie. 3 


blades for 25 per cent negative slip, that is, Ve = 0.75 Vr or 

’p < Vr. The angles @ in this diagram appear on the opposite 
side of the blade chord as compared to their location for positive 
slip. Consequently the torque upon the blade and also the 
thrust upon the medium are reversed, constituting, respectively, 
an accelerating moment upon the blade and a decelerating force 
upon the medium. This condition is descriptive of turbine or 
windmill action. 

The components of the resultant forces upon the blades 
parallel to Vr are again plotted in Fig. 8 for 24 equally spaced 
positions on the orbit, and yield a curve which has two peaks 
near positions 6 and 18. The resultant torque acts in the direc- 
tion of rotation indicated by an arrow directly above Fig. 7, and 
tends to accelerate the blade in 
the same direction along the orbit 
inall positions on the orbit with the 
exception of position 12. 

Applying the above movement 


but Fig. 8 and a measurement of the total resultant forces 

show that the contribution of torque by the blade is approxi- 

mately the same when its horizontal displacement is opposed 

to the wind stream as when the horizontal displacement follows 

the wind. This paradox may be explained by the fact that the 

angles of attack 3 lie in the range of maximum lift-drag ratio in 
the neighborhood of positions 8, 
9, 15, and 16, and thus cause 
higher efficiencies than for posi- 
tions near 0 where burbling must 
occur. 

A similar argument holds for 
positive slip. The slipstream 
created by the blade has a width 
equal to the diameter of the orbit 
and the average velocities are 
approximately equal and uni- 
directional on both sides of the 
orbit center. For both turbine 
and propeller action the retard- 

Vg ing or accelerating forces upon 
the medium vary from minima 
in positions 0 and 12 (the bound- 
ariesof theslipstream) to maxima 
in positions 6 and 18 (the center 
of the slipstream). This dif- 
ferentiates cycloidal motion of a 

\. blade from screw motion of a 
blade, inasmuch as the screw 
blade may be designed for an 
arbitrary distribution of its re- 
tarding or accelerating effect 
upon the slipstream. 


EFFICIENCY 


From Fig. 5, referring to blade 
position 16, the energy trans- 
ferred to the air stream, is, 


. 6 
FiVr = FVr sin 2 
and the torque required to move the blade on its orbit is 
6 
Fr sin - 
2 
Hence, the energy required is 


r sin 6/2 


6 
FVp = sin 3 [3] 


Dividing Equation [2] by Equation [3] yields the efficiency: 


to a windmill, the center of the 

orbit must, of course, be stationary 

with respect to the earth, but with \ J 
respect to the medium, air, it has aa” 


the relative velocity Vr. It may 
seem strange that a blade moving 


2rr(/-0.25) 


apparently against the wind from 
positions 6 to 18 along the upper 


err 
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half of the orbit should produce 
a torque in the direction indicated, 
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= 1 — slip (positive)............. [4] 
P 


Applying the same reasoning to position 16 of Fig. 7 for negative 
slip, the efficiency is the ratio of Equation [3] to [2], or, 


«= pg = 1 — slip (negative)............. [5] 
Vr 

Equations [4] and [5] demonstrate that the efficiency of a 
blade in eycloidal motion for both positive and negative slips 
is equal to unity reduced by the slip. 

In the above analysis it has been assumed that F is exactly 
normal to the chord of the blade 
and that the blade is a thin flat 
plate. However, if this force is 
inclined so that the angle which 
it makes with the leading half of 
the blade is greater than the angle 
it makes with the trailing half, 
F, would decrease and at the same 
iime the moment arm of F about 
the orbit center would increase, 
thus considerably decreasing the 
efficiency. But the converse is 
also true, namely, if a blade could 
be developed, yielding greater 
lift-drag ratios than the flat plate 
used in this analysis, a very de- 
cided increase in blade efficiency 
would be the consequence. 

The mathematical relationships 
expressed by Equations [4] and 
[5] have been verified by many 


tests. The fact that efficiencies 
considerably higher than the 
quantity (1—slip) have been ob- 
tained is sufficient proof that much 


can be done toward still greater 
gains in efficiency by experimental 
search for blade shapes which are 
specially adapted to  cycloidal 
motion. 

Instead of assuming one blade in 
rotation about an orbit center, a 
plurality of blades spaced at equal 
distances from each other, all 
trained by a common gear system 
upon the same point on the axis of 
symmetry, can function together 
and will thus form a multi-bladed : 
propeller or turbine whose total torque or thrust would be equal 
to the average torque or thrust of one blade multiplied by the 
number of blades in use. Experiments have been performed 
with propellers having 2, 4, 8, 16, and 32 blades, and the effect 
of increasing the number of the blades upon thrust, torque, and 
efficiency has been ascertained. 


SHIFTING THE AXIS OF SYMMETRY 


The analysis so far has been based on the assumption that the 
_ xis of symmetry of the blades is at right angles to the direction 
of the movement of the medium (direction of Vr). If this axis 
of symmetry is displaced from the position shown in Figs. 3 and 5, 
4 new condition arises which is shown by the diagram of Fig. 9. 
The angle of displacement of the axis of symmetry, designated as 
@, is arbitrarily made 15 deg. The slip is assumed the same 
as for Fig. 5, namely, +25 per cent. 
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The resultant forces F are strikingly different from those 
shown in Fig. 5. The Vz vectors are the same in direction and 
magnitude for any given positions as those shown in Fig. 5 for the 
same positions. It is seen in Fig. 5 that the chord of the blade 
in position 12 coincides with its velocity vector, resulting in 
zero lift, whereas Fig. 9 shows that an angle is now formed be- 
tween the chord of the blade in position 12 and its velocity vector, 
that is, the velocity of this blade which is greater than that of 
all the others, is now utilized to produce a very large lift. Simi- 
larly, all blades from position 6 to 18 in the upper half of the 
orbit strike the medium with an angle of attack which is a + 2 
degrees greater than 3 shown in Fig. 5. The result on the pro- 


metry 


Ss 


peller as a whole is not only a thrust F’, in the direction of its 
movement through the medium, but also a force of great magni- 
tude at right angles to the latter, designated as Fy in Fig. 9. 
Both vectors indicated at the orbit center represent the average 
force reaction of one blade per cycle. 

Now it is apparent that if mechanically the position of the 
axis of symmetry of the blades is controllable, the forces resulting 
from the rotation of the propeller in the medium may at will 
be changed from a force acting purely in the direction of move- 
ment of the propeller in the medium to a force acting purely 
at right angles to the movement or to a force in any direction 
in the plane of the orbit. 

Changing the angle a@ results in a simultaneous turning of all 
blades about their centers since all blades are held in alignment 
by a common gear train; but if a is changed from zero to 90 deg., 
the blades turn only (a + 2) deg. that is, 45 deg. The pro- 
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symmetry through 180 deg., 
whereas all blades turn through 
only 90 deg. 

Fig. 9 also shows that the 
force vectors of all blades, if 
extended, will intersect in one 
common point on the axis of 
symmetry and the orbit. 

The analyses based on Figs. 
3, 5, and 7 demonstrate that 
if a cycloidal propeller be located 
in a fluid medium, the transla- 
tional velocity of which is the 
same as the rotational velocity 
of the blades, the unbalancing 
of these velocities in the di- 
rection of increasing the rota- 
tional velocity of the blades 
implies the supply of energy to 
the propeller to counteract the 
resulting turning moment of 
retardation; whereas, any at- 
tempt to reduce the speed of 
the propeller so as to decrease 
the rotational velocity of the 
blades would, of course, imply 
the withdrawal of energy 
through the propeller from the 
moving medium, and an auto- 
matic recovery of the velocity 
balance will result as soon as 
withdrawal of energy from the 
medium ceases. The tendency 
of the resulting forces to con- 
stitute turning moments in a 
direction depending upon with- 
drawal or supply of energy from 
or to the moving propeller im- 
plies an ideal adaptation of this 
device to motor or generator 
action, the former reflecting 
windmill operation and_ the 
latter propeller operation. ‘The 
windmill absorbs the kinetic 
energy of the fluid medium, con- 
verting the translational mo- 
tion of the medium into motion 
of rotation, and propeller action 
will change the motion of ro- 
tation into motion of transla- 
tion of the fluid medium. 

An essential difference in op- 
eration between cycloidal 
propeller and a screw propeller 
may here be pointed out. ‘The 
relative velocity between the 
blade and the medium for cy- 
cloidal motion is the same at 
any instant for all points along 
the whole span of the blade, 
whereas the relative velocity 
varies from Vr at the center of 
the screw to the vector sum of 


peller thrust, however, turns through 90 deg., or, the thrust Vr and the rotational velocity of the tip of the blade at the tip. 
shift is equal to a. Consequently, if the thrust of the propeller The latter is a function of the propeller pitch. At constant 
or turbine is to be reversed, it is necessary to turn the axis of _ slip, however, the velocity of any fixed point on a screw-propeller 
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blade with respect to the medium is constant, while for cycloidal 
movement the relative velocity of all points along the span of 
the blade changes from the difference to the sum of Vr and Vp 
during every revolution. 


InrLvENce oF BLADE Dimensions AND BLADE Prorite Upon 
PERFORMANCE 


The blade in previous vector analyses of velocities has been 


considered as a body of only one dimension; that is, the blade 
was assumed to be concentrated in its axis and the velocity vector 
represented the movement of this axis only. If the movement 
of a blade of given width is more closely analyzed, as is done in 
Fig. 10, it will be found that only one point along the chord 
of the blade will move in a circular orbit. This point consti- 
tutes the axis of rotation of the blade and will be designated Pc. 
All other points along the chord possess, in addition to the 
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peripheral velocity Vp and the translational velocity V7, the 
velocity of rotation about the blade axis Pc, herein named “‘satel- 
lite velocity” Vs. 

In the diagram of Fig. 10 the number of blades has been chosen 
as six and their width equal to the radius of the orbit. The veloc- 
ity vectorsare most clearly depicted in position 5, and for thisreason 
that particular position will be selected for the following analysis. 

The chord of the blade is represented by the heavy dash line 


32 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


The translational velocity of all five points is equal and is 
represented by vectors Vr. These vectors are equal because 
they represent the relative velocity between the propeller and 
the medium not affected by the slipstream, or the space dis- 
placement of the propeller as a whole in unit time with respect 
to the air which is considered at rest. That is, if the orbit 
center C travels 100 m.p.h., every part of every blade is also 
displaced 100 m.p.h. 


N 


PANS 


Fic. 10 


through Pc, which, if projected into the orbit, would pass through 
position 3. Excepting Pc, four other points are located on this 
chord: points P;’ and P,”, midway between point Pc and the 
leading and trailing edges of the blade, which are represented 
by points P,’ and P,", respectively. The slip relation chosen 
is +25 per cent, that is, Vp of the blade axis Pc is 25 per cent of 
Vp greater than Vr. The angle of attack 8 at point Pc is the 
same as 6 shown in position 5, Fig. 3, or position 20 of Fig. 5. 
For purposes of greater clearness and more definite analysis, 
Vr will be assigned the magnitude of 100 m.p.h. The value of 
Vp for +25 per cent slip must then be 133/; m.p.h. The width 
of blade is made arbitrarily equal to r. 


The peripheral velocities of the five points on the chord are not 
equal, but are proportional to the distance of each point from 
the orbit center C at any instant. Hence, the peripheral veloc- 
ities for the five points in question are: 


For point Pc, Ve = Vp = 133!/; m.p.h. 
CP,’ 
For point P;’, Vi’ = Vp — = 168 m.p.h. 
CP," 
For point P,”, Vi" = Ve —— = 106 m.p.h. 
r 
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CP,’ 
For point V2’ = Vp —— = 195 m.p.h. 
For point V2” = Vp = 84 m.p.h. 


The direction of the peripheral velocity of any point is nor- 
mal to the line from the point to the orbit center C. 

But superimposed upon the velocities of all blade points about 
point C must be the rotational velocity Vs of these points about 
the blade axis. As previously stated, the angular velocity of 
the blade about its axis is one-half 
the angular velocity of the blade on 
its orbit. Hence, if the radius of the 
satellite orbit of a point on the blade 
were equal to the planetary orbit 
radius r, the satellite velocity of the 
point would be one-half of 
Multiplying Vp/2 by the ratio of the 
actual satellite orbit radius to r yields 
V's for any point on the blade; or, for 
the five points in question: 


For point Pc, Vs = 0. 


Vp. 


For points P;’ and P,”, 
Vp r/4 Vp 
x 


For points P,’ and P,", 


Vp r/2 Vp 
= 33'/; m.p.h. 


The direction of Vs is normal to 
the blade chord represented by the 
heavy dash line through Pec and 
counterclockwise with respect to the 
axis Pc. The resultant velocity vec- 
tors Vp, shown by dot-dash lines are 
the vector sums‘of Vz, of the per- 
ipheral velocity and of Vs and have 
the following magnitudes: 


For point Pc, Vr = 120 m.p.h. 
For point P;’, Vr = 128 m.p.h. 
For point P,”", Ve = 118 m.p.h. 
For point P:’, Vr = 132 m.p.h. 
For point Ve = 117 m.p.h. 


The Ve vectors are not unidi- 
rectional but form angles of various 
magnitudes with the chord P2'PcP»", 
changing from an angle considerably 
greater than 8 at point P,’ to an angle of almost zero degrees 
at point P,” and to a negative angle at point P,”. Hence, 
the trailing quarter of the blade contributes a force reaction which 
is negative with respect to the forces shown for this position in 
Fig. 5. A positive force on the leading half and a negative force 
on the trailing half would produce vortexes in the medium, 
involving an energy loss. Evidently, then, a blade of the 
. proportions shown in Fig. 5 could not be very efficient. 

An apparent remedy which suggests itself is a change of the 
Straight-line chord P:’PcP:" to a curved form such that the 
curved surface of the blade forms a constant angle 8 with the 
Ve vectors. Such curved blades are shown by the shaded areas 
of Fig. 10. The distance of the median chord of the curved 
surface (shown by dash line) near its center from the axis Pc of 
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the original straight chord will hereafter be designated as the 
eccentricity of the curved blade. 

It must be remembered that Fig. 10 is a diagrammatic repre- 
sentation of 25 per cent slip performance. For any other slip 
the required eccentricity for minimum turbulence is different, 
increasing for larger and decreasing for smaller slips. 

Although a curved surface with the proper eccentricity does 
seem to eliminate vortex formation by the blade for position 5, 
a similar analysis for position 1, on the opposite side of the axis 
of symmetry, shows at once that the curvature must be reversed 
to realize the same object. Hence, the surface would have to be 
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a flexible one. Furthermore, the eccentricity changes for every 
position on the orbit, from a minimum in position 3 to a maximum 
near position 0. 

The use of a sail now appears partly to answer the above re- 
quirement, but by reference to Fig. 5 it will be noted that the 
forces on the left side of the axis of symmetry act so as to bulge 
the sail in the opposite direction, or the forces would tend to 
displace the sail into the position shown by the dash-line curve 
P,'EP,” in position 1. 

Consequently, the use of a median chord curved eccentrically 
with respect to the axis of rotation of the blade will be helpful 
on one side of the axis of symmetry, but will greatly aggravate 
turbulence on the other side so that, as a result, the efficiency 
will be less than for the straight-chorded blade. Similarly, the 
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use of a flexible sail will eliminate all useful work performed 
on one side of the axis of symmetry while considerable energy 
must be expended to overcome the friction in the air of the 
flapping sails. 

The straight-line median chord as shown by the above analysis 
is therefore the only correct one to use for blades in cycloidal 
motion. The turbulence which is apparent from the diagram 
of Fig. 10 can be minimized by decreasing the blade width so 
that the velocity vectors Vz lie wholly on one side of the blade. 
In position 5 the angle between the straight chord and Vp does 
not become negative until its apex moves beyond point P,” 
toward the trailing edge P,”._ Hence, if the blade width is limited 
between points P,’ and P,’, no vortexes would be formed by the 
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blade. The required eccentricity for uniform angle of attack would 
also be much smaller (approximately one-quarter of the eccen- 
tricity of blade P,’P2”). By providing a blade of a width which 
bears the proper relation to the diameter of the orbit of rotation 
of the blade, the eccentricity factor of the blade, arising by 
reason of the difference in the simultaneous effect of three veloc- 
ities upon different points of the blade, is negligible. This 
provides for the angle of incidence to be nearly constant in magni- 
tude and to be located wholly on one side of the blade against 
which the airstream is caused to impinge. This in turn over- 
comes the difficulty of vortex formation accompanying the 
operation of the blades, and provides for a well-defined, uniform 
stream to pass through the propeller. Hence the relation of the 
blade width to the orbit diameter is a very important one from the 
standpoint of efficiency for cycloidal propellers. 


Enercy Losses IN BLApDE-ContTROL MECHANISM 


So far it has been assumed that the force reactions upon 
the blade pass through the blade axes. This would be true if the 
blade widths were infinitely small as assumed in Figs. 5 and 7. 
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But it is well known that the center of the resultant force reactions 
upon an airfoil lies nearer to the leading edge than the trailing 
edge. For the blades shown in Fig. 11, the equivalent centers 
at which the distributed forces along the blade surface may be 
represented by one force vector are taken from data on flat 
plates for the given angles of attack and an aspect ratio of 6. 
The forces are of the same magnitude as shown for the same 
positions in Fig. 5, but are now acting at some distance from the 
center of rotation of the blades. Thus a turning moment would 
be produced tending to rotate the blades in the directions indi- 
cated by the arrows. 

It will be noted that the turning moments are in opposite 
direction on opposite sides of the axis of symmetry. Conse- 
quently, if the blades are tied together by a common gear train, 
the off-center torque of the blades would not impart any dy- 
namic forces upon the train, but would result only in local static 
gear-tooth pressures. The work done by the control gears is 
therefore limited to the frictional losses in the bearings of the 
blade axles, and is independent of the aerodynamic energy 
transfer from the propeller to the airstream. This will explain 
why the internal losses of a properly built cycloidal propeller 
are negligibly small. 

The argument may arise that due to the greater distance of 
the force of reaction F (see position 4) from the orbit center (, 
the torque about center C is increased while F, is the same as 
before (see position 16, Fig. 5), resulting in a decrease in efficiency. 
However, for position 2, Fig. 11, the moment arm about C is 
decreased the same amount as it was increased for position 4. 
Hence, the shift of the center of pressure will not have any appre- 
ciable effect upon the efficiency of the propeller. 


Pircu or CycLoIpAL PROPELLERS 


For screw propellers the pitch is defined as the ratio of the 
advance of the screw per revolution to the diameter of the screw 
at zero slip operation. Thus the screw has unit pitch if its 
translational displacement (parallel to its axis) per revolution 
is equal to the screw diameter, that is, a unit-pitch screw of 10 ft. 
diameter must advance 10 ft. for every revolution at zero slip. 

Applying the same definition to the cycloidal propeller, its 
pitch is equal to x since its advance per revolution at zero slip is 
equal to rd, d being the orbit diameter. It has also been shown 
that at zero slip Vr = Vp. In this respect the cycloidal propeller 
differs from the screw since the peripheral velocity of a serew-blade 
element is not always equal to its translational velocity under 
zero-slip operation; and furthermore, the peripheral velocity of 
an element of the screw blade is a function of its distance from 
the screw axis. Another essential difference between the cy- 
eloidal propeller and the screw is the fact that the former has a 
fixed pitch, while the pitch of the latter may be changed over a 
wide range. Hence, the revolutions per minute of a cycloida! 
propeller of a given diameter are a function only of its trans- 
lational velocity at a given slip, whereas the revolutions per 
minute of a screw of a given diameter and a given slip are func- 
tions of both the translational velocity and its pitch. Certain 
advantages accrue to this flexibility of the screw, namely, it may 
be directly coupled to an engine of a given optimum r.p.m., and 
its pitch designed for nominal slip at any given velocity of ad- 
vance. There are certain limitations, however, for, if the pitch 
increases much above 1.0, the swirl of the slipstream entails 
too serious a loss of energy, and if the pitch decreases below 0.5, 
the frictional losses of the blade become excessive. 

The drag losses of a propeller blade of a given area are usually 
expressed in terms of an “equivalent area” moving through 
the medium at a velocity equal to the advance velocity Vr of the 
propeller. Thus for a screw propeller of a given pitch P, the 
advance velocity in terms of its slip and r.p.m. is 
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V =2rPn 
V = velocity in feet per minute 
r = radius of propeller in feet 
n = revolutions per minute. 


where 


The actual relative velocity of an element of the blade at a 
distance r from the screw axis is: 


Ve = n{(2er)? + (2Pr)?]'”2 


But since the drag losses of the blade are proportional to V,?, 
or to the average Vz? of all the elements of the blade, 


1 
Average Vz? = n? [(2xr)? + (2Pr)?] dr 


4 
3 (x? + P*)....... [6] 


Hence, the equivalent blade area at zero slip for the same drag 
losses at velocity V7 is the ratio of average Vp? to Vr?, or, 
P? 


3 X 4r?P? n? 3P? 


Equivalent blade area = 


For different pitch ratios within the practical range the equiva- 
lent blade areas are listed in Table 1. 


TABLE 1 


Pitch ratio of 
screw blade 


Equivalent 
plane area 


0.5 13.5 
0.6 9.5 
0.7 
0.8 5.5 
0.9 4.4 
1.0 3.6 
3.1 
1.2 2.6 
1.3 2.3 
14 2.0 
1.5 1.8 


For cycloidal propellers the square of the average velocity 
of the blade is (see Equation [1]): 


1 
Average Vp? = tf (Vr? + Vp? + 2VrVp cos 6) dé 
Jo 


and for zero slip 


or, the equivalent area of a blade moving at velocity V for a 
given drag is equal to twice the area of a blade in cycloidal motion 
at zero slip. The drag of a screw-propeller blade is equal to 
that of a eycloidal-propeller blade, both propellers having the 
same advance velocity and both operating at zero slip, if the 
pitch of the screw is 1.4. 

As seen from Table 1, the equivalent drag of the screw in- 
creases rapidly as the pitch decreases so that for a screw of 0.7 
pitch ratio, the drag is more than three and a-half times as great 
as for the cycloidal propeller. Larger pitch ratios are seldom 
used, because the torque of the screw increases with the pitch, 
thus increasing the swirl velocity of the slipstream. But the 
energy imparted to the swirling motion of the slipstream con- 
stitutes a loss proportional to the square of the swirl velocity. 

_ By reference to Fig. 5 it will be noted that the transverse 
motions of the blades of the cycloidal propeller are in opposite 
directions on opposite sides of the axis of symmetry. The me- 
dium entering the propeller on the right side of the axis of sym- 
metry receives a downward thrust by the blades moving from 
position 12 to position 0. The downwardly deflected stream 
however, encounters in its transit through the propeller the 
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blades moving upward from the position 0 to 12 and thus receives 
an upward thrust. Hence, the fluid stream issues from the pro- 
peller in straight linear direction, parallel to the direction of its in- 
flow into the propeller. (It is assumed here that both blade trains 
on opposite sides of the axis of symmetry contribute. equally 
to the momentum imparted to the slipstream.) Consequently, 
the cycloidal propeller does not impart any swirling action to the 
slipstream and cannot be penalized by a decrease of efficiency 
for its high pitch ratio of x. 

A sample set of efficiency curves taken from a test report to 
the Bureau of Aeronautics is here reproduced in Fig. 12. The 
curves represent cycloidal-propeller efficiencies for two-, four-, 
and eight-blade performance and demonstrate very strikingly 
the close adherence of the efficiency to the (1 — slip) line. 


Tue AntI-ROLLING CHARACTERISTICS OF A VESSEL EQuippED 
Cyc PRopELLERS 


By reference to Fig. 9, the effectiveness of a slight shift of 
the axis of symmetry in producing transverse reactions will 
be readily recognized. The same effect is produced when the 
direction of advance of the propeller is suddenly changed, that is, 
both conditions correspond to a change of the effective angle 
of attack of the blades. The resulting force reactions are greatest 
on the blades in the upper half of the orbit where the blade veloc- 
ity reaches a magnitude of more than twice that of the advance 
velocity of the ship. Fig. 13 shows in dotted lines the force 
reactions under normal 25 per cent positive slip operation. A 
full-line vector shown at the center of the orbit indicates the 
velocity of a transverse motion induced by a transverse air cur- 
rent. Due to a change in direction of the resultant velocity Vz, 
a different system of force reaction upon the blades is created, 
which is shown by the full-line vectors Fz, and which acts in 
opposition to the force which originated the lateral displacement. 

This phenomenon was first observed in connection with the 
performance of an experimental boat equipped with a cycloidal 
propeller. This boat was operated in rough water with wave 
amplitudes as high as six feet, and it was noted that the ship 
would remain on an even keel, no matter in which direction the 
waves were cut by the boat. In fact, when the propeller oper- 
ated under full power, the boat resisted all efforts to induce 
noticeable rolling by shifting weights from side to side. The 
pitching of the boat, however, is not affected by the propeller. 

This points toward the great usefulness of cycloidal propulsion 
of dirigible balloons. In gusty air the rudder and fin surfaces 
of these ships are subjected to tremendous forces so that very 
substantial construction is required. This, however, involves 
weight and sacrifice of useful loading capacity. The cycloidal 
propellers might eliminate all these appendages and would, in 
addition, provide for a more stable and uniform locomotion of 
this type of craft. 


Srresses Upon THE CYCLOIDAL-PROPELLER BLADE 


The stresses upon a screw-propeller blade, when in operation, 
are: 
(a) Centrifugal stress, acting along the axis of the blade, 
subjecting the blade material to tension 
(b) Thrust stress, acting transverse to the blade axis and 
parallel to the propeller axis, inducing bending mo- 
ments 
(c) Torque stress, acting in the plane of rotation of the pro- 
peller, and transverse to the blade axis. 
The stresses under (b) are normal to the stresses under (c) 
and consequently the total transverse load, inducing bending 
of the cantilever blade is the vectorial sum of (6) and (c), or 


Transverse load = +/ thrust load? + torque load? 
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The stresses upon a cycloidal-propeller blade are all transverse 
stresses, and are the vectorial sum of the centrifugal load, the 
thrust load, and the torque load. The most important of these 
three is the centrifugal load, as will be shown in the following 
analysis: 

p2 
Centrifugal force = a 


where Vp = velocity of blade on its orbit in feet per second, and 


_ (miles per hour)? 


Vp per pound of blade = 0.0667 [10] 


radius in feet 


Blade reactions 
opposed fo 
rolling impulse 


has a relative air speed of 5 or 6 times the velocity of the ship. 

By a great deal of effort during the early stages of the new 
propeller development, a blade was finally developed which could 
carry 640 times its own weight if supported at both ends. A 
set of 24 of these blades was operated at a speed of 150 r.p.m. of 
the propeller without visible deflection. The centrifugal load 
at that speed was about 58 lb. per pound of blade. The wheel 
was designed to operate at a maximum speed of 225 r.p.m. and 
the safety factor at that speed was to be a minimum of 5. 

A blade fabricated of steel was tested to destruction in the wind 
tunnel. The blade was 6 in. long and made of sheet steel soldered 
to a steel axle of I-beam section. When operated in a propeller 

of 21 in. orbit diameter, the blade 
began to fail at an orbital speed of 
105 m.p.h. The centrifugal force 
per pound of blade for this operat- 
ing condition was 842 lb. 

Another reason for the capacity of 
the cycloidal-propeller blade for 
carrying much larger loads than the 
screw blade is the more favorable 
distribution of this load over the 
blade surface. Fig. 14 shows the 
load-distribution, shear, and mo- 
ment curves for the screw blade and 
for the eyeloidal-propeller blade of 
the same length. For the screw the 
transverse load only is considered 
and it is assumed that both types 
of blades carry the same total load 
The ratio of the maximum bend- 
ing moment of the cantilever cy- 
cloidal-propeller blade to that of 
the screw blade is 0.645. Assuming 
the transverse load on the former 
four times as great as on the latter, 
this ratio becomes 2.58. Even for 
this extreme condition a blade beam 
can be designed with a factor of 
safety of 5. Using the expedient 
of supporting the cantilever ends 
by bearings tied together from tip 
to tip of adjacent blades by tension 
rods, the ratio of 2.58 reduces to 

Resu/tant 0.72. This signifies that, although 
blade the load on the cycloidal-propeller 
blade is four times as great as on 


velocit 
the screw blade, its maximum bend- 


Induced ing moment is only 72 per cent of 


Direction of 
transverse /mpulse 


Fic. 13 Dorrep Lines SHow NorMAL PERFORMANCE AT 25 Cent Positive Sure. 
Lines SHow RESULTANT VELOCITY AND Force Vectors INDUCED By A SUDDEN 
TRANSVERSE DISPLACEMENT OF THE PROPELLER 


Thus for a propeller with a blade speed of 100 m.p.h. the trans- 
verse load is 66.7 lb. per pound of blade. Since the screw pro- 
peller carries a transverse load of only twenty times its own 
weight, or less than one-third the load of the cycloidal-propeller 
blade, special design methods must be used for the latter. 

It has been shown above that the relative speed of the cycloidal- 
propeller blade in the air reaches a maximum of about 2!/, 
times the speed of the ship. This low speed makes it possible 
to use a fabricated blade structure, covered by doped fabric, 
instead of a solid blade as required for the screw, which 


transverse velocity 


the maximum bending moment on 
the screw blade. 

The loading curve for the screw 
as shown in Fig. 14 indicates the 
cross load on the screw blade when 
operating in still air or an air stream 
of uniform velocity. This curve !s 
quite different for a screw mounted near the hull of a vessel so that 
the blades approach and recede from the hull surface during a revo- 
lution. The relative velocity of the air with respect to the hull 
varies from zero at the hull surface to the full flight velocity at some 
distance from the hull. Consequently, the absolute slip of the 
screw blade is a maximum when it is nearest the hull, resulting 
in a distortion of the load curve so that the maximum load is 
greater than shown and located still nearer to the blade tip. 
This causes variable stresses upon the blades, or vibrations, which 
are transmitted to the hull structure. Each element of the cy- 
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cloidal-propeller blade, however, moves in a stratum of constant 
velocity. The maximum slip occurs nearest the base of the 
blade where the blade beam can most readily take care of it. 


The aerodynamic load on the cycloidal-propeller blade has 


been estimated to reach a maximum of 20 per cent of the centrif- 
ugal force upon the blade. The blade is stronger with regard 
to deflections in a plane passing through the leading and trailing 
edges of the blade than in a direction normal to this plane. 
However, the blade in its weakest attitude, with respect to the 
centrifugal force upon it, carries during normal operation the 
minimum air load, since in that position its effective angle of attack 
is zero. It is only during maneuvers that, temporarily, the air 
load may reach 20 per cent of the centrifugal load in that position. 


The general procedure in blade design is to compute the centrif- 


ugal loads and to ignore the aerodynamic and torque loads en- 
tirely. Thus, designing the blade for a factor of safety of six 
against centrifugal loads will insure a factor of safety of at least 
5 for all combined maximum stresses on the blades. 


NOoISELESS OPERATION OF CYCLOIDAL PROPELLERS 


A two-bladed screw propeller, operating at 1800 r.p.m., or 
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2 Experiments with 21-in.-diameter model in the same tunne! 
with improved testing scales. 

3 Test of 30-in.-diameter, 200-hp. marine propeller in special 
speed boat on Lake Washington speed course. 

4 Test of 15-ft.-diameter, 400-hp. aerial propeller in factory of 
Boeing Airplane Company of Seattle, Wash. 

5 Test of 9.6-in.-diameter marine propeller in towing basin of 
Navy Yard, Washington, D. C., under direction of Admiral 
D. W. Taylor. 

6 Test of the same 9.6-in. propeller in the wind tunnel of the 
University of Washington for the Bureau of Aeronautics. 

7 Construction and operation of a standard towboat with 
cycloidal propulsion. The propeller in this installation is driven 
by a standard 100-hp. Fairbanks-Morse C. O. engine, and has 
an orbit diameter of 60 in. 


ProposeD APPLICATION OF CYCLOIDAL PROPULSION TO 
LIGHTER-THAN-AIR CRAFT 


After a great deal of experience had been gained by the design 
and operation of cycloidal propellers in air and water, the author 
came to the conclusion that one of the chief advantages of this 
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30 r.p.s., imparts 60 rhythmic impulses per second upon the air- 
stream passing through it, thus producing a musical note. Each 
particle of air in a given streamline is impelled only once, which 
allows it to vibrate in unison with all other particles in the 
same streamline. However, when the air passes through a 


- eyeloidal propeller, each particle of air in a given streamline 


receives an impulse when it enters the blade orbit and a second 
one when it leaves the orbit. These impulses do not follow each 
other in rhythmic sequence since the path of the particle of air 
through the propeller is not commensurate in a simple ratio 
with the path of the blade on its orbit. Furthermore, no two 
adjoining streamlines in planes parallel to the disk of the rotor 
have paths of the same length through the propeller; hence, 
if the impulses of one streamline happen to be rhythmic, those 
of the neighboring ones would produce interference so as to 
render the operation of the propeller inaudible. This has been 
proved by many experiments. 


EXPERIMENTS WITH CYCLOIDAL PROPELLERS 


A series of experiments relative to cycloidal-propeller per- 
formance have been conducted by the author since the year 
1921. These experiments will be but briefly enumerated here: 

1 Preliminary experiment with propeller of 10'/;-in. orbit 
diameter in University of Washington wind tunnel. 


CycLoripAL PROPELLERS TO LiGHTER-THAN-AIR CRAFT 


type of propulsion was the controllability of the thrust direction. 
Without altering the direction of rotation of the main element, 
the rotor of the propeller, thus eliminating engine reverse gears, 
the thrust could be directed forward, astern, to port or to starboard 
by shifting the axis of symmetry of the blades. Since the control 
train is practically independent of the energy transmitted to the 
propeller by the engine, the thrust shift could be effected very 
rapidly and with little effort. By placing two propellers in a 
vessel so that the axis of one is normal to that of the other. 
three-dimensional control is at once realized, suggesting the 
use of cycloidal propulsion in submarines and dirigible bal- 
loons. 

The U. S. Navy had become interested in cycloidal propulsion 
by the results of a cycloidal-propeller test in the towing basin 
at the Navy Yards in Washington, D. C. The test had been 
conducted by Admiral D. W. Taylor, retired. By request of 
the Bureau of Aeronautics plans were prepared by the author 
for the installation of a cycloidal propeller unit in the Navy 
dirigible Shenandoah. 

The propeller was to replace the stern screw propeller so that 
its capacity for steering the ship as well as its propulsive eff- 
ciency might be ascertained. A slight modification of the bull 
contours in the proximity of the propeller would have to be made 
by the attachment of some falsework as streamline filler, and 
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thus the alterations in the hull structure would not have been 
very extensive or costly. 

Naturally, plans had also been made for the ultimate replace- 
ment of all screw propellers by cycloidal ones if the test would 
indicate its advisability. The first one of these plans was sub- 
mitted to the Bureau of Aeronautics in the latter part of the year 
1923, and is reproduced herein by Figs. 15 and 16. 

The installation of cycloidal propellers in a dirigible of the 
same principal dimensions as the Shenandoah consists of three 
pairs of propellers located along the body of the ship, whose only 
function is that of propulsion, and one pair of wheels located 
at the stern which are used for both propulsion and directional 
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control. The wheels used for propelling the ship are located so 
that the thrusts of the propellers can be utilized to the best 
advantage in any direction in a plane at right angles to their axes. 
Since the blades of the propellers project from a flat circular 
disk, the lines of the balloon must be laid out so as to form an 
unbroken surface with the disks. The cross-section of Fig. 16 
indicates how this is accomplished, namely, by drawing two 
tangents at an angle of sixty degrees to the horizontal center 
line of the main part of the balloon, one on each side, and ex- 
tending these tangents down until they become tangent to a 
circular are whose radius is half the radius of the circle of the 
main balloon and whose center is located on the extended vertical 
axis of the main balloon. By laying out the lines in this manner 
.4 flat surface is obtained which is sufficiently wide to allow a 
wheel of the diameter required to be installed in it. The steering 
wheels are also located in a flat surface at the stern, which is 
obtained by a gradual widening of the top and bottom surfaces 
of the ship, starting about two-thirds of the length of the ship 
and continuing to the stern. Thus, instead of the body of the 
ship ending in a point this method of construction produces a 
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sharp edge at the stern, the length of which is about equal to 
the diameter of the steering wheel. 

Each pair of propellers is driven by two motors, located in 
line on opposite sides of a gear box from which extend the shafts 
to each propeller wheel. The center lines of the engmes are 
parallel to the longitudinal center line of the ship and so located 
that they pass through the intersection of the center lines of the 
two drive shafts to the propellers, the latter forming an angle of 
sixty degrees with each other. With this arrangement the weight 
of the motor and gear box can be brought down to the lowest 
possible point, thereby increasing the stability of the ship. 

Each motor is equipped with a disconnecting clutch so that it 


may be disengaged for repairs while the other motor drives the 
propellers. 

As indicated in Fig. 16, the rotors of these propellers are sup- 
ported by two ball or roller bearings each, one of these being 
placed as close to the outer disk as possible, the other at the inner 
end of the spindle. These two bearings resist the entire thrust 
and sustain the weight of the propellers, hence the framing neces- 
sary to carry the forces to the framework of the airship itself 
must be amply strong and at the same time of minimum weight. 
This condition is met by a frame consisting of two cones. The 
inner cone carries the outer bearing and transmits the forces 
from this bearing to the outer cone. The outer cone carries 
the inner bearing directly and transmits the forces from both 
bearings to the frame of the ship. The outer end of this cone is 
framed directly to the outside surface of the ship, while the inner 
end is attached to different points along the ship frame, at the 
particular station at which the propeller is located, by means of 
struts and wires. To carry the reactions from the inner end of 
the cone which are parallel to the longitudinal axis of the ship, 
structural members will be provided to distribute the stresses 
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to several frames ahead and astern of each propeller. The 
general scheme of framing at the stations where the propellers 
are located is clearly indicated on the cross-section of Fig. 16. 
Both wheels of each pair of propelling units rotate in the same 
direction. 

The steering propellers at the stern of the ship are driven by 
one engine through one gear box as indicated by the longitudinal 
section of Fig. 16. The mounting of the propellers and the 
engine is substantially the same as the installation just described 
for the propelling wheels as regards bearings, flexible couplings, 
clutches, etc. For supporting the wheels the same cone con- 
struction is used as for the propelling wheels and the apex of 
the cones of each of these wheels terminates at the gear box be- 
tween the two wheels. These propellers rotate in opposite 
directions. 

The control shafts of each wheel of a pair are locked together 
so that they can be made to act asa unit. The control wheel con- 
trolling one pair of propellers can be mechanically operated from 
the pilot compartment of the ship by means of sprocket chains 
running over sprocket wheels or by electrical motors controlled 
from the pilot compartment. 

Mechanisms are provided in the pilot compartment for the 
control of all propellers together (except the propellers used for 
steering) with one control wheel so as to enable the pilot to 
change the direction of thrust of all the propellers the same 
amount at the same instant. This mechanism will also be de- 
signed to allow each pair of wheels to be controlled separately, 
which will make it possible for the pilot to change the trim of 
the ship by directing the thrust of any one of the propeller units 
either up or down or in any intermediate direction. 

The propellers at the stern of the ship, which will be used 
for propulsion and for steering, are provided with a separate 
control wheel in the pilot compartment and will not be arranged 
to be interlocked with the others since the thrusts are in a differ- 
ent direction from that of the thrusts of the other three pairs of 
wheels. The steering propellers will have no action tending to 
force the ship up or down, but may be used for directional 
control when desired. 

Comparing the design of Figs. 15 and 16 with that of the 
Shenandoah, the volumetric increase due to the change of section 
is 14.9 per cent and the increase in balloon surface is 10.8 per cent. 
A balloon of the same volumetric content but of circular section 
would have a surface increase of 6.9 per cent over that of the 
Shenandoah, hence the surface increase of a balloon of Fig. 16 
section over the surface of a balloon of circular section but of the 
same volume is 10.8 — 6.9 = 3.9 per cent. But the fin and 
rudder surfaces of the Shenandoah constitute approximately 
7.3 per cent of the total balloon surface, hence, by the elimination 
of these surfaces in accordance with the design of Figs. 15 and 
16, a surface saving of 7.3 — 3.9 = 3.4 per cent is effected. 
Furthermore, the parasitic resistance of the outboard cars, their 
supporting struts and wires, as well as that of the many fin braces 
and rudder controls is entirely eliminated. 

The outboard cars of a dirigible of present conventional design 
are undoubtedly a source of danger to the ship. The failure 
of the front-car suspension members of the Shenandoah proves 
the above contention. This car, when suddenly cut away from 
the balloon imposed upon the structure of the vessel an impact 
from below equivalent to the weight of the car and of its content; 
and as a consequence the front part of the ship was sheared from 
the remaining section which still carried its normal load. 

The outboard cars also form a menace in landing or in housing 
the ship since these cars form the lowermost and extreme side 
projections of the hull. The propellers of the lower cars must be 
clamped in a horizontal position so that the blades will not 
be broken when the ship is brought down by a landing crew and 


maneuvered into its hangar! The new design for cycloida] 
propulsion eliminates all these projections below the keel line 
of the ship and beyond vertical planes tangent to the hull surface 

It is estimated that the weight of the cycloidal propulsion 
system is about equal to that of the screw propellers with their 
separate nacelles and suspension struts and wires. But whatever 
saving in weight is made by the elimination of fins and rudders is 
a net gain for useful loading which must be credited to cycloida! 
propulsion. 

Considering the forces acting on a dirigible, they are, first, 
the force of gravitation acting downward along a vertical line. 
This force is balanced by an equal and opposite force, namely, 
buoyancy. A third force, which creates locomotion of the vesse!, 
is furnished by the serew-type propellers in a fixed direction «at 
right angles to the first two forces. Hence, neither buoyancy nor 
gravitation can be augmented directly by this propulsion system, 
but are affected only indirectly by the locomotion of the vess:| 
through rudders and elevators. 

Rudder surfaces are effective in proportion to the square of the 
speed of a vessel, and lose their effect when the ship has to slow 
down for landing, just at a time when control is needed most 
urgently. There is no ‘give and take” between the propulsion 
and control systems of screw-propelled vessels, whereas the 
energy of the propulsion machinery of a vessel equipped with 
eyeloidal propellers is wholly or in part available for either pro- 
pulsion or control, or for both. This is very important, especially 
when a landing is to be made. 

When the Shenandoah attempted a landing on its trip to the 
Pacific Coast, eleven hours elapsed between her first attempt and 
the final anchoring to the mooring mast of Camp Lewis. How 
much of the costly helium gas had to be valved, or whether the 
landing was delayed in order to save this gas, is unknown to the 
author; but the fact remains that the landing of a screw-pro- 
pelled dirigible is its most difficult and costly maneuver. 

Here the cycloidal propeller will show its most striking a:- 
vantages. With the controllability of its thrust direction, large 
vertical (up or down) thrust components are at all times available 
either to bring a light ship down or to help sustain a heavily 
loaded one. The latter capacity will considerably increase the 
cruising radius of the dirigible since the propellers can help sus- 
tain a greater fuel load at the start of a journey than nor- 
mally carried by the gas alone. 

The ballasting of the vegsel can thus be eliminated, and further- 
more the trim of the vessel may be automatically controlled 
by differentially controlling the front and rear pair of the pro- 
pulsion wheels through electrical contacts and a pendulum in 
the control ear. 

The noiseless operation of the propellers should add greatly 
to the comfort of crew and passengers. 

The argument may arise that due to the boundary layer of air 
which adheres to the balloon surface, the cycloidal-propeller 
blades might, in part, be ineffective; but the fact is that the 
cycloidal propeller sets this boundary layer in motion and its 
efficiency seems in no wise impaired as disclosed by many tests 
which will be published in a subsequent bulletin. The effect 
of the slope of the velocity gradient near the hull surface is the 
variation of effective slip along the blade, being a maximum 
near the base and a minimum near the tip. But it is important 
to note that a given point on a cycloidal propeller blade always 
moves in the same velocity stratum. The screw-propeller blade. 
however, in its rotation about an axis parallel to the axis of the 
ship, must during every revolution, approach to and recede from 
the boundary layer, so that a given element of its blade moves 
through different velocity strata. The effective slip, especially 
near the tip of the blade, varies from a maximum when the tip 
is nearest to the hull, to a minimum when it is in the opposite 
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position. Consequently, vibrations are created which do not 
only affect the screw and its nacelle but also the surface covering 
of the hull nearest to the propeller sweep. 

It often happens that the dirigible encounters climatic con- 
ditions which expose it to severe sleet loading. The particles 
forming on the screw blades are thrown off in the plane of the pro- 
peller sweep, thus subjecting the balloon to severe bombard- 
ment. The cycloidal propeller throws these particles away from 
the hull. 

Summarizing cycloidal propulsion for lighter-than-air craft, it 
appears that its advantages over screw propulsion are: 


1 Decreased drag of the ship 

2 Increased useful loading 

3 No outboard cars, eliminating the danger of sweeping off 
propeller blades or heavy nacelles when accidentally 
striking the ground 

$ Direct power control, saving of landing personnel and of 


helium gas 
5 Noiseless operation 
6 Automatic longitudinal stabilization 
7 Freedom from vibration 
8 No hull bombardment by sleet formed on propeller blades 
9 Increase of cruising radius 
10 Increased propulsive efficiency. 


PROPOSED APPLICATION OF CYCLOIDAL PROPULSION TO 
HeavierR-THAN-AIR CRAFT 


The serew-propelled airplane derives its locomotion from an 
airstream projected by the screw propeller along the path of 
flight, in a direction opposite to the direction of motion of the 
plane. The thrust of the screw is equal to the momentum 
of the stream, and the useful work done in level flight by the 
screw is its thrust multiplied by the distance traversed by the 
plane. The sustentation of the plane is supplied by wings, rigidly 
fixed to the body of the plane and inclined with respect to the 
flight path so as to cause a downward acceleration of the air. 
In level flight this downward acceleration, multiplied by the 
mass of air accelerated, is equal to the lift reaction upon the 
wings, or equal to the weight of the plane. 

The energy delivered by the engine to the propeller is con- 
verted: 


(a) Into heat created by the friction in the air of the pro- 
peller blades and of all parts of the plane in relative 
motion with the air 

(b) Into kinetic energy of the air accelerated by the pro- 
peller 

(c) Into kinetic energy of the air accelerated by the wings. 


Ultimately the kinetic energy of (b) and (c) is converted into 
heat. Thus the airplane leaves in its wake two streams of air, 
the slipstream, moving in a direction parallel to the path of 
flight, and a down-wash, moving in a direction practically normal 
to the path of flight. The slipstream has also-a rotating motion 
about its axis, or a “swirl” induced by the torque of the pro- 
peller, and the down-wash has a small forward component due to 
the drag of the wings, the magnitude of which depends upon the 
lift-drag ratio of the wings. The operation of the serew-pro- 
pelled airplane, therefore, is such as to create a downward motion 
of a prism of air, of a width equal to the wing span. This prism 
is at the same time traversed by a cylindrical body of air, the 
slipstream, so that the relative rate of motion between the two 
streams is equal to the vectorial sum of the two. 
Propulsion and sustentation of a vehicle in air could also be 
produced by one and the same airstream projected rearward 
and downward at such an angle that the velocity component 
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parallel to the path of flight, if multiplied by the mass of the 
stream, furnishes the required propulsion; and that the vertical 
component of the momentum of this stream furnishes the required 
sustentation. The wake thus created would be less turbulent 
and conflicting, which would argue for increased efficiency. 

The above objective may be achieved by the use of cycloidal 
propulsion. Two cycloidal propellers, one placed on each side 
of the vessel on a horizontal axis, would have to take the place 
of both the screw and the wings of the present-type airplane. 
The tentative design of Figs. 17 and 18 shows a front elevation 
and longitudinal section, respectively, of a ship equipped with 
cycloidal propellers. 

The axes of the propellers are slightly inclined with respect to a 
horizontal plane, giving a dihedral effect desired for lateral sta- 
bility. The axles of the propellers are steel tubes rigidly fixed 
into the gear housing in the fuselage and carry upon two ball 
bearings the rotor element of the propeller. This element con- 
sists of two 8-armed spiders connected by a tubular hub member. 
The arms, which are made of pressed steel, carry within their 
free ends the ball bearings for the support of the blades. The 
engine torque is transmitted to the propeller through a shaft 
fixed to the outer hub and splined at the other end into the 
main drive gear. An individual radial control shaft is provided 
for each blade, and a bevel gear engaging all control shafts is 
mounted on the stationary propeller axle tube. A worm drive 
leading to the pilot’s control wheel is used to shift the setting 
of the control gear for the directional control of the propeller 
thrust. 

Referring to Fig. 18, the engine is mounted directly forward but 
slightly below the propeller axle tubes. Its torque is trans- 
mitted through a shock absorber into a gear box from which two 
lateral shafts transfer the energy to the main gear wheels of the 
propellers. The main gear wheel engages with the propeller 
shaft through a ratchet disk which allows the propeller to idle 
freely in one direction when the engine speed is less than that of 
the propellers, or when the engine stops. Both propellers rotate 
in the same direction. The radiator for the water-cooled engine 
forms the nose of the fuselage, and air circulation is provided by a 
small propeller fan attached or geared to the engine shaft. An 
air-cooled motor could also be used. 

The control of the propeller thrust is accomplished as follows: 
The worm which engages the central control gear (shown 
dotted) is actuated by a gear train at the extremities of a tubular 
shaft, mounted transverse to the fuselage parallel to, but below, 
the front edge of the pilot’s seat. A tubular member, carrying 
at one end the pilot’s control wheel, is attached to this shaft. 
When the pilot moves this wheel backward or forward, the axes 
of symmetry of both propellers shift in the same direction, giving 
the ship a stalling or diving moment, respectively; that is, by 
moving the wheel backward the thrust direction becomes more 
nearly vertical, whereas the forward movement of the wheel 
produces a more nearly horizontal thrust. When, however, 
the pilot’s control wheel is turned, the axes of symmetry of both 
propellers move in opposite directions so that the vertical and 
horizontal thrust components become unbalanced, producing 
both rolling and yawing moments. 

No tests have been performed up to the present time of the 
effects produced by differential control. It appears that if the 
axes of symmetry of both propellers are shifted in opposite 
directions, the effect will be a decrease of the vertical thrust 
component of one and the increase of the vertical component 
of the other, accompanied by an increase and decrease, respec- 
tively, of the two horizontal thrust components. This would 
allow the ship to roll toward the side of greater horizontal thrust, 
or the ship would bank in the wrong direction. However, an 
increased horizontal thrust increases the velocity of the pro-~ 
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peller, which might compensate for loss in vertical sustenation. 
A possible remedy might be the operation of the two propellers 
by a differential power drive, which would allow the propeller 
on the outside of the curve of the flight path to rotate at a higher 
speed, thus producing the proper banking effect. A wind-tunnel 
test will readily point the way toward the solution of this problem. 

A rudder with its foot control is also shown in Fig. 18, but its 
function of directional control may not be required. The func- 
tion of the stabilizer is to counteract the engine torque under 
positive slips and the propeller friction under negative slip. 

Since the propeller thrust may be reversed without reversing 
the direction of rotation of the propeller, a mechanism has been 
provided in a small gear box directly below the pilot’s control 
wheel, which serves to step up the worm speed for a turn of the 
axis of symmetry through 180 deg., instead of through the maxi- 
mum normal control range of about 10 deg. The pilot, upon 
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The average resultant velocity Vz of a blade relative to the air 
during a complete cycle, that is, over a range of @ of from zero to 
27 is (see Equation [1], and Fig. 3)— 


1 
(average) Vp =— Vr do 
0 
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(Vr? + Ve? + 2Vr 
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Assuming zero slip operation, or when Vr = Ve, Equation 


[11] becomes: 
V2Vr 
(1 + cos 6) /? dé 
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the first landing contact, releases a latch on the control wheel 
and pulls the wheel backward. Thus the propeller thrust is 
immediately reversed, and is used to absorb the kinetic energy 
of the machine. This eliminates the use of a tail skid which 
performs the above function for airplanes, and a small wheel 
is provided in its stead. 

In case of engine trouble during flight, the lift required for the 
sustenation of the plane is provided by the idling propellers. 
The energy required to maintain the rotation of the propellers 
is supplied by the loss in potential energy of the vessel. Several 
tests of a free rotating cycloidal propeller in the wind stream 
of the testing tunnel have demonstrated that the propeller has a 
very high lift-drag ratio. In fact, it has been found that the 
blade speed on the orbit is greater than the air speed in the tunnel 
when the axis of symmetry is normal to the stream. This char- 
acteristic of the propeller may best be understood from the 
following analysis: 


hence 
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Assuming Vp>Vr (for 25 per cent positive slip Vp = 11/; Vr), 
Equation [11] may be written 
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(average) Ve = (a + b cos dé...... [13] 
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Expanding Equation [13] by Maclaurin’s Theorem and assum- 
- ing that the sum of the first three terms of the series expresses 
the value of the whole series with sufficient accuracy, it changes 
to the form: 


overage) Ve = +00 
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The equivalent average horizontal velocity of a blade during a 
complete cycle, or the horizontal component of the average Vz 
is (see Fig. 3) 


1 

(average) Vi = (Vp + Vr) dé..,... [20] 


= | Vp sind ++ = Vr..... {21] 
™ Lo 

Equation [21] shows that the average horizontal velocity of 
the blades during a cycle is independent of the slip and is always 
equal to the flight velocity of the vessel. 

Again, from Fig. 3, the equivalent average vertical velocity 
of a blade during a complete cycle, or the vertical component of 
Veis 


1 
(average) Vy = [22] 
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b? 
+ 0.4035 (a + ( — 
Checking Equation [17] with Equation [12], for which a and } 
of Equations [14] and [15] each have the value 2, 
(average) Ve = Vr (2 — 0.822 + 0.101) = 1.279 Ve 


The error involved in the use of Equation [17] is therefore 
approximately 0.6 per cent. 
For 25 per cent positive slip, 
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hence 


(average) Vp 
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Assuming Vp >Vr (for 25 per cent negative slip Vp = r Vr), 

~ 16 


78 
(average) Vp = Vr — + 0.4035 
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Equation [23] shows that the average blade velocity trans- 
verse to the direction of flight is a function only of the rotative 
speed of the blades. 

But since the force reaction upon the blade is proportional to 
the square of the relative velocity between the blade and the 
air, it is a function of the average square of the vertical and 
horizontal velocity components, thus from Equation [20] 
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and for zero slip (av.) Va? = 1.5 Vr? 

for 25 per cent positive slip (av.) Va? = 1.889 Vr? > ... [26] 

for 25 per cent negative slip (av.) Va? 
Equations [26] show that the lift reactions upon a blade in 
cycloidal motion is approximately 1.5 times the lift reaction 


ll 
tb 
4) 
— 
<j 


i 
Vr 
=—| ( 
us 

| 
A 
_ 
~ W — = 
3 
LA 
(( 
if 
2Vp 
= = 0.696 Vp............ 
9 9 a 


44 


upon a fixed wing of the same area when in gliding flight. In 
fact, the lift reactions upon the cycloidal blade are always greater, 
no matter what the slip, than the equivalent fixed wing area. 
From the above analysis, it is evident that for the sustentation 
of a given weight, a flying machine equipped with cycloidal 
propellers and having a total blade area equal to the wing area 
of the airplane, will have a smaller gliding angle, or greater 
gliding radius than the airplane of the same given weight. The 
maximum relative velocity between blade and air is twice the 
flight velocity of the ship for zero slip. For a positive slip of 
25 per cent it is two and one-third times as great, hence the 


’ blade must be constructed so that it can sustain more than four 


times the wing loading per unit area allowed for airplane wings. 
See section under heading, ‘“‘Stresses upon Cycloidal Propeller 
Blades.” 
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4 The pilot may start his ship alone without the wedge blocks 
under the landing gear, by simply setting the axis of symmetry 
upon zero horizontal thrust while warming up the engine pre- 
liminary to flight. The plane is set in motion by the pilot in 
the cockpit. 

5 The cycloidal propeller is noiseleg$ and flight may be made 
considerably more comfortable, especially if the engine exhaust 
is muffled. 

6 The cycloidal-propeller blades rotate at comparatively low 
speeds and are of such light construction that accidental contact 
of a person with these blades in rotation will very probably not 
have mortal consequences. Furthermore, the action of the blades 
is such as to throw an interfering body out of the blade circuit. 

7 All blades are of like construction so that replacements may 
be effected cheaply and quickly. 
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Figs. 17 and 18 show the propellers turning in the wrong direc- 
tion as was disclosed by recent tests. However, there is only a 
slight difference in the performance, no matter in which direction 
the propellers are rotated. Comprehensive tests will decide 
this matter more definitely. The design of the propellers as 
shown in Figs. 17 and 18 may also be improved considerably 
by making the blades of the cantilever form, eliminating the 
spider arms and the projecting propeller-hub tube. 

In summarizing the advantages gained by a cycloidal flying 
machine over the screw-propelled airplane, the following facts 
are apparent: 

1 Production of a smooth, unidirectional wake with no swirling 
eddies as produced by the screw, thus making it possible to 
increase the flight efficiency. 

2 The controllability of both propulsion and sustentation. 
In landing the engine energy may be wholly utilized to increase 
the sustentation, thus decreasing materially the landing speed. 

3 After ground contact is established the propeller may be 
quickly reversed and the ground run shortened. 


8 By removal of the propeller blades, especially if the pure 
cantilever type is used, the housing space required is that of the 
fuselage alone. The blades may be stacked on top or below the 
fuselage for housing or shipping. 

9 The total span of the flying machine is decreased con- 
siderably. 

10 The visibility is 100 per cent since the pilot can see throug! 
the propeller sweep when the blades are in motion. 

11 For military purposes it will be of advantage to have 
clear gun range in front of the pilot and a possibility of turning 
the gun through a limited angle. No synchronizing of the 
gun with the propeller is required. 

12 The pilot is not exposed to the slipstream of the propeller. 

13 The slipstream is not in contact with the fuselage, hence 
the drag losses of the ship are less than for the airplane. 

14 There will be no struts and wires, which are a source o 
drag loss, of vibrations, and of maintenance expense. 

15 The gliding radius in case of engine trouble is probably 
considerably greater than for the airplane of the same weight 
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and having a wing area equal to the total blade area of the cy- 
cloidal propellers. 


Winp-TUNNEL Tests or Fiyina Macaines Equiprep WITH 
CycLoIpAL PROPELLERS 


The drawings of Figs. 19 and 20 show the construction of a 
model flying machine built to one-twentieth the scale of the 
machine shown in Figs. 17 and 18. The mechanisms are almost 
the same as for the full-size machine, with the exception that the 
propellers are driven by a '/;-hp. electric motor fitted into the 
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been conducted with cycloidal propellers and their thrust, torque, 
and efficiency characteristics evaluated for a wide range of appli- 
cation to propulsion in air and water, relatively little is known 
with respect to the physical characteristics of the airstream in the 
proximity of the propeller and within its orbit. The vectorial 
analyses given by Figs. 5, 7, and 9 rest upon the assumption that 
the streamlines of the medium remain straight as they pass 
through the orbit. This is correct only for zero-slip operation. 
Just what happens to the direction of flow et any other slip 
will be the object of future investigations. The exploration of the 


Fic. 20 


fuselage; and that an electric-speedometer generator is attached 
to a projection of the motor shaft. The model is suspended in 
the tunnel by a wire from the lift balance to a link placed at the 
point where the two propeller axes meet above the center line 
of the model body. A drag wire is also brought from this point 
and taken to drag scale by the usual method. The model is 
ballasted so that the axis of the body is horizontal. The electrical 
controls as well as the blade controls are brought to the outside of 
the tunnel through a streamlined tube reaching into the cockpit 
of the model. 

Since all the lift and thrust reactions in flight pass through the 
axis of the propellers, and since the model is suspended at that 
point, actual flight can be simulated in the wind tunnel. 

The airplane does not lend itself to such tests since the lift 
reactions shift along the cord of the wing at different angles of 
attack For this reason the airplane model tests are limited to 
the measurement of moments or performance tendencies only. 

It appears, therefore, that the model equipped with cycloidal 
propellers may be operated over a wide range of applied power and 
of propeller-thrust shifts, while the behavior of the machine 
_ under these conditions may be observed. The effectiveness of 

the rudder or elevators may be measured and corrected, 


“ stability characteristics studied of the machine in actual 
ight. 


Furure Resgarcu In CycLompaL PROPULSION 


Notwithstanding the fact that a great many experiments have 
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slip stream with pitot tubes and rapid motion pictures will cast 
further light upon this phenomenon. 

Systematic experiments with blades of different contours, 
length-diameter ratios, width-diameter ratios, and fineness ratios 
should be conducted in order that maxima efficiencies may be 
obtained. 

A comprehensive test of cycloidal propulsion was conducted 
for the Bureau of Aeronautics of the U.S. Navy. It is hoped 
that the test report to the Bureau will be published in the near 
future by the Engineering Experiment Station of the Uni- 
versity of Washington. 


Discussion 


Wa ter S. One cannot help but admire the author’s 
clear and thorough presentation of a comparatively new subject. 
It would appear from the analysis, which is based on unquestioned 
test data, that a practical application of the new method of pro- 
pulsion would not be difficult. The questions involved are 
largely those of structure and expediency. The structural prob- 
lems are not difficult, but it should be understood that any gains 
to be expected from cycloidal propulsion are not so much a matter 
of maximum efficiency as of control. For airships, the matter 
of control is of great importance, and the Kirsten propeller 
shows some promise. The application to an airplane is interest- 


2 Lieutenant, C.C., U.S.N., Bureau of Aeronautics, Navy Depart- 
ment, Washington, D. C. 
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ing, but it remains to be seen how well the requirements of sta- 
bility and control can be met while giving reasonable perform- 
ance. 


Cuinton H. Havitt.* From tests previously made on model 
propellers of the Kirsten type and calculations subsequently 
made for a propeller to give 1650 lb. of thrust at 70 knots air 
speed, it appears that the best efficiency will be obtained by the 
use of a two-bladed propeller absorbing 418 hp. acting at 10 per 
cent slip with an efficiency of 84.9 per cent, while a twelve-bladed 
propeller would absorb 587 hp. at 20 per cent slip and with an 
efficiency of 60.4 per cent. The diameter of the two-bladed pro- 
peller will be 38.6 ft., while the diameter of the twelve-bladed 
propeller will be 16.8 ft. . Compared to propellers of the ordinary 
conventional design, these same conditions can be met by a 
simple two-bladed propeller approximately 10 ft. 6 in. in diameter 
with a great saving of weight and mechanical simplicity, together 
with less space required for its use. Unless the Kirsten propeller 
can show a marked superiority over the conventional type 
in efficiency it is doubtful if the advantage of a control of the 
direction of the thrust will be considered a sufficient advan- 
tage to produce a market for this principle. 

As regards the replacement of fins and rudders on airships by 
this type of propeller, an analysis shows that a 400-hp. steering 
propeller has a maximum thrust up of 8330 lb. or down of 6470 
Ib. at 70 knots air speed. The maximum transverse forces to be 
expected on either the vertical or horizontal tail surfaces of a 
7,000,000 cu. ft. airship flying at 70 knots in rough air is about 
25,000 lb. of this total force, 15,000 lb. might be on the fins and 
10,000 Ib. on the movable surface. Two 400-hp. Kirsten pro- 
pellers would therefore be required to replace the rudders alone, 
but not the fins. Further because of the danger of loss of control 
owing to engine failure, it would be hazardous to dispense with 
the conventional rudders and elevators, and hence after all the 
purpose of the two 400-hp. steering engines would work out to be 
superfluous. It is doubtful if it would pay to carry both steering 
engines and surfaces, as either one or the other would greatly de- 
crease the useful load of the airship, and hence it would not be ex- 
pected that any market could be developed for the use of the 
steering engines as against the reliable simple type of surfaces 
now used. 

For airship use, to develop thrust either up or down, it is prob- 
able that the present conventional propeller, mounted on a swivel 
so that its line of thrust can be changed to take care of the few 
times that an extremely light ship is landed or a heavy ship 
is put into the air, would suffice. 

It appears that the greater weight, greater space required, and 
mechanical difficulties involved as compared to the present con- 
ventional type of propeller will be such a handicap to its use that 
the Kirsten propeller will seldom be seen in actual practice. 


AUTHOR’s CLOSURE. 


Mr. Caminez asked about the relative speeds of this type of 
propeller in water and in air. We have so far designed and oper- 
ated two water propellers, one having a normal speed of 340 
r.p.m. and the other 90 r.p.m. The speed of rotation is always 
proportional to the speed of the ship for a given diameter, re- 
membering that the velocity of the blade on the orbit is equal to 
the speed of the ship plus the propeller slip. Thus, if the 340- 
r.p.m. machine had a diameter of 3 ft. and was designed to oper- 
ate at a slip of 20 per cent, the speed of the vessel would have to 
be 


x X3 X 340 X 60 
6080 K (1 + 0.2) 


= 26.5 knots. 


3 Lieutenant Commander, U.S.N. 
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The cycloidal propeller is essentially a slow-speed machine be- 
cause of its high pitch of x, which is about three times as great as 
the normal pitch for screw propellers. 

For aerial propellers this high pitch requirement accentuates 
this speed difference still more and it is doubtful that for lighter- 
than-air craft the rotational speed of the cycloidal propeller 
would exceed 180 r.p.m. for best designs. Of course, this low 
rotational speed has the advantage of decreasing vibrations and 
bearing losses, whereas it also entails the requirement of reduc- 
tion gearing. 

Mr. Sampter wished to know how long the blades of the cy- 
cloidal propeller would have to be for best performance. The 
best proportions would naturally be a blade length equal to the 
orbit diameter, thus providing for maximum slip-steam area with 
minimum dead-air envelope. However, the over-hanging can- 
tilever blade offers strength limitations and it has been found 
that blades cannot well be made of the above dimensions for or- 
dinary operating conditions. A dirigible propeller of 18 ft. orbit 
diameter would have blades not exceeding 12 ft. in length. 

Dr. Gerhardt spoke of the air-foil characteristics of the pro- 
peller as a whole. It was found by experiment that the lift is 
almost directly proportional to the angle of attack a@ of the pro- 
peller for a wide range of slips and a range of @ of from 40 deg 
positive to 40 deg. negative, whereas the air-foil lift curve remains 
proportional to the angle of attack over not more than a total 
range of 16 deg. positive to 16 deg: negative. 

Mr. Heinz spoke of the advantages which might be gained hy 
the use of cycloidal propellers in the elimination of reversing 
mechanism in ship installations. He has pointed out a very im- 
portant factor. But it must be remembered also that the rudder 
mechanism is eliminated, at the same time giving the vessel posi- 
tive dynamic control under all speed conditions. There are 
some shallow draught installations where the screw cannot be 
used. As an example; a 100-hp. tow boat would require a screw 
of about 5 ft. diameter, and consequently a draught of not less 
than seven feet. In such a boat, two 5-ft. cycloidal propellers 
could be used with blades of 2 ft. length and a draught just suf- 
ficient to keep the blades under water, or a draught of about 3! ; 
ft. The slip-stream area of these two propellers would be greater 
than that of a screw 5 ft. in diameter, and in spite of the shallow 
draught, the tractive effort would exceed that of the screw. 

Mr. Trainer asked about the weight of cycloidal propellers. 
The weight and comparatively complicated mechanisms of the 
cycloidal propeller are features which will greatly hinder its in- 
troduction into the practical propulsion field. But when one 
considers that greater efficiencies are involved in its use, far 
greater maneuverability, greater reliability, ready repair without 
dry-dock, elimination of reversing mechanisms of the engine, 
elimination of rudder, simplifications of hull and, furthermore, 
a decided increase of hull efficiency, some slight sacrifice in weight 
and a complicated mechanism will ultimately be cheerfully faced, 
if that mechanism is built so that it gives long and reliable service 

Commander Havill’s discussion quotes efficiencies of eyeloidal 
propellers from a test report to the Bureau of Aeronautics. The 
propeller tested was a marine propeller designed six years ago. 
No test data whatever were available at that time and all pre- 
portions of blades and of blade shapes were fixed ad libitum. 
The elimination of end losses at the blade base in the more recent 
designs would alone increase the effective aspect ratio of the 
blades to twice the value of the propeller tested. It would be 
difficult, indeed, to foresee the possibilities of a screw propeller 
from the first screw ever designed and tested. 

In his discussion of the forces which the fixed fin and rudder 
of a dirigible to sustain in rough air, it appears that if these sur- 
faces were not there, the actual forces upon the ship would 
also be greatly diminished. Furthermore, the two stern pro 
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pellers shown in Fig. 15 of the paper furnish only a part of the 
actual control in gusty air, whereas all propellers on the ship 
would be effective in stabilizing the ship’s motion as per Fig. 13 
and its accompanying discussion. It must also be remembered 
that with the engines shut off on the steering propellers, these 
propellers, when idling can give appreciable control In view of 
a possible engine failure, it may be necessary to supply the ver- 
tical fins and rudders, although somewhat smaller in size, but the 
horizontal surfaces should not be necessary with six 600-hp. pro- 
pellers distributed along the hull ready to furnish by differential 
control large vertical turning moments. 

Commander Havill mentions the use of swivelling screw pro- 


pellers. The control of these propellers must be accomplished 
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against the dynamic torque of the propeller shaft. For a 600-hp. 
1500-r.p.m. screw, the torque is 2100 lb-ft. If the reversal of such 
a screw is to be accomplished under full power, 6600 ft-lb. of 
work must be done by the controls, or twelve horsepower-seconds. 
That is, if this reversal be made in twelve seconds, it would re- 
quire one horsepower, neglecting the losses in the control gear- 
ing. 
throttling the engine before a change in thrust can be undertaken. 
Contrasting this encumbrance with the ready manipulation of 
the full-power thrust manipulation accomplished in seconds by a 
cycloidal propeller, I feel that the factor of maneuverability, 


Consequently, such a propeller must be first unloaded by 


more so than the efficiency, may usher cycloidal propulsion into 
its place upon the propeller market. 
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Meteorological Service for Commercial 
Airways 


By C. G. ROSSBY,! WASHINGTON, D. C. 


HE purpose of a meteorological service for commercial air- 
ways is to provide two things: safety and efficiency in 
operations. Up to the present date the necessity for 
weather information for safe air transportation has been stressed 
over and over again, but small attention has been paid to the 
increase in efficiency possible through the proper organization 
of a weather information service for commercial airways. An 
attempt will here be made to discuss both factors impartially. 

A pilot ready to start on a flight from Cleveland to Pittsburgh 
and finding no meteorological organization able to tell him what 
conditions he will meet on the way is immediately struck by the 
impulse to call up some telephone stations or other places on the 
route and inquire of the personnel there about the weather. 
That is just what the Post Office Department of the Federal 
Government did when the Transcontinental Air-Mail Line was 
put into operation. 

The regular stations of the U. S. Weather Bureau, having 
been established long before the invention of the airplane, 
were too few in number and too far apart to satisfy the pilot’s 
demand for data concerning the weather conditions on the airway. 
Furthermore, observations were taken but twice daily and did 
not include the elements most vital to flying; ceiling and visi- 
bility. 

The Post Office Department therefore organized a special net- 
work of weather observation stations along the airways, the obser- 
vations being made by caretakers at intermediate landing fields, 
radio operators, and post-office employees. This organization 
necessarily was a crude one and the observations were not 
very accurate, but in the main they served the purpose of giv- 
ing the pilot a picture of weather conditions along the line, 
thus eliminating flights under impossible conditions and making 
flving safe. In addition, the various district forecast centers 
of the U. S. Weather Bureau issued ‘‘flying-weather forecasts,” 
in which special emphasis was laid upon upper winds. 

When recently the operations of the air-mail lines were taken 
over by private companies, the Airways Division of the Depart- 
ment of Commerce, in cooperation with the U.S. Weather Bureau, 
was charged with the duty of supplying adequate weather 
information for the airways. Under the régime of the Depart- 
ment of Commerce the number of weather-reporting stations 
on the airways has increased rapidly and special Weather Bureau 
representatives to interpret the observations have been stationed 
at a number of airports. 

However, these strings of weather-observing stations on the 
airways do not offer adequate protection against unexpected 
bad flying weather. Especially in summertime, local disturb- 
ances such as thunderstorms may drift with the wind across the 
course and come as a complete surprise to the aviator if he is 
relying solely upon reports from a single string of stations on 
the line itself. This suggests the need of strings of stations off 
the airway, at least one string on each side. 

Consider for a moment the case of local thunderstorms in the 
Summertime, These storms, generally due to the strong heating 
of the ground during the day, will reach their maximum develop- 


‘Chairman, The Daniel Guggenheim Commission on Aeronautical 
Meteorology, Department of Commerce, Washington, D. C. 

Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28-29, 1928. Slightly abridged. 
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ment during the afternoon but they often continue their activity 
late into the night. During daylight hours it may be possible 
to fly around them or at least to avoid passing through their 
central part, but this can hardly be done at night. 

On the other hand, if efficiency has to be maintained, it is 
impossible to cancel a flight every time the weather map indicates 
that the general atmospheric conditions favor the formation of 
thunderstorms. The only way to provide safety as well as 
efficiency is to try to keep track of the individual storms and 
their movements. This can be done only through the organiza- 
tion of dense strings of stations on and surrounding the airway. 
Thus already a consideration of safety leads us to the conclusion 
that the airway meteorological organization should consist of 
a dense net, not a single string of stations. If we now turn 
our attention to the other purpose of the airway weather service, 
which is to provide increased efficiency, this conclusion becomes 
still more obvious. It is best illustrated by a concrete example; 
for instance, air transportation between San Francisco and Los 
Angeles, Calif. 

The main obstacles to flying in central and southern California 
are fog, low clouds in the mountains, and poor visibility. The 
California fogs are of at least two different types: One is the ocean 
fog, formed over the ocean, especially in summertime, and movy- 
ing shoreward during the afternoon; the other type is a radiation 
fog, formed during the night in the valleys and in the San Fran- 
cisco Bay district, most frequently during the winter season. 

It may happen that the San Joaquin Valley is covered for days 
with radiation fog while conditions are flyable in the Santa Clara 
Valley. More frequently, the Bay region and the lower Santa 
Clara Valley are covered with fog while the San Joaquin Valley 
is clear. Thus it is evident that an air line between the two 
cities, in order to attain maximum efficiency, should take advan- 
tage of the local character of these fog belts through the use of 
alternative courses. The air-navigation map of this area gives 
not less than four different courses between Los Angeles and San 
Francisco. 

It is of course not here advocated that an aviator in possession 
of information from only one line should play hide and seek with 
the weather and without valid reasons depart from the estab- 
lished airway, where auxiliary landing fields and other facilities 
are located. It is the author’s belief, however, that the weather- 
information system should be so organized that at the beginning 
of each flight and upon the basis of the weather reports from the 
various lines in each individual case the most advantageous 
course to be flown may be determined. Thus, the use of alterna- 
tive courses presupposes the existence of a network, not a single 
string, of weather-reporting stations. 

If we restrict all flying facilities, weather-reporting stations 
included, to a narrow line and introduce a rigid block-system of 
the type used by the railroads, we restrict in advance the max- 
imum efficiency obtainable on our operations. We also give 
up one great advantage of air transportation as compared with 
transportation by rail—its flexibility. 

Let us assume that the use of alternative courses between 
Los Angeles and San Francisco would increase the annual number 
of flying days by 30. Suppose we operate a passenger line with 
only one trip daily in each direction, each plane carrying eight 
passengers, the fare being $50. The gross revenue saved is 
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$24,000, which would more than cover the expense of addi- 
tional stations needed in establishing alternative courses. As the 
traffic increases this saving will become more and more important. 

The foregoing calculation is very crude but it serves the purpose 
of once more emphasizing the fact that a maximum efficiency in 
air transportation can be achieved only by proper utilization of 
its inherent flexibility, which, next to the speed, is its greatest 
advantage over transportation by rail. 

Returning to the present organization of the airway meteor- 
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ological service, we find that the observations are as yet made 
and collected according to the principle followed by the Post 
Office Department, namely, just before the start of each flight. 
This principle doubtless was the right one in the early days when 
only a few flights were made daily over each airway. The rapid 
increase of scheduled as well as irregular flying has, however, 
made this system more and more impracticable, and it would 
seem that the time for a radical change has come. 

Let us consider some of the disadvantages of the present system. 
In the first place, the advantage of having a meteorologist at the 
airport for interpretation of the observations is largely nullified 
by the fact that the reports from different airway stations arrive at 
the airport at different hours, are unequally spaced in time, and 
thus only with difficulty can be compared. Meteorologically, 
the observations lose 75 per cent of their value. 

Frequent regular reports at fixed equally spaced hours from 
all stations along the airways radiating from an airport, would 
make possible the preparation of frequent local-weather maps 
on which the movements and changes of various disturbing 
factors, rain belts, squall lines, thunderstorms, and fog belts 
could be measured and studied. 

It is not an exaggeration to say that such frequent local- 
weather maps would enable a trained meteorologist to forecast, 
in most cases, six to twelve hours in advance, and with an accu- 
racy of less than one hour, the time for the passage of, say, a 
squall line over a given point. By decreasing the forecast in- 
terval, still greater accuracy can be obtained. 

It is obvious that short-range forecasts of this type would 
greatly increase the efficiency of the various air-mail lines. On 
the London to Paris Airway, ships are often sent off while the 
port of destination is covered with fog, since reports every 
thirty minutes from a great number of stations make it possible 
to follow closely the movements of the fog belt and to predict 
accurately the time for its disappearance at the point of destina- 
ation. 
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It is true that chances of this kind are more readily taken on 
European airways, where planes and airports are in constant 
communication by radio, than in our country. It should, how- 
ever, be remembered that the European Airway Meteorologica| 
Service was organized before radio communication between the 
planes and the ground was in common use. In the United States 
we certainly ought to build up a satisfactory weather-observing 
organization before we engage too deeply in attempts to com- 
municate the present scanty weather data to planes in the 
air. 

Whenever a flight is delayed on account of weather conditions, 
special observations now have to be made for the determination of 
the earliest time possible for the start. Such observations can 
be made by the observers either when the atmospheric conditions 
in their own judgment so require, or upon request by the termina! 
meteorologist. It is obvious that the observers along the airways 
should not be trusted with the responsibility of judging the signifi- 
cance of their local weather from the meteorological or from the 
flying point of view. Likewise, the meteorologist at the airport 
should not have to call for special reports every time his services 
really become important. With the increasing number of airways 
and weather-observing stations this latter arrangement becomes 
more and more burdensome. 

It should be kept in mind that non-scheduled flying by army, 
navy, and private aviators is rapidly increasing in volume. 
These pilots are entitled to just as reliable service as the com- 
mercial fliers. The present system is very unsatisfactory from 
their point of view. 

It was pointed out in the foregoing that for adequate meteoro- 
logical protection, strings of weather-observing stations are 
needed not only on, but also off, the airways. This means an 
increase in the number of stations by between 100 per cent and 
200 per cent, and the collection of these observations becomes a 
communication problem of no small difficulty. This problem 
can, however, be attacked and an efficient solution worked out, 
if the observations are made simultaneously and with equal 
intervals in time. Unequally spaced observation hours and 
frequent special reports at any odd moment will make the com- 
munication problem exceedingly difficult to handle. 

An extension of the present meteorological service for commer- 
cial airways, along the lines already indicated, is necessarily an 
expensive affair. It should, however, be remembered that the 
great airports from which numerous airways radiate usually coin- 
cide with the great industrial and commercial centers. Bi- 
hourly reports from the stations of the local net could, at smal! 
expense, be transmitted to the downtown Weather Bureau 
office and there be used for accurate short-range forecasts 
It takes little imagination to understand the immense value 
to, say, power plants, street-car companies, and street-cleaning 
departments, if the local weather man is able to tell, eight hours 
in advance, the exact time for the beginning of, for instance, 8 
heavy snowstorm. The author believes that it is simply lack of 
knowledge as to what can be done in this respect that has kep* 
industrial and commercial enterprises from making vigorous de- 
mands for meteorological service of this type. Even without 
airways, frequently reporting local nets around the great com- 
mercial and industrial centers would thus prove highly profitable 
and would become indispensable. 

The cost of an adequate airway meteorological organizatio® 
should be compared not with the cost of the present system bu' 
with resulting savings in the form of lives, planes, and time 
and with the increase in efficiency, confidence, and business 
Money spent for the protection of the strategically weak poin's 
of the airway net will benefit the airway structure as a whole an¢ 
will help to build up the prosperous commercial aviation for whic® 
we are all working. 
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In order to give a practical demonstration of such a weather- 
reporting service, based upon the principles here outlined, the 
Daniel Guggenheim Fund for the Promotion of Aeronautics, in 
cooperation with the various interested Government departments 
and the Pacific Telephone & Telegraph Company, recently or- 
ganized an Experimental Meteorological Service for the airways 
in central and southern California, primarily the airways be- 
tween Los Angeles and the San Francisco Bay district. The 
operation of this service started in the latter part of May and 
has already proved to be of distinct value to flying activities 
in the territory covered. A short description of this organiza- 
tion follows. 

Weather observations are made at 33 points distributed 
over central and southern California, and at regular intervals 
are collected at the two terminal stations, Oakland Municipal 
Airport and Vail Field (Los Angeles). The stations are so dis- 
tributed as to give information of weather conditions along a 
number of alternative courses between the two terminals. 

The location of the stations can be seen from the following 
list and also from the map shown in Fig. 1: 


1 In the Bay District—Crissy Field, Mills Field (San 
Francisco Municipal Airport), Palo Alto, Oakland, 
San Pablo, Concord, and Livermore 

2 In the Santa Clara Valley—San Jose, Mt. Hamilton, and 

Gilroy 

In the Salinas Valley—King City 

Along the Coast—San Luis Obispo and Santa Barbara 

In the San Joaquin Valley—on the west side, Tracy 

Los Banos, Mendota, Coalinga, McKittrick; on the 
east side, Sacramento, Modesto, Merced, Fresno, 
Visalia, Bakersfield 

6 Along the ridge route from San Joaquin Valley to southern 
California—Tehachapi, Grapevine, Lebec, Sandberg, 
Newhall, San Fernando, Griffith Park, Vail Field, and 
Mt. Wilson. 


of 


Additional information and forecasts are received from the 
United States Weather Bureau offices in San Francisco and Los 
Angeles. 

The original plan provided for six observations daily in order 
to take care of all daylight flying in this part of California. How- 
ever, for the time being, only four daily observations are made, 
at S a.m., 9:30 a.m., 11:00 a.m., 12:30 p.m., covering the part of 
the day during which most flying is done. From the first of 
August, another observation period at 3:30 p.m. will be in oper- 
ation. 

The collection and exchange of these weather reports are 
handled exclusively by telephone. At each terminal, Oakland 
and Los Angeles, a sequence call containing the telephone num- 
bers of the various field stations is filed with the local long dis- 
tance exchange. At each report hour the Oakland station calls 
the long distance office, asks for its sequence code, which has a 
certain identification number, and will then be connected with the 
various stations in succession. All the observers have been 
instructed to wait at their telephones at the report hours and give 
their reports in standardized terms as soon as the line is clear. 
While Oakland talks with, for instance, Modesto, the long dis- 
tance operator in Oakland is busy building up a line to Fresno, 
thus reducing to a minimum the time between calls. This tele- 
phone service has already proved to be highly efficient and on 
several occasions the Oakland office has been able to collect re- 
ports from eleven field stations in less than seven minutes. 

Of the stations mentioned, about two-thirds of them report 
through sequence calls to Oakland and the rest through another 
sequence call to Los Angeles. When Oakland is through with the 
collection of its field reports, it is immediately connected with 
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Los Angeles and the two groups of reports are exchanged between 
the terminals. The total time for collection and exchange of re- 
ports is usually less than twenty minutes, and there is little 
doubt that some practice will help both observers and venue 
operators to reduce this time materially. 

Since the foregoing was written a telegraph printer line has 
been installed between the offices in Oakland and Los Angeles, 
with a drop at Fresno. Within a few weeks another drop will 
be made at Bakersfield. The exchange of data between ter- 
minals is now made over this printer line. In order to save time 
the Los Angeles operator sends the reports from the southern 
stations over the printer at the same time that he is talking with 
the individual observers on the telephone. The time advantage 
of this arrangement is best seen from the fact that while the Los 
Angeles operator is talking to the observer at, say, San Luis 
Obispo he writes the report from the latter station on the printer. 
Thus the report is immediately available at Fresno and Oakland. 
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The Department of Commerce has recently installed another 
printer line between San Francisco Municipal Airport (Mill’s 
Field), Oakland, and the Government landing field at Concord. 
The two printer lines can be connected through a switch in the 
Oakland office. Through this arrangement it is possible for 
Los Angeles to send the reports from the southern stations di- 
rectly to Mill’s Field without relaying any loss of time at Oakland. 

These complete reports are given to the pilots of the now 
existing passenger lines between Los Angeles and San Francisco 
before they start, and within the near future they will also be 
communicated to planes in the air by means of radio telegraph 
or radio telephone. For the benefit of planes not equipped with 
radio, ground signals will be displayed at certain points in order 
to give the pilots some idea of the weather ahead of them. 

A special base map of California showing the topography of 
the country and the location of the various observation points 
has been prepared, and all regular reports are plotted on such 
base maps. Thus we are able to show the pilots, before each 
individual flight, the location and movement of various disturbing 
phenomena and help them select the best route for their flight 
or to wait until conditions are more favorable. A map of this 
type is shown in Fig. 2. 
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It is seen from the foregoing description that the service as 
it is now organized far from fulfils all the requirements outlined 
in the first section of this paper. However, it should be kept in 
mind that the present service is but the first approach to the 
ideal organization. It is easily possible to add new observation 
hours by utilizing the machinery already set up, and at the same 
rate as flying activities in this territory increase such additional 
observation hours should be added. 

The feasibility of the collection of a great number of simulta- 
neous reports by means of telephone hasalready been demonstrated. 
The report hours are equally spaced in time and their number 
will be increased as the occasion demands. 

The station at Lebec is located at the critical point of the ridge 
separating San Joaquin Valley and southern California. This 
station is managed by a well-trained meteorological observer 
equipped with a complete set of standard meteorological instru- 
ments, and also all the implements necessary for pilot-balloon 
observations; that is, observations of wind velocity and direction 
in different strata above the ground. The purpose of this pilot- 
balloon station is twofold. In the first place, it seems that the 
pilots frequently meet exceptionally strong winds above the ridge; 
the Lebec observations are valuable in determining the best alti- 
tude at which to cross. Furthermore, pilot-balloon observations 
will make possible an accurate determination of the ceiling; ‘.e., 
the base of the lowest cloud layer, which is of great importance 
when it is necessary to decide if the ridge can be crossed or not. 
Finally a trained observer at this point is of material aid in 
indicating in his reports any tendencies for the weather to improve 
or get worse. 

Two additional pilot-balloon stations will be established 
shortly, at Fresno on the Department of Commerce airway and 
at Hollister on the Army airway. 

It is very difficult at present to give a definite figure for the 
cost of communications in this service. The compensations re- 
ceived by the observers are relatively small and, if the profes- 
sional personnel at the terminals and at Lebee are excepted, 
do not amount to more than approximately $350 a month. 

In selecting observers for this work it has been found that 
caretakers of landing fields, watchmen in fire departments, and 
men of similiar occupations usually are greatly interested, have 
plenty of spare time, and make very good observers. Some of 
them make their observations voluntarily, but in most cases a 
small compensation has been found desirable in order to estab- 
lish some authority over them. 

Most of the regular meteorological services in Europe are 
based upon a number of observation stations with part-time 
observers of the type used in the organization just described. 
These European observers not only give simple estimates of wind 
direction, wind velocity, and weather conditions, but they are 
able to read a mercury barometer, correct and reduce the reading 
to sea level and to the freezing point; they are also able to read 
dry- and wet-bulb thermometers and to compute the relative 
humidity therefrom, to give accurate cloud determinations, and 
in most cases to describe the weather conditions in as accurate 
terms as any professional meteorologist. 

The next few years will doubtless see a tremendous growth of 
commercial aviation in this country. With this growth there 
will be a demand for a many times multiplied network of weather- 
reporting stations under the direction of the U. 8S. Weather Bur- 
eau. For economical reasons, it is obviously impossible for 
the Weather Bureau to put a full-time observer in charge of 
every one of these new stations. One of the things that it is 
hoped to demonstrate through this experimental meteorological 
service is that a corps of volunteer or part-time observers can be 
trained to complete reliability, promptness. and accuracy in their 
work. 
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Discussion 


C. A. Anprus.?- The experiment conducted by the Guggen- 
heim Fund under the immediate direction of Dr. Rossby is the 
practical application of a theoretical organization, the main pur- 
pose of which is to provide for the weather needs of aerial trans- 
port companies. It has long been apparent that such a structure 
would be worth its cost; nevertheless the Federal Government 
has been only recently in a position to expand the old system 
into a more effective one based upon the genuine demands of 
flying. The pressure applied by the great transport companies 
and the flights of Lindbergh and others have awakened a sense 
of responsibility to airmen in the minds of the general publie and 
the Government officials which is now taking form. 

Restricted by lack of adequate personnel and equipment, the 
Federal Weather Bureau has been forced to adopt a somewhat 
less ambitious program, but on the Hadley Airport airways center 
there has been inaugurated a system in some respects similar to 
the one outlined by Dr. Rossby. A few weeks ago, the first 
24-hour service in the country was begun there, and this should 
bear evidence that any real and sufficient service to aviators 
concerned with transportation must never close its eyes. There 
is to be a great overnight air traffic in the future. 

Hearty approval of the idea of frequent reports, quick trans- 
mission, adequate interpretation, and wide distribution, as indi- 
cated by Dr. Rossby, comes from any one like ourselves who has 
to serve the needs of aviation weather. While we do not have 
to contend so much with passenger carrying as with impossille 
weather conditions, we watch with interest the experiment now 
in progress in California. 

Early in April at Hadley Airport, the use of sequence calls 
to airways weather-reporting stations was put into effect and has 
been a material aid in expediting transmission. In June the ex- 
change of reports every three hours along the transcontinental 
airway began, and now there has been added to that program the 
exchange of the temperature of the dew-point to permit closer 
calculation of the prospects for fog and the breeding of squalls 
and thunderstorms. 

The great problem of ice formation has little significance along 
the California coast; it is our greatest real danger meteorologi- 
cally. To investigate the causes, explode some fantastic beliefs 
as to the temperatures at which these ice conditions are dan- 
gerous, and to help point the way to a cure, a program of the 
collection of temperature, humidity, and altitude data by mete- 
orographs installed in transport planes is now under way in 
readiness for the coming winter. 

Upper-air wind-movement data are now secured by observa- 
tions every six hours at Chicago, Cleveland, and Hadley Airport. 
As engineering practice develops planes the efficiencies of which 
will be higher than at present when taken to moderate altitudes, 
the winds of the upper air will have a greater bearing on efficient 
air-highway selection than at present, and the utilization of 
tail winds and avoidance of headwinds will be a larger factor 
in securing increased efficiency. 

The area projection of weather reporting facilities proposed 
in the present Guggenheim experiment as preferable to string 
projection is approved; it is expected that at New York the 
fact that there will be multiple air-way lines centering in that 
vicinity will allow the several string projections to form in them- 
selves a rather dense network of observations. Another prac- 
tice soon to be established will be that of intereommunication by 
radiophone between plane and ground; data from the plane and 
advice from the ground stations will be mutually of great ad- 
vantage to both the pilot and the meteorologist. 


2 Meteorologist in charge, Hadley Airport, New Brunswick, N. J. 
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Air-Transport Engineering 


By L. D. SEYMOUR,' NEW YORK, N. Y. 


The author takes up and discusses briefly some of the more im- 
portant subjects which come to the air-transport engineer for con- 
sideration. These are: the selection of routes; selection of aircraft; 
preparation of terminal field equipment; development of airways; 
provision of aids to aerial navigation; determination of flying 
schedules; establishment of sources of material supply; keeping of 
performance records; and the preparation of cost estimates and 
analyses. 


many separate branches of engineering research, some of 

which have been the object of study and investigation by 
the most brilliant. engineers of several countries for many years. 
In truth an air-transport engineer is one whose duty it is in the 
solution of practical air-transport problems to apply to them 
the 
learned in all 
of the fields of 
engineering 
transpor- 


A IR-TRANSPORT ENGINEERING is a coordination of 


lessons 


and 
tation experi- 
ence that may 
appear to be 
helpful. 
Perhaps the 
most fascinat- 
ing thing about 
air-transport 
engineering is 
that it 
as to af- 


is so 
new 
ford few prece- 
While 
this automati- 
cally 


dents. 


adds to 
the responsi- 
bility, it gives 
freer 
hand to work 
out his own ideas, which is always pleasant. 

Before going directly into the subject, it may be interesting 
and profitable to glance for a moment over the progress that has 
been made in the establishment of commercial air lines in the 
United States. 

Already the Post Office Department has contracted for the 
carriage of air mail over twenty-five separate routes. Of these, 
eighteen are already in operation. In November, 1927, there 
was carried over these routes 171,794 lb. of mail, bringing a rev- 
enue of $316,996.68 to the operating companies. 

These air routes are more than imaginary lines on a map con- 
hecting several cities. Each consists of a series of fully equipped 
airports and intermediate fields, and many are lighted for night 
flying. For each a systematized communication system is in 
operation, either radio or land wire. The routes extend from 
Coast to coast, from the Lakes to the Gulf, and along both eastern 
and western coast lines. When one stops to consider that 
the first contract air-mail line of any length began operation 
less than two years ago, the growth is really quite impressive. 


one a 


- ‘hief Engineer, National Air Transport, Inc. 
_Presented at a meeting of the Aeronautic Division of the A.S.M.E., 
New York, February 10, 1928. 


Fig. 1 View or Cuicaco’s MunIcipaL ATRPORT 
(Note that runways are outlined with light-colored, finely crushed rock.) 


Some of the subjects which come to the air-transport engineer 
for consideration are: 


1 The selection of routes 

2 The selection of aircraft 

3 The preparation of terminal field equipment 

4 The development of airways 

5 The provision of airways aids to navigation 

6 The determination of flying schedules 

7 The establishment of sources of material supply 
8 The keeping of performance records 

9 The preparation of cost estimates and analyses. 


In addition, miscellaneous other things present themselves from 
day to day whose nature is too varied to permit of tabulation. 
Any one of the divisicns mentioned might be taken as the sub- 
ject for an en- 
tire paper, but 
space limits 
will not permit 
more than a 
brief consider- 
ation of these 
various topics. 


SELECTION OF 
Arr Routes 


In the selec- 
tion of an air 
route, which 
at first would 
seem to consist 
only of draw- 
ing a straight 
line between 
the two termi- 
nal landing 
fields, we actu- 
ally find that 
thereare many 
factors to be considered. In the first place, a consideration of the 
potential business between the points in question must be carefully 
analyzed before one may decide upon the necessity of even laying 
out the route. After the value of air transport between the points 
in mind has been determined, then a study must be made of the 
country separating them—its contour and elevation must be 
known. The location of highways, railroads, trolleys, electric 
power, and telegray h and tele; hone systems must be determined. 
A careful survey must be made of the weather and aerological 
conditions, including prevailing winds likely to be encountered in 
the area traversed. Each of these things has an important part 
to play in the maintenance of regular service, and should be con- 
sidered in relation to the proposed route to be flown. It must be 
remembered. however, that air transport’s usefulness is based 
on the premise of time saving, and that, other things being equal, 
the route flown should be as direct and straight as possible. 

Unfortunately, due to the usual situation when pioneering 
work begins, not all of these things were taken into consideration 
when some of the air routes in this country were laid out. Per- 
haps the most important fact that we have discovered relating 
to routes is that the traffic over it depends for the most part on 
the advantage that the use of it will afford. This indeed seems 
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simple. Actually it isnot. We have not yet learned how to over- 
come some weather conditions that interrupt schedules. Be- 
cause of this, service is not always 100 per cent on time. What is 
more important, it may under certain circumstances fail to give 
the advantage over other means of transportation that was 
intended. The length of the route has much to do with this, 
as well as the quality of available train service. No matter 
how large two cities may be, if they are separated by a distance 
no greater than that easily traversed by an overnight train, then 
scant reason exists for an air route between them. Business 
time or days saved is what counts. 

By the same token, if routes are sufficiently long to permit 
of an appreciable saving in this respect, traffic in the air over them 
is assured. As the distance increases, assuming sufficient normal 
business flow along a line, not only does the advantage increase 
but the possibility of failure decreases. An air cargo leaving 
Los Angeles or San Francisco for New York can be delayed a day 
or more and still arrive in New York before a train that has 
experienced no delay at all over the route. 


SELECTION OF AIRCRAFT 


To select the proper flying equipment requires not only a care- 
ful survey of the market of available aircraft, but the exercise 
of keen judgment so that the most economical compromise be- 
tween first cost, maintenance, and performance may be secured. 
At the moment, perhaps more than in any other line, the obso- 
lescence factor, which determines salvage values as well as having 
gieat influence on depreciation, must not be overlooked. Equip- 
ment must be carefully chosen in order that it may fit its job as 
nearly as is physically possible. As in no other transportation 
system, the cost of operating excessively large units is entirely 
out of proportion. On the other hand, the choice of machines 
with too small a capacity for the peak load is a greater error. 
In most cases the two most important characteristics, as indicated 
by our experience, assuming satisfactory flying qualities and 
safety characteristics, are speed and maximum-cubic-content 
cargo capacity. An airplane may be able to carry an immense 
weight, but be useless to an air-transport company because of 
poor arrangement or an insufficient space for storing the cargo. 
As the length of line increases, so does the importance of speed 
in the planes that are to fly it. 

Under this heading will of course come the subject of multi- 
engined versus single-engined airplanes, monoplanes and _ bi- 
planes. The route to be flown over, as well as the cargo to be 
carried, will have much to do with the choice. In considering 
multi-engined airplanes it is well to keep uppermost in mind 
the fact that perhaps their only real advantage over single- 
engined planes is in the matter of less frequent forced landings. 
Unfortunately, many designers of airplanes equipped with more 
than one engine have lost sight of this fact, with the result that 
their efforts have resulted in greater rather than less probability 
of forced landings due to mechanical failure. To this class 
belongs any plane of such a type that is unable to fly with full 
rated load until its fuel is exhausted with one of its engines dead. 
If passengers are to be carried over bad flying country, the need 
to exercise every effort to prevent failure is apparent. If over 
country where a safe landing is possible almost anywhere, as in 
some of the central and western states, then more than a single 
engine may not be warranted economically. If inanimate cargo 
only is carried, multi-engined airplanes even over rough and 
rugged country may be neither warranted nor preferable. It 
should be pointed out, however, in the interests of education 
to air-mindedness, that the multi-engined airplane has a great 
psychological attraction for potential passengers. It looks 
safer. 

Design and materials selection form too detailed a subject 
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for consideration here, but it seems safe to say that everything 
points to the ultimate use of all-metal craft. 

It has been timely said that “there’s more to aviation than 
flying.’’ Certainly the study of ground equipment and organi- 
zation required indicates this truth. No matter how expert and 
efficient pilots may be, they cannot accomplish more than the 
limit of their equipment. That limit is placed on it in its design 
and maintenance on the ground. 


PREPARATION OF TERMINAL FIELD EQUIPMENT 


Terminal field equipment consists of everything required to 
keep the planes in the air. It must be provided so as to accom- 
plish its task with the greatest efficiency and yet as economically 
as is practical. Shelter and hangars must be provided, fueling 
facilities installed to handle large quantities of fuel at great speed, 
overhaul shops must be established, and machine and hand tools 
must be chosen. Public utilities must be at hand, sometimes 
requiring unique extensions so as not to be a hazard to flying. 
Fire-fighting apparatus and heating plants must be installed. 
The field itself must be prepared so that it will insure usability 
under all conditions of weather. If night flying is to be carried 
on, special lighting systems must be installed. This will consist 
in the main of providing a large beacon to guide aircraft to the 
field, floodlighting buildings and field, marking the safe landing 
area, and placing obstruction lights on chimneys, tall buildings, 
and other hazards. 

Radio for communication service from point to point on the 
ground already forms an important adjunct to flying, and indi- 
cations are that its application in the radio beacon or direction 
finder will be of even greater importance in the near future. Dur- 
ing the last few months experimental radio beacons established 
by the Government at Bellefonte, Pa., and New Brunswick, N. J/., 
have been flown with more or less regularity by both govern- 
ment and commercial aircraft. A study of this one subject 
alone would furnish interesting material for an entire paper. 

One of the most important ground services connected with the 
operation of aircraft on schedule over long distances is the weather 
and meteorological service. It is necessary that operators of 
planes be advised constantly as they progress along an air line 
what they may expect of the weather ahead of them. To have 
such information means that they must be advised upon depar- 
ture what the weather is at the point to which they are going as 
well as what the general situation is at points along the route, 
which may be used in estimating changes. 


PROVISION OF Alps TO AIR NAVIGATION 


If we compare the necessity for the establishment of aids to air 
navigation with the requirements of marine transportation plus 
railroad transportation, we have a fair idea of the how and why 
of our needs. For an idea of the relative importance, we have 
only to remember the relative speeds of these transportation sys- 
tems and the fact that with aircraft we are dealing with motion 
in two planes instead of one. Just as speed is the product of air 
navigation, so does it require a faster operation of whatever signal 
systems may be used. 


DEVELOPMENT OF AIRWAYS 


In developing the airways, intermediate or emergency fields 
must be established and a communication system, radio or land 
telegraph and telephone, must be organized. Stations where 
refueling is possible must be provided. Spare planes and parts 
for emergency repairs must be located at certain intervals along 
the line. If night flying is to be carried on, the revolving beacons 
must be erected at regular intervals. In our present syste™ 
these are for the most part 24-in. revolving searchlights set 
10-mile intervals; they revolve at about 6 r.p.m. The inter 
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mediate fields which are located at, say, every third beacon or 
30 apart, must be marked with boundary, obstruction, and 
flood lights. These are fed by high-line extension or 2-kw. farm- 
lighting plants. All field wiring is through underground armored 
cable. 


DETERMINATION OF FLYING SCHEDULES 


The determination of flying schedules is based on the length 
of the line, the speed of the available planes, the rail and air 
connections necessary, and the convenience of shippers, travelers, 
and mailers, as well as the direction and force of prevailing winds. 
The number of stops required between terminals must also be 
considered, as well as the number of airplane and pilot changes 
which are required. If fueling en route is necessary, that too 
must be made a part of the study. While a minute analysis of 
this question is outside the province of the present discussion, 
it may be said that the scheduled speed of an airplane should 
never equal its top speed nor, if at all possible, its cruising speed. 
To do so greatly reduces the life of the engine and makes it im- 
possible to compensate for adverse winds or delays due to me- 
chanical or other causes en route. 


ESTABLISHMENT OF SOURCES OF MATERIAL SUPPLY 


Airplane use is still so new that great care must be exercised 
in discovering and keeping in touch with sources of supply for 
such materials as are needed for maintenance, operation, and 
repair. To do otherwise results in high prices, interrupted ser- 
vice, and use of equipment which is not uniform. To have a 
well-organized and known source of supply for material and 
parts not only avoids these things, but prevents the necessity of a 
large investment in inactive material on hand. 


KEEPING OF PERFORMANCE RECORDS 


Carefully kept performance records and statistics should pre- 
vent the repetition of errors and serve as an invaluable guide to 
Their lessons extend and relate to every item 
that affects operations. These include personnel and material 
weather conditions, communication systems, costs, 
methods of operation, and anticipated emergencies. 

Although records of weather are kept by Government offices, 
it is at present, at least, useful to keep records of weather and 
meteorological conditions encountered through the year along 
the route and at the various stations on it. This is because in 
many instances official weather records kept in the past have not 
contained enough of the detail which is required for flying infor- 
mation. Records of forced landings, including when and where 
they occur, the cause, the home station of the plane, the extent 
of damage caused by the landing, length of delay, etc. must be 
systematically made a part of operation records. From them much 
can be learned of value regarding both equipment and personnel. 

Logs presenting the history of equipment, including every- 
thing pertaining to cost of maintenance, performance, and 


future operations. 


studies, 
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length of life, are imperative. Such records should not only be 
kept for aircraft and aircraft engines, but for all the major items 
of equipment and accessories, including automotive equipment. 


PREPARATION OF Cost EsTIMATES AND ANALYSES 


One of the most interesting studies that an engineer may make, 
as well as one of the most valuable, is that connected with costs, 
investment, revenues, etc. To date, experience and knowledge 
of the art are about the only guides available. Some good books 
have been written on the subject, but too few persons have ac- 
tually had experience in the business to permit of accurate rules 
being established. On the accuracy of these estimates and 
analyses, however, may to a great extent depend the successful 
financial operation of the company. If a sum so much greater 
than anticipated is necessary to equip and operate a line, its 
relation to revenues may be such that, no matter how hard 
the operators try, the venture is a losing one. On the other 
hand, an erroneous analysis of operating costs may indicate a 
profit when there really is a loss, which is thus not discovered un- 
til too late. 

In the past few months several firms have been organized 
to conduct a consulting business, looking for clients who will 
include those interested in organizing air-transport companies, 
constructing or operating airports, ete. They will concern 
themselves with many of the things mentioned having to do with 
costs, etc., and from present indications will no doubt find enough 
in this one field to occupy their time. 

To all these things may be added the usual problems relating 
to insurance, personnel, organization, contracts, public relations, 
etc. that the engineer knows so well, but in the case of air trans- 
port not so clearly defined and not so easy to solve by the appli- 
cation of known formulas. 

Insurance in its application to an air-transport company’s 
operation presents a problem which has only recently been 
properly appreciated by either the operators or insurance com- 
panies themselves. 

Because of the highly technical nature of the work, the choice 
of personnel, their organization and management requires es- 
pecial care. Because of the newness of commercial aviation on a 
large scale, and the fact that in the past the military services 
have supplied the training schools, most of the present personnel 
comes from such sources. In the future this may change as 
demand grows. This in itself will form a new field of endeavor 
justifying the most careful attention. 

Although much of the glamor of war regarding aircraft has 
faded into the past, there remains for those who are active in 
this work the pleasure of participating in the development of the 
world’s transportation and communication systems. In this a 
romance and fascination endure, closely woven into that ever- 
changing, always-expanding medium by and through which the 
peoples of the world improve their interests socially and eco- 
nomically. 
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The Design of Commercial Airplanes 


By MAC SHORT,! WICHITA, KAN. 


Commercial airplane design, according to the author, had its 
inception in the three-place OX-engined plane. From a crude 
beginning in 1919 and with but little encouragement it has developed 
to a point where large production is demanded as well as many 
refinements, and along with this has come a universal awakening to 
the importance of commercial aviation in the nation’s business. 
Intensive production methods are not as yet entirely applicable to 
the machines at present manufactured in quantity, but nevertheless 
have possibilities. Permissible expenditures to save a pound in 
weight amount to from one to two dollars. There is a constantly 
increasing demand for better performance, greater useful load, 
artistry of appointment, and comfort in the evolution from the open- 
cockpit to the enclosed airplane. 


of the Stout Metal Airplane Division of the Ford Motor 

Company, is “‘one that can support itself financially in 
the air;’’ and the requirements which this pithy definition im- 
plies must be met in the design of such aircraft if their operators 
are to continue long in their aerial activities. 


\ COMMERCIAL airplane, according to Mr. Wm. B. Stout, 


CoMMERCIAL DESIGNS 


It will be impossible to discuss here the many phases of com- 
mercial-airplane design, but the particulars of development thus 
far, as given in Table 1, may serve as an index of thetrend. The 


TABLE 1 CLASSIFICATION OF AIRCRAFT BASED ON NUMBER 


AND POWER OF ENGINES 


(A.C. indicates air-cooled engines, W.C. indicates water cooled. Numbers 
under ‘‘Passenger Arrangement” indicate average passenger capacity.) 


Division Horsepower Gross 
arrange- arrange- 
power rating weight, Ib. ment unent 
or 1-3, open Monoplane 
| Low 6,90, 125, 700-2000 and and 
closed biplane 
Single 200 A.C. ‘ 
Ragine Medium 150, 180 W.C. 2500-3200 and _and 
. closed biplane 
Monoplane 
High 3600-5500 2-6, closed and 
biplane 
P Experimental (not in production) 
Low 90, 125 A.C. 3000-3500 4-7, closed Monoplane 
8-10 Monoplane 
Medium 200 A.C. 9000-11000 and 
Tri closed . 
Engine biplane 
Monoplane 
High 420-550 A.C. 14000 12, closed and 
biplane 


division indicated is by necessity very general and based on the 
power and number of engines. Further, it has a marked sig- 
nificance, as at present the manufacturers of aircraft, with a few 
exceptions, produce only the craft and look to other concerns 
for the power plant. This arrangement requires the designer to 
first select the existing engine which most hearly suits his re- 
quirements and then build an airplane around it. Oftentimes, 
however, the reverse occurs, and the invariable result is an under- 
powered machine. 

As for the types, two distinct ones exist—the monoplane and 
the biplane. Rarely is it the case that a designer produces com- 
parable planes of the two types which are in direct competition in 
the field of performance and purpose. This condition makes 
the long-mooted question as to whether in commercial aviation a 
monoplane is superior to a biplane increasingly more difficult to 


' Vice President and Chief Engineer, Stearman Aircraft Company. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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answer. It would be very interesting to witness the full per- 
formance of equally powered crafts of each type, designed for 
the same purpose, and having comparable landing speeds. A 
careful analysis of the problem of the monoplane versus the 
biplane has been presented by C. H. Chatfield,? omitting, how- 
ever, consideration of the strutted monoplane. Suffice it to 
say that there has been a somewhat spontaneous trend toward 
monoplane design in the single-engined cabin machines, for 
which there are many sound reasons. 

One fact is certain, and that is that commercial designs are 
rapidly swinging to the cabin arrangement, at least to the extent 
of having the passenger compartment enclosed. This condition 
is a natural one, as no longer does the purchaser of a rather ex- 
pensive machine care to journey for four or five hours in an open 
cockpit. The same attitude regarding protection is being taken 
by the pleasure-riding public. Where formerly passenger ‘‘hops”’ 
were made in open-cockpit machines, the more popular style 
today is the enclosed construction. With the cabin machine 
the cruising radius can be extended, and there is a constantly 
increasing demand for more fuel and oil so that the present 
radius of five to six hours may be extended to eight or ten. 


ADVANCES OF THE SMALL MACHINE 


The era of commercial aeronautics began at the close of the 
World War, and it was quite natural that the early designers 
should select a low-power engine for the power plant. There 
was a more fundamental reason for this, however, the economics 
of which is debatable. The Army and Navy at the origin of 
their intensive training program selected the Curtiss models OX-5 
and OXX-6 engines of 90 and 110 hp., respectively, as the power 
plants for primary-training airplanes. At the close of the war this 
equipment was classified as obsolete and for sale. The exact 
number of these planes and engines is not definitely known, but 
doubtless there were in excess of 5000 engines and half that 
number of Curtiss and Standard training airplanes. The exis- 
tence of these engines provided the designer with a definite 
power plant upon which to build. It was not until 1920, how- 
ever, that the design of truly commercial aircraft made its appear- 
ance, as the surplus training machines being sold at roughly 
one-fourth their production cost, offered little encouragement 
to the production of new equipment. It is of interest to know 
that the stock of war-surplus engines has practically been ex- 
hausted, and that manufacturers of commercial aircraft are 
awaiting with some anxiety the development of new production 
engines that are to replace the OX. 

The military training airplane in which these 90-hp. engines 
were installed cannot be used as a criterion for the correct de- 
sign of light commercial or sport-type airplanes as it was de- 
veloped for an entirely different purpose. Nevertheless it 
serves as an initial type with which one may compare the later 
designs that utilize the same power plant. 

Maintenance and operation difficulties that were encountered 
by the early commercial or barnstorming pilots using surplus 
training airplanes were brought to the attention of the designers. 
The numerous wires that infested the two-bay wing truss, the wear- 
ing of control cables as they passed over many pulleys, the untold 
landing-gear and tail-skid troubles and other more or less im- 
portant maintenance problems, demanded a solution. The low 
fuel supply and inadaquate passenger accommodations were 


2C. H. Chatfield, ““Monoplane or Biplane,” S.A.E. Journal, 
vol. 22, no. 1, Jan., 1928. 
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equally as manifest and deserving of attention as the mainte- 
nance troubles, and further, the aerodynamic characteristics of 
the airplane and propeller required improvement. It was not 
until 1920-1921 that a vigorous attack was made on these difficul- 
ties, which were remedied in relation to their economic importance. 
A higher useful load was necessary, therefore the passenger 
capacity was increased to two in addition to the pilot, and a 
slightly greater fuel supply was provided. In order that this 
additional load might be carried by the same engine, a none too 
judicious reduction in the structure was made in some instances. 
It will be recalled that during the development period, designing 
in the strict sense of the word received vastly more attention 
than did structures. Wing, fuselage, and landing-gear failures 


Fig. 1 Tue Ryan BrovuGHAM—SISTER-SHIP TO THE “SPIRIT OF 
Sr. Louris,” tHe Most WipELyY KNown AIRPLANE OF THE Day 


occurred, and as a result there was a period when the maintenance 
was no better than it had been with the surplus equipment. How- 
ever, with the development of the single-bay wing truss the para- 
site resistance was eliminated from that part of the craft and more 
attention given to structural considerations. Formerly the 
engine was only partly cowled in and the radiator mounted at the 
front of the fuselage, but in 1922 there appeared a light com- 
mercial plane with the engine completely cowled and the nose 
radiator replaced by a free-air radiator mounted under the fusel- 
age near the rear of the engine section. This arrangement not 
only protected the engine from dust and sand when tuned up on 
the ground, but from a design standpoint it materially decreased 
the frontal resistance of the fuselage. By removing the radiator 
from the nose to a free-air position it was possible to increase the 
core depth 50 per cent, thereby reducing the frontal area sub- 
stantially an equal amount and likewise improve the cooling. 
The split-axle landing gear was eagerly adopted by the more 
progressive engineers, and one design in particular has been used 
with modifications on at least eight different airplanes. This 
axle arrangement provided a wider tread, hence removing more 
of the undercarriage from the slipstream and reducing the drag 
of that unit. It also afforded better landing and taxi-ing proper- 
ties, and eliminated wing skids. Of some twenty-odd light com- 
mercial designs being manufactured today, only a few continue 
to employ the straight axle. 

To best illustrate the advance in the design of commercial 
airplanes using the OX-5 engine, of which there are approximately 
twenty-five, curves are submitted that bear out noteworthy 
facts. 

Fig. 3 illustrates the increase in maximum speed of these air- 
planes for the past ten years. As it is difficult to obtain authentic 
figures on the remaining performance characteristics, the com- 
ments and curves will be restricted to the one factor—maximum 
speed with full load. Superimposed on this curve is one of 
useful load plotted against maximum speed. The first curve 
plainly exemplifies the advance in design of light commercial air- 
craft. Of considerable interest is the fact that both curves appear 


3 Aviation, Jan. 2, 1928. 


to become a symptotic to the 100-m.p.h. line. The landing speeds 
of the various machines that have contributed these data fall in 
a remarkably narrow band of from 35 to 45 m.p.h., the average 
being close to 40 m.p.h. The gross weight has remained sub- 
stantially the same for the JN-4D training machine. This 


-means that the wing loading has been kept practically constant 


through these years, and that the high speed cannot be attributed 
to a reduction of wing area but to a constant improvement in 
general design and efficiency of the airplane and propeller. 

It is apparent that a decided accomplishment has been effected 
by those engineers who have devoted their efforts to designs 
powered with the OX-5 engine. But it would be unwise to say 
that the maximum speed and maximum useful load have been 
reached, provided the customary landing speed and equivalent 
useful load are adhered too. To obtain speeds in excess of those 
shown by the latter part of the curve, it is imperative that the 
efficiency of the propeller be materially improved as the engines 
are already operating at the peak of the power curve at maximum 
speed. It is true that with an increase in the lift-drag ratio of 
the craft there has been a like advance in the propeller efficiency, 
but a rough check of the relation of maximum speed to r.p.m. 
shows that we have about reached the highest value of V/ND 
for the propeller. The diameter has and will continue to remain 
about eight feet, and as the fraction V/ND is a function of the 
efficiency, any marked increase in performance from a speed 
standpoint is improbable. 

Today one may see on established flying fields as many as 20 
small commercial airplanes doing every manner of flying, from 
strictly pleasure flying to instruction, to paid passenger carrying, 
sight-seeing, photography, cross-country, and even to the carry- 
ing of air mail. The figures on the production of these open- 
cockpit machines are interesting as they represent the rate at 
which the public is buying and flying the low-priced airplane. 
During 1927 there were approximately 1100 three-place OX-5 
airplanes manufactured,* of which doubtless nine-tenths «are 


Fic. 2. Curtiss JN-4D Tratnine A Desien or 1916 
Witu a Maximum or 73 M.p.u., CARRYING 470 La. Uservut 
Loap 


operating today as the casualty percentage is not as high as 
generally believed. To aid in further realizing the magnitude 
of the demand for these machines, it may be said that one of the 
leading manufacturers is producing four planes a day, another 
will soon appreach that figure, and that still another is finishing 
two each day. There are more of these light-weight machines 
being produced in the United States than in any other country, 
and for this reason there is more pleasure and private flying here 
than elsewhere. 


PRopUCTION PROBLEMS AND EXPENDITURES 


The light commercial or privately owned airplane has beet 
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dealt with at length since it is with machines of this type that the 
popularity among the masses in the matter of commercial flying 
rests. It therefore becomes the task of commercial designers to 
create a machine that can be readily produced without excessive 
tooling-up costs, that will be adaptable to current engines, and in 
addition will offer a craft that is easily flown and has low main- 
tenance and high performance. To these ends a great deal of 
thought has been expended. The manufacture of small ma- 
chines involves interesting production problems, for the demand 
for this type is such that the engineer can seriously consider enter- 
ing into production on the scale it is carried on in other lines of 
manufacture. Producing parts by stamping is the first conclu- 
sion of the designer schooled in production. However, in this 
industry there are at present limitations which are peculiarly 
aeronautic. It would seem quite natural that the wing ribs 
on a conventional light-weight machine of equal and constant 
chord, some sixty-odd in number, would be stamped-duralumin 
But the fact is that few if any of the so-called pro- 
One reason offered 


members. 
duction plants are using stamped-metal ribs. 
is that the popularity of a wing section changes either from aero- 
dynamic characteristics or span-loading requirements, and the 
cost of the dies and additional equipment must be absorbed 
before a change can be effected. Another item which bears on 
this fact is that without exception the light-weight machines 
at present in production use spruce wing beams, and in the pro- 
duction of these a rejection as high as 50 per cent occurs. If this 
spruce is not used in other parts of the craft it is considered as 
a total loss. This then offers an excellent supply of wood that 
can be resawed into rib stock. Considering that the rejected 
spruce would be a loss if not utilized for this purpose, the greatest 
cost is in the hand labor required to dimension and fabricate the 
material. One typical 60-in. rib is being manufactured for a 
labor cost of 25 cents with a gross material cost of not to exceed 


20 cents. Including a burden cost of 10 cents, the wood rib is 
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Piace OX-5-PowERED AIRPLANES 


completed for 55 cents. Sheet duralumin may be placed in the 
stock room for about 80 cents a pound. Assuming that the rib 
can be built out of 9 ounces of metal, including the scrap, the 
material cost alone would be 80 per cent of the total cost of a 
similar wood rib. There are, nevertheless, other opportunities 
for the designer to display his ability at planning production and 
bringing about substantial reductions in costs. By thoughtful 
designing, interchangeability and universal application of fittings 
and clamps can be effected. In one machine three wing fittings 
and wire lugs are adapted to 12 separate assemblies on the wings, 
all parts of which were produced on a punch press. The problem 
of designing in order to reduce hand labor, which at this stage of 
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the manufacture of light commercial machines represents approxi- 
mately 50 per cent of the total cost, is an interesting one and 
deserving of further comment, but probably better suited to a 
symposium on aircraft production problems. p 

Not to lose sight of the rather unique definition of a commer- 
cial airplane given at the beginning of the paper, the designer 
must keep in the foreground the attainment of a high pay load 
at a high speed. To this end he must often determine the ex- 
tent of the expenditures that can be made to exact the perform- 
ance required by the commercial flying public. It is evident 
that there exists a ratio between the amount that may be ex- 
pended and the weight saved. It has been stated by an author- 
ity on aeronautics that aircraft contractors to the British Govern- 


Fig.4 Tue Arr” PLANE POWERED WITH AN OX-5 ENGINE, 
AN EXAMPLE OF MopERN LIGHT COMMERCIAL AIRCRAFT, CARRYING 
750 Ls. Userut Loap at 100 M.pP.H. 


ment expend as much as $10 to save a pound in the weight of an 
airplane. The parallel in commercial design in this country is 
not clearly known, however, but a value that has been set by one 
manufacturer is from $1 to $2 per pound. 


ProGRESS IN DESIGN 


The demands of the flying public require that the designer 
incorporate attractive lines and comfort into the modern com- 
mercial aircraft in addition to better performance. The appli- 
cation of the two-tone body colors and “cheat lines’? not only 
improves the appearance from the color standpoint, but also 
tends to give the craft a more graceful and streamline appear- 
ance. These items are by no means secondary as we are rapidly 
witnessing the passing of the absolute essentials that go to pro- 
duce something that will fly. The flying suit and open cockpit 
are giving way to everyday attire and Pullman comfort. Tufted- 
mohair wicker seats, heaters, smoking equipment, lavatory, 
electric grill, radio, cabin boys, etc., are standard equipment on 
large machines, and many of these are included in the coach type. 
The problem of reducing noise is troubling the designer. If a 
sound and heat insulator such as balsa wood be used effectively 
the roar of the engine is reduced, but the high-pitched tune of the 
propellers is still annoying. 

Wheel brakes are becoming essential even with the lighter 
machines. The method of applying them gives some concern 
as well as the rate of braking, as landing with the brakes locked 
has developed new design problems. To permit the rapid appli- 
cation of brakes the center of gravity must be well back on the 
ground line, resulting in heavier loads on the tail skid. The 
increase in tail load complicates the ground-handling problem, 
and so it is natural that we should return to the wheel at the tail 
post. 

The demand for higher speed or rather greater cruising speed 
is difficult to cope with. A few years ago cruising speeds of 
100 m.p.h. were thought satisfactory, but now the operator of 
either a private machine or a transport is not content even with 
125-130 m.p.h. for this factor of performance. 
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Gluing Wood in Aircraft Work 


By T. R. TRUAX,! MADISON, WIS. 


The author discusses the glues used in aircraft, and describes the 
gluing operation and its application to different species of wood. 
He also makes recommendations for the gluing of different woods 
with both animal and casein glues, giving data on glue-water pro- 
portions, glue spread, temperature of wood, pressure to be applied 
to joint, and time the joint should remain under pressure. 


LUE has long been recognized as one of the most effective 
means of fastening wooden members together. Perhaps 
in no other construction is it so important that glue joints 

be made strong and dependable as in aircraft. The extraordinary 
requirements of the aircraft industry have been largely respon- 
sible for the development of the water-resistant glues which are 
now in general use in this country. Our knowledge of the tech- 
nique of gluing has also been substantially increased as a direct 
result of the high standards set for glued wood members in air- 
craft. Much research and experimental work has been done 
in an effort to develop glues which are more durable under 
severe moisture conditions, and to ascertain the fundamental 
principles underlying the gluing operation. 

Wood and glue were used extensively in the early types of 
airplanes. Plywood, made by gluing sheets of veneer together, 
was used in the wings, fuselage, and pontoons. Built-up wood 
members were used for the spars, ribs, struts, longerons, and pro- 
pellers. Glued wood members still have a permanent place in 
many types of aircraft, in spite of the remarkable developments 
in the construction of aircraft from metals and other materials. 


Gives Usep IN AIRCRAFT 


Previous to the World War the glues used in this country for 
making wood joints were mainly of the animal, vegetable, and 
fish classes, all of which are low in moisture resistance and there- 
fore lose strength under continued dampness. Although not 
water-resistant, high-grade animal glues are still used in the 
manufacture of aircraft propellers, since an increase in moisture 
large enough to weaken the animal glue seriously would also 
make the propeller unserviceable on account of change in shape. 
Blood-albumin and casein glues are the water-resistant glues 
which have been used most in aircraft construction. Blood- 
albumin glues require heat to set them properly, and their use is 
therefore confined to plywood which can be made in hot-plate 
presses. Casein glues are used in the construction of spars, 
Wing ribs, struts, curved wood members, and general assembly 
work. Casein glues have high water resistance and durability. 
They require no heat to set them, although hot-pressing im- 
proves their water resistance. : 


THe GLUING OPERATION 


Equipment which spreads the glue evenly and applies pressure 
uniformly over a joint, and properly dried and machined stock, 
are necessary prerequisites in all gluing operations. If these 
requirements are met, the making of strong joints then depends 
upon having proper correlation between the amount of pressure 
and the consistency of the glue at the moment of applying pres- 
Sure. In short, if the glue is thin at the time of pressing, a light 
pressure should be used, and if it is thick a heavy pressure should 
be used. Many other factors influence the strength of the glued 
joint, but do so chiefly through their effect upon the consistency 


Wood Technologist, Forest Products Laboratory. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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of the glue. Among the more important of these factors are the 
kind and the grade of glue, the water content of the glue, the 
amount of glue spread, the manner and time of assembling the 
glue-coated pieces, the moisture content of the wood, and the 
temperature of the wood, glue, and room. Where such a large 


Fig. 1 Four Types or Broken Joints WERE 

Animat oN THE Same Kinp or Woop. Tue {TEN 

Testep Specimens oF Eacu Joint WERE ARRANGED IN THEIR 
ORIGINAL PosITION AND PHOTOGRAPHED 


1 Well-glued joint—made with a proper relation between pressure and 
consistency of glue. 
Starved joint—resulted from the application of pressure while the glue 
was too thin. 
3 Chilled joint—glue formed into a firm jelly and the pressure applied 
was insufficient to bring complete contact. 
4 Dried joint—glue dried on the wood before pressure was applied. 


number of contributing factors exist many combinations are 
possible, some of which give good results while others give poor 
results. 

A strong joint is characterized by complete contact of glue 
and wood surfaces over the joint area, a continuous film of good 
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glue between the wood layers which is unbroken by air bubbles 
and foreign particles, and sufficient penetration of glue into the 
cell cavities of the wood to give adequate adhesion. The thick- 
ness of the continuous glue film may vary considerably without 
affecting the strength of the glued wood joints. Microscopic 
studies of glue joints show that the glue penetrates the cell 
cavities and other openings in wood, and that the additional 
area thus provided for adhesion has a bearing upon the strength 
of the joints made in strong woods. Numerous shallow anchor- 
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ages such as are made by the penetration into the smaller cell 
cavities immediately adjacent to the glue line are better than 
penetration into a few deep but isolated large cells. Deep pene- 
tration, which results in long tendrils of glue in the cell cavities, 
is not only unnecessary but may even be harmful. Unless the 
pressure applied is adjusted to suit the consistency of the glue, 
thick glues may give incomplete contact and inadequate pene- 
tration, and thin glues may press out between the wood plies 
or may penetrate excessively into the open cells and give what is 
commonly termed a “starved joint.” (See Fig. 1.) 

It is very difficult to measure the consistency of a glue mixture 
after it is spread on wood surfaces, but it is possible to judge the 
condition of the glue in an empirical way by touching the glue 
layer with the finger. An animal glue, for example, should be 
thick enough to form short, thick strings, but not too thick to 
take an imprint or a depression readily. Between the two con- 
ditions thus defined good results are produced with a moderate 
pressure. A glue of the proper consistency will flow sufficiently 
to show a distinct line of glue at the joint edge. The absence 
of this line indicates that the glue was too thick for the amount of 
pressure applied. If, on the other hand, the glue flows exces- 
sively out and down over the edges of the wood, a starved-joint 
condition is indicated. A lack of glue ‘‘squeeze-out”’ is usually 
associated with incomplete contact in the joint, and an excessive 
““squeeze-out”’ is associated with the absence of a continuous glue 
film. In either case the full strength of the joint is not obtained 
in strong woods, for example, in ash, birch, and hickory. 

In most commercial gluing operations the glue is spread on 
but one of the two contact faces of the pieces being glued (single 
spreading). At times, however, both contact faces are coated if 
the greatest precautions are being taken to insure good joints 
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(double spreading). The results of tests, which are given below, 
indicate that the increase in strength by double spreading is slight. 


No. of 
specimens Method Average joint strength 
tested and of Tested dry Tested wet 
averaged spreading (Ib. per sq. in.) (lb. per sq. in.) 
75 Single 369 225 
150 Double 377 235 


A spread of about 12 sq. ft. of glue line per pound of mixed glue 
on one of the two contact faces gives satisfactory joints with 
most glues and kinds of gluing. Under adverse conditions of 
gluing, as where the glue becomes very thick before pressing, 
double spreading is more reliable than single spreading. Under 
adverse conditions, however, a somewhat thicker spread of glue 
is necessary. 

As soon as wet glue is spread on pieces of dry wood it begins 
to thicken. If the pieces are placed together immediately after 
spreading the glue, which is the general custom, the change is 
slower than where the glue-coated surfaces are left exposed freely 
to the air. This lapse of time between spreading and pressing is 
referred to as the “assembly time.’”’ The average casein glues 
and the thicker blood-albumin glues are thick enough to press 
immediately after spreading. Animal glue and the thinner 
mixtures of the other two types are too thin to press immediately 
after spreading, if strong hardwoods are being glued, and better 
results are therefore obtained by waiting for the glue to thicken 
somewhat before pressing. The effect of assembly time upon 
glued joints is closely related to the temperature of the wood and 
room. In gluing small articles with casein and animal glues at 
room temperatures it is ordinarily not difficult to apply a mocer- 
ate pressure just at the time the glue has a proper consistency. 
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Fig. 3 RELATION BETWEEN Speciric GRAVITY OF Woop AX? 
SHEAR STRENGTH OF JOINTS OF VARIOUS SpEcIES GLUED ITE 
ANIMAL GLUE 


In gluing larger articles, for example, propellers, the operating 
requirements are such that the assembly time varies consideral!y 
and therefore the temperature and other gluing factors must 
carefully controlled in order to give the right glue consistency 
at the time pressure is applied. 

Gluing investigations have shown that the most reliable glue 
joints are made under pressures ranging from 100 to 200 |b. pet 
sq. in. of joint area. High pressures are especially imports®' 
with casein and other thick glues. It is possible to make strong 
joints with pressures of less than 50 lb. per sq. in.; howeve?, 
such pressures are generally not feasible under commercia! co™ 
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ditions. The successful use of light pressures presupposes that 
the wood surfaces are free from warping and other irregularities, 
a condition that is seldom obtained. Pressures in excess of 200 
lb. per sq. in. may crush certain woods, and they are therefore 
applicable only to strong woods where maximum strength of 
joint is required. Experimental and practical work have justi- 
fied the use of a medium to high consistency of glue for use with 
pressures of 100 to 200 Ib. per sq. in. 

Joints should be retained under pressure until they have suffi- 
cient strength to withstand the internal stresses which tend 
to separate the wood pieces. Under favorable gluing this con- 
dition will be reached in 2 to 7 hours, according to the thickness 
and absorptive power of the wood. Asa precautionary measure, 
however, a pressing period beyond the minimum time is advis- 
able. 

DIFFERENT Woops 


Practically all woods used in aircraft can be well glued, how- 
ever some require more care in gluing than others in order to in- 
sure joints of the highest strength. Extensive gluing tests have 
been made on different woods with animal and casein glues, 
using a wide range of pressure, assembly time, temperature, 
and other gluing factors. The results of these tests show that the 
strong species require greater care in gluing than the weaker 
species; that the hardwoods (porous woods) require more care 
than the softwoods (non-porous woods); and that the heartwood 
is often more difficult to glue than the sapwood of the same 
species. These tests also show that the density of wood has a 
rather definite relation to the strength of glue joints. This 
is illustrated in Figs. 2 and 3, where test data obtained with 
different glues are averaged for each species of wood. The 
strength of solid wood varies in a general way with its density, 
and from Figs. 2 and 3 it may be seen that a similar relationship 
exists for the glued joints tested, even though complete wood 
failure did not occur in testing. 

The oceurrence of an occasional weak joint or part of a joint, 
which may cause failure in service, is of great significance to the 
designer of aircraft. The selection and control of gluing condi- 
tions so as to avoid weak spots in the joints is of even greater 
importance, therefore, than the average strength of the joints. 
An analysis of the test results of joints made with casein glue 
shows that the largest number of weak spots occur with long 
assemblies and low pressures, and that the smallest number of 
weak spots occur with the short assemblies and high pressures. 


RECOMMENDATIONS FOR GLUING DIFFERENT Woops 
Casein Glue 


Suka Spruce. The following conditions are recommended 
for the use of casein glue on Sitka spruce: A glue mixture of 
medium consistency, spread 1 lb. of mixed glue to 12 or 13 sq. ft. 
of glue line, pressed with 100 to 150 Ib. pressure per sq. in. of 
joint area, and assembled closed in 1 to 20 minutes (glue-coated 
pieces laid together as soon as spread). 

Other softwood species, including white- pine, western red 
cedar, redwood, and Douglas fir glue satisfactorily under the 
conditions recommended for Sitka spruce. 

Ash. The following conditions are recommended for the use 
of casein glue on ash: A glue mixture of thick consistency, spread 
| lb. of mixed glue to 11 to 12 sq. ft. of glue line, pressed with 
150 to 200 lb. pressure per sq. in. of joint area, and assembled 
closed in 1 to 12 minutes. 

Other species, which should be glued under the same con- 
ditions as recommended for ash are: basswood, birch, black 
cherry, elms, gums, hickory, mahogany, maples, oaks, yellow 
poplar, and black walnut. 
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Animal Glue 


Birch, White Oak, and Black Walnut. Either of the following 
two sets of gluing conditions is recommended for animal glue: 


Approximate Pres- 
Glue-water glue spread, Temperature sure, Closed 
proportions sq. ft. of the wood, Ib. per assembly 
by weight (a) per lb.(b) deg. fahr. sq. in. time, min. 
1:2'/¢ 11 to 12 80 200 3 to 5 
1:21/4 ll to 12 90 200 12 to 18 


(a) A glue which meets the requirements of U. 8. Navy specifica- 
tion No. 52G4 or Army specification No. 3-140. 
(b) Square feet of glue line per pound of wet glue mixture applied. 


The lighter-weight species can generally be glued satisfactorily 
with animal glue under less exacting gluing conditions. How- 
ever, few of them are glued with animal glue for use in aircraft 
work. 

In the case of a few woods, for example, hickory, black cherry, 
or red gum, the strength of the joints may be improved by 
treating the wood before gluing. A solution of hydrated lime 
(10 grams added to 90 grams of water) brushed over the surfaces 
which are subsequently glued with casein glue improves the 
strength of the joints. Likewise, a 10 per cent solution of caustic 
soda improves the strength of animal glue joints. The wood 
surfaces to be joined are brushed with the solution, then after 
about 10 minutes they are wiped with a cloth to remove any excess 
solution or dissolved material, after which they are allowed to dry 
before gluing. 

Gluing practice in aircraft work has not yet reached the same 
degree of perfection that obtains in some of the older industries. 
This is due in part to the continuous change and development in 
aircraft design, to the lack of volume production, and to the 
large amount of unusual and special forms of material glued. 
Modern machine spreaders and power presses, which are used 
extensively in other industries, cannot generally be used to 
advantage in aircraft gluing where glue is still spread by hand. 
On many aircraft joints the only pressure applied is through the 
insertion of brads and screws, which is usually both inadequate 
and uneven. While the essential principles of control in the 
gluing operation are known, much progress can still be made in 
applying them in aircraft work. The development of special 
mechanical equipment for spreading the glue and for applying 
pressure to the many small and irregular pieces of wood would be 
a substantial help in applying more extensively the essential 
principles of gluing, and would thereby make glued joints stronger 
and more dependable. 


Discussion 


Morgan B. Smiru.? It would be interesting to know if this 
breaking down of the glue film takes place between layers of the 
wood or where joints are exposed to the atmosphere. My under- 
standing is that as a rule the edges of plywood must be pretty 
thoroughly sealed in order to get anything like long life in a 
built-up board. 

It might be of interest to refer to the application of plywood to 
vehicles in general and particularly to the automobile. It is my 
understanding that plywood is being experimented with and that 
it bids fair to be a very great success in automobile body con- 
struction. 


AvTHOoR’s CLOSURE 


In reply to the question as to what the tests and experiments 
have proved with regard to the relative adhesive properties in 
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gluing spruce and mahogany our tests indicate that both spruce 
and mahogany can be glued to obtain practically 400 per cent 
wood failure. The percentage of wood failure for spruce is 
slightly higher than for mahogany, but there is no large difference. 
Practically 100 per cent wood failure was obtained on both woods. 

With reference to the question as to the amount of pressure to 
apply, mahogany will take a little more pressure than spruce; 
that is, 100 to 150 lb. pressure is satisfactory on spruce, but 150 to 
200 Ib. pressure would be nearer right on mahogany. We usually 
plan, in gluing two woods of different qualities, to control our 
gluing conditions for the more difficult wood. That would be in 
this case substantially 150 lb., if a relatively thick glue mixture is 
used, 

About a year ago I had an opportunity to visit a number of 
factories and aircraft repair stations for the Navy. In many 
cases I examined glued joints in which the pressure had been ap- 
plied only with screws, nails, or brads. Many of the joints 
showed only 50 to 75 per cent adhesion over the contact area. 

There is not enough pressure applied by means of the nails or 
brads. A pressure of 150 lb. per sq. in. is a lot of pressure, and 
you do not get it with an ordinary brad or screw in the form in 
which they are usually used. I am satisfied that the joints I saw 
could have been made very much stronger and more reliable if 
enough pressure had been applied. If clamp pressure could be 
applied immediately following the insertion of the brads, I am 
sure it would improve the joint. 

We have not arrived at any very definite conclusion with re- 
spect to the relative life of casein and blood-albumin glued ply- 
wood. Blood-albumin glue under our tests, exposed to damp 
conditions such as high humidity, has always shown a better test 
and longer durability than a water-resistant casein glue. We 
have, however, for the past two years given a rather intensive 
study to the permanence of joints under damp conditions, and we 
are now learning that there are certain types of casein glues which 
are considerably more permanent than others. Our chemists are 
finding that casein glues which are strongly alkaline hydrolyze and 
break down after a period of time, while both casein and blood- 
albumin glues are attacked by fungi and mold and are destroyed 
eventually by them. 

We have had some contact with the automobile people in con- 
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nection with the use of glue and the use of plywood in automobile 
construction. Plywood has been used for some years in certain 
parts of automobiles, particularly in running boards and in some 
makes in parts of the body. Glue is used a great deal in the 
automobile industry in addition to its use in what we call ply- 
wood. The term “plywood” is generally used to describe ma- 
terial where the grain of the plies are at right-angles to each other, 
which gives such a construction unusual mechanical properties. 
There is a good deal of glue used in automobile bodies now, and 
its use is decidedly on the increase. Thick members, such as ©, 
in. and °/, in. for use in the bodies, are being made up of thinner 
material. The Forest Products Laboratory is very much inter- 
ested in such practices because it means better wood utilization. 
The surprising thing about it is that it can be done at a profit, de- 
spite the operations of cutting the thin material and gluing it to 
make up the thick members. There are some automobile body 
manufacturers who produce curved laminated members similar 
to those in aircraft for use in the region of the wheel housing and 
in the rear curved part of the body. Such parts are made by 
gluing thin pieces. A thick member can be built out of thin 
pieces to obtain almost any curvature desired. It is also not so 
highly stressed as a member made by bending solid wood. 

The relative merits of all wood joints compared with joints be- 
tween wood and sheet metal or sheet steel are beyond our scope of 
investigation. We have confined our work chiefly to the gluing of 
wood and have never undertaken the gluing of metals. I cdo 
know that there are manufacturers who are gluing wood to metal, 
combining sheets of metal and sheets of wood, and are doing it 
apparently satisfactorily for a number of uses. Wood-metal 
panels go into truck bodies to some extent where a hard surface is 
desired that does not dent and is still a light construction. Just 
what percentage of adhesion is obtained between the two mate- 
rials, cannot say. Norcan I say how strong the joint is as com- 
pared with a wood-to-wood joint. Of course if the glue adheres to 
the metal as well as it does to the wood, the joint should be as 
strong as a wood-to-wood joint under shear. I suspect that an 
adhesion to some metals is obtained which is equal to the strength 
of some of the lighter woods, such as spruce or poplar, because 
these woods do not test high in shearing strength. The casein 
glues are being used for this type of gluing. 


A d 
» 
* 
q 


AER-50-17 


The Oil Engine and Aeronautics 


By COMMANDER E. 


HE development of oil engines for aeronautic uses involves, 

as its first step, an analysis of the problem. Aircraft are 

of two widely different types, airships and airplanes: that 
is, lighter-than-air craft and heavier-than-air craft. Each has 
its own specific requirements. These have been met to a cer- 
tain degree by gasoline engines. The oil-engine development 
should profit by the work already done on gasoline engines, 
and take as its point of departure the highest state of that art 
to date. 


FUNDAMENTAL REQUIREMENTS FOR AIRCRAFT ENGINES 


We may list six fundamental requirements for aircraft engines. 
An engine which replaces the present types must meet these 
requirements more successfully than do the present engines. 
Our first step, then, is an analysis of these requirements and an 
estimate of the degree to which they are now met. 

Aircraft engines must have (1) minimum weight per horse- 
power, (2) minimum fuel consumption, (3) minimum cost, (4) 
maximum dependability, (5) maximum durability, and (6) maxi- 
mum ease of maintenance in the field. 


WEIGHT PER HORSEPOWER 


Minimum weight per horsepower is a fundamental require- 
ment in aeronautics where gravity exerts such a tremendous 
influence. The heaviest power loading with which we are 
familiar—and by power loading we mean the ratio of the gross 
weight of the airplane to the maximum power of its engines—is 
in the neighborhood of 25 lb. per hp. We may say, then, that 
an airplane with a power plant weighing 25 lb. per hp. can 
just fly without useful load. Reduction in the power-plant 
weight is manifestly reflected in the pay load. Low weight per 
horsepower is not only of importance per se but also because 
the weight of the power plant is reflected back into the weight 
of the structure. It has been said, ‘‘It takes a pound to carry 
a pound.”” Every pound taken off the power-plant weight 
results in the elimination of approximately one pound in the 
structure. Weight per horsepower is of paramount importance. 

We have numerous aircraft engines which weigh 1'/2 lb. per 
hp. as bare engines. We have a number of complete power- 
plant installations which weigh 2 lb. per hp. in running order. 
We may say, then, that any new power plant must not exceed 
2 lb. per hp. installed ready to run. 


Economy 


In the matter of fuel economy modern aircraft engines easily 
attain a combined fuel and oil consumption under cruising 
conditions of 0.5 Ib. per hp., using normal compression ratios 
around 5.3 to 1, and ordinary fuels. An improvement of about 
10 per cent can be had in special cases using higher compression 
ratios and other special arrangements. For general purposes, 
however, we may say that the engine which replaces the modern 
aircraft engine must at least equal a combined fuel and oil 
consumption of 0.50 lb. per hp-hr. 

Manifestly fuel economy is of double importance in aircraft. 
The less fuel required for a given purpose the greater the pay 
load which can be carried. In considering weight per horse- 
power, then, we must combine the power-plant weight with the 
weight of the fuel necessary to perform the airplane’s functions. 
This combination immediately introduces the factor of time, 
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and this in turn causes us to look at the problem from at least 
two angles: the one, heavier-than-air craft; the other, lighter- 
than-air craft. 

Manifestly in an airship whose duration of flight may be of 
the order of several days the deadweight of the power plant 
may be small in comparison with the total weight of the fuel 
burned. In an airplane whose duration of flight may be measured 
in hours, the deadweight of the power plant becomes larger in 
proportion to the fuel burned. The shorter the flight the less 
important is the fuel economy viewed from the standpoint of 
weight. In a modern airplane the engine will burn fuel equal 
in weight to that of the total power plant in a period of about 
four hours at full power. 

Now the airplane, viewed on general grounds, appears to be 
essentially a short-range vehicle if it is to be employed economi- 
cally. The aircraft which have recently crossed the oceans 
have been landplanes stripped down to the minimum weight, 
carrying little or no useful load, and utilizing all their carrying 
capacity for fuel. We can conceive a motor bus making a 
non-stop run from New York to San Francisco carrying its 
own fuel, which in this case would amount to about a ton. But 
it is much more economical for the bus to stop at convenient 
filling stations to refuel, and utilize its load in carrying passengers. 

The relegation of the heavier-than-air craft to comparatively 
short flights results from the fact that the airplane, unlike all 
other vehicles of transportation, must use its power to sustain 
itself. The lighter-than-air craft, on the other hand, is sustained 
by its buoyancy in the medium in which it operates. The air- 
ship, therefore, is the long-range aircraft, and it is in this type 
that fuel economy becomes the more important. This is an 
important point, because in the present state of the aircraft-oil- 
engine art we must depend upon fuel economy to overcome the 
present greater weight of the oil engine. 

At this point it is well to take cognizance of the rapid and 
far-reaching developments in aircraft engines in the past year. 
The year 1927 particularly stands out in aeronautical history as 
a year in which air-cooled aircraft engines demonstrated their 
superiority from every standpoint. The spectacular flights of 
1927 are the result of vears of patient effort looking toward the 
development of the air-cooled aircraft engine. The overseas 
flights demonstrated conclusively the soundness of the analysis 
which resulted in the development of the air-cooled power plant. 


Atr-CooLep vs. WaTER-COOLED ENGINES 


There are two important aspects of the air-cooled-engine 
development, the one the elimination of the water-cooling 
system and the other the rearrangement of the cylinders on the 
engines. Our modern air-cooled engines are single-row fixed 
radials, the cylinders being disposed radially about a single 
crank. All of the American and most of the foreign water- 
cooled engines are in-line or V-in-line engines. Our recent 
advances, then, are the result of two things: first, air cooling, 
and, second, better mechanical form. 

From the standpoint of weight per horsepower, it is obvious 
that the air-cooled engine is lighter than the water-cooled engine, 
largely because of the elimination of an intermediate cooling 
system between the engine and the air. This amounts to, 
roughly, 0.6 lb. per hp. Again, the single-row radial is in- 
herently lighter than an in-line engine of equal cylinder displace- 
ment. This is apparent when we remember that we have 
substituted a single-throw crankshaft for a multi-throw crank- 
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shaft and a short crankease for a long crankease. This differ- 
ence in weight per horsepower can be visualized by comparing 
the Liberty water-cooled’ engine of 1650 cu. in. displacement, 
weighing about 900 lb. without water, with the Pratt & Whitney 
air-cooled radial ‘‘Hornet’’ engine having a slightly greater 
displacement and weighing 750 lb. complete. Air cooling and 
the single-row radial design have resulted in important power- 
plant weight reductions which we must remember are reflected 
back into the weight of the structure and thus affect economy 
and all other factors of operation. 

In the matter of fuel economy, air-cooled engines suffered for 
a time by comparison. Inferior cylinder cooling brought about 
the necessity for rich mixtures with correspondingly poor econ- 
omy. ‘This fault was not inherent in the principle, but was a 
matter of detailed design. Careful research by the U. 8S. Army 
Air Corps Engineering Division produced the present cylinder 
for the Wright engines, which was so well designed that the 
modern air-cooled engines are now generally superior to the 
water-cooled engines in the matter of fuel economy. Working 
independently, the Pratt & Whitney Company accomplished the 
same results in their engines for the Navy. The single-row 
radial engine lends itself better to air cooling than do other 
cylinder arrangements, and thus the single-row radial air-cooled 
engine may be said to be responsible for the recent improvements 
in fuel economy. The reduction in power-plant weight plus 
the improved economy made it possible for our transoceanic 
fliers to get off with more fuel and use it to better advantage. 
These factors are the fundamental reasons for the spectacular 
achievements of this year. 


DEPENDABILITY 


In the matter of dependability, the elimination of the water- 
cooling system results in the elimination of at least one-third 
of the common causes of power-plant failures. The surprising 
dependability exhibited by the ‘‘Whirlwind”’ engines in a long 
series of flights, commencing with Byrd’s North Pole expedition 
and going on through several transoceanic flights, involved 
fifteen different ‘‘Whirlwind” engines. These were stock en- 
gines and they all functioned perfectly until the fuel ran out, 
or the flight was over. No better proof of improved dependa- 
bility could be had, and this improvement is largely due to the 
elimination of the cooling system and the inherently dependable 
form of the single-row radial. 


DURABILITY OR OPERATING LIFE 


In the matter of durability or operating life, the new engines 
are greatly exceeding the performance of their predecessors. 
Improved durability can be ascribed to the elimination of the 
cooling system, the single-row radial form, and improved 
design. 

Cost 


In the matter of cost it is manifest that the air-cooled engine 
is cheaper through the elimination of the somewhat expensive 
water-cooling system, and that the single-row radial is inherently 
cheaper in production. From the standpoint of ease of mainte- 
nance the same thing is true, the single-row radial permitting 
easy accessibility and ready maintenance in the field. 

From the foregoing it is apparent that the oil engine will 
have to compete with an aircraft engine which meets our six 
requirements to a marked degree. Manifestly, from the very 
beginning of the design of the oil engine, we should endeavor to 
apply the same principles which have made the new air-cooled 
radial engines so successful. I am convinced that if the oil 
engine starts out as a conventional water-cooled engine, its 
application in aeronautics will be greatly retarded. On the 
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other hand, if the aircraft oil engine starts out as a radial air- 
cooled job, it will be that much farther advanced toward success 


ADVANTAGES OF THE OIL ENGINE FOR AERONAUTICAL WorK 


So far we have not mentioned the advantages of the oil engine 
which should help overcome any inferiority from the standpoint 
of the six requirements laid down above. If these six require- 
ments are met by the oil engine as well as they have been met 
by the radial air-cooled engine, the advantages of the oil engine 
should constitute strong motives for its general employment in 
aircraft. Manifestly, one of the tremendous advantages in- 
herent in the oil engine is improved economy. Another advan- 
tage is the comparative freedom from fire hazard. 

Fuel economy will be of interest for the reasons previously 
outlined, and also from the standpoint of cost of operation. 
Widespread use of heavy oils in place of gasoline may reduce 
the price differential. It is possible that there would still remain 
the differential in cost of production, which should always favor 
the oil. Fuel costs are a comparatively small proportion of 
operating costs, but they may prove of importance in com- 
mercial operations. The introduction of cracking processes 
influences this problem, and the results of fuel research wil! 
continue to do so. 

The weight per horsepower of modern aircraft engines has been 
reduced to a certain extent by increasing the crankshaft speeds. 
We have steadily advanced to as high as 2200 r.p.m. as a rated 
speed. Now the efficiency of the propeller is a function of the 
speed of advance of the aircraft, so that high crankshaft speeds 
can be utilized only in high-speed aircraft. One alternative is 
to use reduction gears in slow-speed airplanes. This has resulted 
in improved thrust on take-off, thus enabling the airplane to 
get off with greater loads, and the improved propeller efficiency 
has correspondingly improved the fuel consumption at cruising 
speed. In the direct-drive engines of today, I believe we have 
gone too far with high crank speeds. It is conceivable that by 
utilizing more cylinder displacement and lower crank speeds for 
the same power we may get sufficiently better performance to 
compensate for the increased engine weight. In choosing be- 
tween the high-speed, geared engine and the direct-drive over- 
size engine with a lower crankshaft speed, I believe the direct- 
drive engine has the advantage and should be given far more 
consideration than it has bad in the past. At any rate, in our 
oil engines we need not worry in the beginning over higher 
crank speeds than, say, 1400 to 1600 r.p.m. 

This matter of crank speed is the controlling factor because, 
while the compression-ignition engine has superior economy 
inherent in the cycle, the mechanism is unable to utilize this 
superiority when the speeds get too high. In a recent problem 
we have endeavored to arrive at a compromise between the 
dry weight of the engine and fuel economy which will give us 
the least weight for a given time of flight. This was an airship 
problem which took into consideration the influence of speed 
on fuel economy. This points out the necessity for designing 
our engine for a specific purpose, and it is manifest that the com- 
pression-ignition heavy-oil engine should find its first aero- 
nautical application in the airship class. At this very moment 
one of the most pressing problems in connection with the Navy's 
airship program is the choice of an engine. 


Fire Hazarp 


Aside from the economic aspects in this problem, there is the 
matter of fire hazard. It is a well-known fact that one of the 
chief sources of danger in an airship, with present-type engines, 
is the volatile fuel they use. I believe that the hazards involved 
in utilizing gasoline are far greater than those involved in the 
use of hydrogen. It may be possible that, with a safe fucl, we 
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can revert to hydrogen as a lifting gas and eliminate the helium- 
supply problem. 

The fire hazard involves two aspects: (a) the danger from the 
presence of explosive or combustible mixtures, and (6) the 
danger from the combustion of the fuel itself. Of these the 
volatile combustibles are perhaps the most to be feared. The 
danger from this source may decrease in proportion to the 
volatility of the fuel, but it must be remembered that even 
the heaviest oils are not entirely free from this danger. Bunker 
fuel, heavy enough to be difficult to handle, must be carefully 
watched from the standpoint of explosive mixtures of vapors. 
From this point of view the oil engine will have a definite 
superiority over the gasoline engine, a superiority about in pro- 
portion to the volatility, but it will still involve some hazard. 
Our oil engines cannot therefore stop with the employment of 
oil only slightly heavier than the present gasoline. From the 
standpoint of fire hazard we must use the least hazardous oils. 

From the standpoint of the combustion of the liquid, the 
heavy oil is not so attractive as would appear at first glance. 
If we pour gasoline on a hot plate we find that the fuel is fre- 
quently vaporized without being ignited. On the other hand, 
if we pour lubricating oil or Diesel oil on the same plate, it will 
almost invariably ignite. Fires in aircraft have been initiated 
in the lubricating oil, and it is frequently the lubricating oil 
which burns most violently. In a crash it would be difficult to 
choose between oil and gasoline. 

We may say, then, that there is some doubt as to whether a 
light or heavy oil is more hazardous in a crash, but that from all 
other viewpoints the heavy oil has decided advantages. The 
superiority of the heavy oil bears some relation to its viscosity, 
and is greater the heavier the oil. Aircraft-oil-engine design 
should give due weight to this factor in order that the inherent 
advantages of the type may be realized in service. 


SUMMARY 


To summarize, I believe that the two important advantages 
of the heavy-oil engine for aircraft service, viz., inherently 
superior fuel economy and inherent reduction in fire risk, are 
importance to warrant prosecuting the project 
vigorously. I believe that the first application of the oil engine 
in aeronauties should be in the airship, because it is here the 
advantages are realized to the fullest extent. Oil-engine develop- 
ment should start with the highest development of the gasoline 
aircraft engine and not with an initial handicap of incorrect 
cooling and mechanical form. The Navy's rigid- 
airship program needs a development of this sort now. 
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Discussion 


O. D. Tretper.!. Commander Wilson’s, paper contains a 
great deal of valuable information. The Diesel motor offers 
little possibility of reducing the weight of present aeronautical 
gasoline motors. The weight will necessarily be slightly higher 
on account of the increased maximum gas pressures necessary 
to obtain the height of economy. The present economy of the 
gas motor as stated by author, 0.5 lb. per b.hp-hr. for fuel and 
oil, is remarkable, and is comparable with that of many oil 
engines of today. However, a consumption of 0.4 lb. of fuel 
oil can be obtained in Diesel motors with perhaps an improve- 
ment of 10 per cent under favorable conditions. This would be 
an improved weight economy as regards fuel of 20 to 25 per 
cent. The additional weight of the Diesel motor, however, 
will offset some of this saving. 

Since the gasoline motor at 1'/, lb. per hp. consumes its weight 
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in fuel each three hours and the Diesel motor can effect a saving 
of fuel of 20 per cent, the Diesel motor would save 0.3 Ib. per hp. 
every three hours and could weigh 1.8 lb. per hp. and be equiva- 
lent to a gasoline motor on a weight over three-hour time 
basis. Beyond three hours time the saving would be favorable 
to the Diesel motor to the amount of 0.1 Ib. per hp. per hour. 
These figures might be improved in favor of the Diesel motor, 
but the above is considered conservative. 

Now a Diesel motor of 1.8 lb. per hp. is the problem. How- 
ever, after reaching down to about 8 lb. per hp. for railroad 
service, the writer is optimistic enough to believe it can be 
appioached very closely, perhaps improved. 

As to the reduced fire hazard: This is the greatest asset we 
can contribute to acronautics by developing the Diesel motor, 
as the fuel is less volatile, or in other words has higher flash 
and fire points. At the present time Diesel fuel oil is apt to 
be anything—light ends as well as heavy ends. The light 
ends must not be permitted in Diesel oil for aeronautics, and 
the heaviest ends are not easily consumed at high speeds. The 
matter is entirely one of selecting the fuel and requiring a Diesel 
motor that will use the high-flash oils. 

We have had no fires in our Diesel ships, but our gasoline 
boats have had many bad fires due to free gasoline. Perhaps 
the fires the author mentions as coming from lubricating oil 
were due largely to this oil’s being contaminated with gasoline 
condensation working past the piston rings. However, the 
writer has had a number of experiences with lubricating oil 
cracking from contact with hot surfaces in the crankcase, par- 
ticularly the piston crown, and forming a gas which is not no- 
ticed and never ignites so long as the motor is running. But, 
when the motor is stopped, particularly when quickly stopped 
after full throttle, this gas collected in the crankcase explodes 
violently, sometimes rupturing it and often burning long enough 
to completely envelop the engine in a flame several times the 
size of the engine and starting serious fires. The crankcase 
fires the author mentions may be due to this cause. This danger 
can be minimized by correct piston design and tight piston 
rings. 


Rosertson Marruews.? In view of the fact that there are 
at least three heat cycles on which this type of engine may be 
operated, specification of which may in future give us more 
concern than at present, the use of the term ‘compression 
ignition” in these papers is commendable. However, it is a 
long term both for writing and pronunciation and the writer 
uses and suggests ‘“‘comp-ig”’ in its place. 

A noteworthy statement by Commander Wilson is that the 
high-speed compression-ignition engine must excel the car- 
buretor engine in all of the six major requirements which he 
specifies for aircraft engines. He further suggests that for 
aeronautical service it should be air cooled. Some of us would 
not have had the audacity to ask, for a while yet, for air cooling. 
The well-digested character of his paper and the knowledge 
that it was the organization which he represents which more 
than inspired the development of the engine of which we have 
heard so much in connection with recent successful long-distance 
flights, bids us accept his suggestion as a wise instruction. 

The application of air cooling to the high-speed compression- 
ignition engine would seem to call for still greater emphasis on 
the attainment of dual combustion, or operation on the Sabathe 
cycle. What in stationary-engine practice are called high- 
speed oil engines run up maximum pressures of 800 lb. per sq. in. 
and above when giving fuel economies consistent with the theo- 
retical efficiency of the Sabathe cycle. Such pressures mean 
high temperatures. More control of the constant-pressure as 
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well as the constant-volume portion of combustion should be 
favorable to the attainment of successful air cooling at 1400 to 
1600 r.p.m., the crank speed set as a temporary limit by the 
author. 

All of the major requirements specified together with that of 
air cooling, call for a dual-combustion compression-ignition en- 
gine and not for the Otto one usually obtained at high r.p.m. 
But how can we get it? As yet we understand little of the 
processes of combustion. The job needs a Faraday, and the 
sooner the better. 


Etmer E. Sperry.* Commenting orally on the paper, 
took exception to the author's statement regarding the relative 
hazards of lubricating oil, Diesel fuel oil, and gasoline on air- 
planes, and regretted that any such statement as this had been 
made by one holding so important a position in the Navy De- 
partment. He said that when the Standard Oil Company’s 
tankers are loaded with gasoline no one is allowed to approach 
nearer the ship than 300 ft. Every fire is out and the ship is 
grounded by huge copper cables, and every possible precaution 
taken in loading. The same is practically true in the loading 
of some of the crudes which have naphthas in them. But when 
loading fuel oil or Diesel oil in bulk all the fires are going in the 
engine room and every one smokes who cares to, no attention 
being paid to it whatever. A good many experiments had been 
made at his works, Mr. Sperry said, and while Diesel oil can be 
set afire, it is necessary to use a torch, and put waste on the oil 
and get everything hot before it can be made to burn. 

The objection to our air-cooled engines is that they expose a 
very much larger area to the head resistance than do a water- 
cooled engine and its radiator. 


Tue AutTHor. We may look at the fire hazard in aircraft 
from three points of view: on the ground, in the air, and in a 
crash. The protection of aircraft and property where the 
present high-volatile fuels are used is one of very great difficulty. 
This is particularly true on board the vessels of the Fleet, where 
the introduction of aviation gasoline has necessitated taking 
elaborate precautions and installing special apparatus for han- 
dling the fuel. The problem of handling a hundred thousand 
gallons of gasoline on a carrier is a difficult one. The replace- 
ment of gasoline by heavy oil would almost completely eliminate 
this difficulty. If, however, as Mr. Treiber says in his dis- 
cussion, “Diesel fuel is apt to be anything—light ends as well 
as heavy ends,” then the difficulty has not been eliminated. 
In developing a compression-ignition engine for aircraft this 
fact must be taken into consideration. I should like to em- 
phasize Mr. Treiber’s statement that the light ends must not 
be permitted in Diesel oil for aeronautics. 


3 Chairman, Board of Directors, Sperry Gyroscope Co., Brooklyn, 
N. Y. Life Member A.S.M.E. 


Fire in the air may result from gasoline leaks permitting the 
fuel or its vapors to come in contact with a source of ignition 
such as the electric-ignition apparatus or hot parts of the engine. 
The American in-line V-type water-cooled engines carry the 
carburetors inside the V for compactness’ sake. This necessi- 
tates leading the fuel lines over the ignition apparatus. A 
broken fuel line results in spraying the gasoline over the dis- 
tributers, and may result in fire. With the engine cowled in, 
explosive vapors may accumulate in the V through small leaks 
and be ignited by a backfire from the carburetor, or, as has 
occurred, by a spark jumping across from the spark-plug ter- 
minal to the nearby metal cowling. The location of the car- 
buretors in the V produces a serious fire hazard with volatile fuels, 

The modern air-cooled engines were designed to eliminate 
this hazard through the location of the carburetors well below 
and behind the engine, so that the fuel leads go well clear of 
ignition apparatus and hot parts of the engine. Furthermore, 
in the interests of cooling the air-cooled engine, the cowling is 
invariably well ventilated, preventing the accumulation of ex- 
plosive vapors in a dangerous place. These steps have tended 
to reduce the hazard from fires in the air, and these are com- 
paratively few with modern air-cooled engines. Nevertheless, 
our present volatile fuels are a source of great danger in the air. 
A heavy-oil engine designed largely to eliminate fire hazard in 
aircraft must use a fuel free of light ends. 

The problem is somewhat different in the case of a serious 
crash. The Engineering Division of the Air Corps has con- 
ducted a series of experiments in which an airplane has been 
deliberately crashed against a concrete wall and slow-motion 
photographs taken of the result. In many cases no fires oe- 
curred. In many in which fires did occur it was not pos- 
sible to arrive at very definite conclusions because the number 
of crashes were necessarily limited. A very careful study of 
some of the fires indicated the possibility that the first step 
was the ignition of the lubricating oil. This belief is borne out 
by certain experiments which indicated that if gasoline alone 
were thrown on hot metal parts such as exhaust stacks or cylin- 
ders the rate of evaporation of the volatile fuel was such as to 
cool the metal parts so quickly as to reduce the temperature 
below the ignition point. On the other hand, certain oils sold 
as ‘Diesel oils’? when thrown on hot plates ignited readily and 
burned vigorously. No doubt the prompt burning of this oil 
was due to the presence of light ends. Again the conclusion 
must be drawn that “light ends must not be permitted in Diesel 
oil for aeronauties.”’ 

The chief advantage to be gained by the substitution of the 
compression-ignition engine for the present carburetor engine 
is the reduction of fire hazard. To realize this reduction it is 
necessary to use oils free of light ends. This makes the problem 
more difficult, but the author is confident that its solution is 
well within the realm of possibility. 
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The Problem of Solid Fuel Injection in High- 
Speed Flexible Oil Engines | 


By A. C. ATTENDU,! WASHINGTON, D. C. 


The ‘‘flexible’’ oil engine, the author states, is one which must be 
capable of starting from cold on its own fuel without preheating of 
that fuel or the aid of a combustion chamber or electric appliances, 
or by the preliminary use of a lighter oil for warming-up purposes. 
It must be able to start cold at 70 to 100 r.p.m., idle to 125 r.p.m. or 
about, and run from that speed up to a maximum which varies from 
1000 r.p.m. for trucks, light marine engines, and the like, to 1800 to 
2000 r.p.m. as required for aviation. The author describes his re- 
cent work in the development of a system of solid fuel injection that 
will meet the demands of the flexible engine, and gives particulars of 
a new type of fuel pump and an injector provided with a mixing 
chamber in the cylinder head which he believes will lead to the desired 


result. 


cold on its own fuel without preheating of that fuel or the 

aid of a combustion chamber or electric appliances, or by 
the use of a lighter fuel for warming up the engine, which once 
started is switched over to the heavier fuel. The fuel used in 
all the author’s experiments is 18-20 deg. B. fuel oil. 

The flexible engine must be able to start cold at 70 to 100 r.p.m. 
idle to 125 r.p.m. or about, and run under load from its idling 
speed up to a maximum speed which varies according to require- 
ments from 1000 r.p.m. for trucks or light marine engines and the 
like, to 1800 and even 2000 r.p.m. as required for aviation. 

It can readily be seen that in such an engine conditions vary 
with the speed and load. The amount of oil injected must vary 
with speed, but more in direct relation with the load. The time 
at which the fuel is injected in the cylinder must be varied: 
slightly as the amount of fuel injected increases, and very widely 
as the speed of the engine increases up to its maximum. 

A pressure of from 400 to 500 lb. per sq. in. is necessary for 
starting as well to keep the engine firing steadily as its idling 
speed. If no means are provided to control this pressure, at top 
speed it will become so high that the bearings will not stand up 
under it unless the construction is so heavy that the weight of 
the engine will be prohibitive in many cases. Thus some means 
of maintaining the pressure for combustion practically constant 
throughout the range should be resorted to. This control of 
pressure is, the author believes, quite satisfactorily accomplished 
by the Attendu principle, in which the compression necessary 
for self-ignition and combustion varies from 500 Ib. per sq. in. 
at starting speed to 520 lb. at maximum speed, or a variation of 
4 per cent for the full range. 

The problems to be dealt with in this paper are those of fuel 
measurement, injection, and proper timing: The system for 
solid fuel injection which will be described comprises a fuel pump, 
injector pipes, and an injector. 


, VHE ‘‘flexible’’ oil engine must be capable of starting from 


Fue. Pump 


The fuel pump, shown in Fig. 1, is of the two-stage type. 
During the first stage the oil from the tank is fed by gravity or by 
' any other suitable means, and is compressed in an auxiliary. 
reservoir which fills the entire circuit comprising the metering 
pumps, injector pipes, and injectors. The oil is kept under con- 

' Consulting Engineer, Attendu Engines, Ltd. Mem. A.S.M.E. 


_ Presented at a meeting of the Metropolitan Section of the A.S.M.E., 
New York, November 22, 1927. 


stant pressure, which in the case of the experimental aviation 
engine built for the Navy Department was 800 lb. per sq. in. 
The object of such a high primary pressure is to insure a complete 
filling of the whole circuit and to prevent to a large extent the 
fluctuations of oil in the injector lines, thus making certain a 
more rapid and accurate delivery of the fuel to the injector. 

Between the reservoir receiving the oil under pressure from the 
first. stage and the injector line is the metering pump. This is 
of the variable type, cam-actuated. The variation of the stroke 
is accomplished by a very simple mechanism. The injection 
always starts at the point at which the amount of fuel delivered 
is at its minimum or its maximum. The variation of time of 
injection is controlled independently. The last two conditions 
are necessary for variable speed as well as variable load. 

The bore and stroke of the metering pump in the experimental 
aviation engine have a ratio of 1 to 2 approximately. In the 
new design the bore is larger than the stroke, allowing a smoother 
lift for the same angular length of injection. Also the cams, 
which previously were designed on a constant-velocity curve, 
have now a straight-cut face which gives a faster acceleration as 
the pump plunger is nearing the top of its stroke. This insures 
sharper cut-off of the fuel and also permits of a more positive 
and accurate delivery of very small charges of fuel. (See Fig. 2.) 
The total injection angle is 30 deg., and the maximum advance of 
injection is 35 deg. 

The fuel pipes are made of Shelby tubing flared out with copper 
gaskets, as used in the aviation engine, but the inside diameter is 
larger. 


Fue. INJEcTORS 


In every account of tests of high-speed oil engines built today 
we see that the fuel economy is very good and that the exhaust is 
comparatively clear up to half-load, but at full load the fuel con- 
sumption is high and the exhaust very smoky. This coincides 
with the author’s experience. In all injectors the author uses 
today the opening is of a fixed diameter, calculated with regard 
to the maximum amount of fuel to be passed through it, the veloc- 
ity, and the pressure required to vaporize the fuel at full load 
of the engine. This is quite as it should be for constant-speed 
engines. 

With solid fuel injection, small amounts of fuel (as required 
for idling or light load) are passed through the opening which 
gives the best results for full load, the pressure (which is not only 
governed by the spring tension in the injector but also by the 
amount of fuel passed through the nozzle) drops, the vapori- 
zation is not good, and the engine misfires or stops; thus in order 
to get any degree of efficiency at part load the opening in the 
injector nozzle must be reduced in order to accommodate small 
charges, and in the author’s opinion this is responsible for the 
poor combustion and high fuel consumption at maximum load 
and maximum speed. As an example, the experimental aviation 
engine, which has a cylinder bore of 5'/: in. and a stroke of 6'/: in., 
actually developed 45 b.hp. per cylinder at 1500 r.p.m. Figuring 
on a fuel consumption of 0.5 lb. per b.hp-hr. and a nozzle opening 
of 0.020 sq. in., the column of oil to be passed through that 
opening at full load is (23.746) 23*/, in. at 1500 r.p.m.; this is 
at the rate of 600 ft. per sec., 36,000 ft. per min., or 409 miles per 
hour! The injection lasts through a crank angle of 30 deg. 
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Fic. 2. Cam Contours 


At idling’ speed and at speeds up to 1000 r.p.m. with com- 
paratively light loads the engine runs very satisfactorily, the 
oil being well vaporized, the combustion quite good and the 
injection pressure varying from 6000 to 8000 Ib.; but as soon as 
full load is applied and the engine run at higher speeds the oil 
pressure goes up to 16,000 and even 18,000 Ib. per sq. in. In the 
author’s opinion, with such pressures and velocity only the 
outer part of the jet of oil going into the cylinder is vaporized; 
and the central part strikes the piston in liquid form, carbonizes, 
and causes a smoky exhaust. 

Experiments were made with double spring adjustments on 
the injector valve (Fig. 3), by means of which the area of the 
passage permitting the oil to reach the injector nozzle could be 
varied. The result was the same, and was believed to be due 
to the fact that opening had a fixed diameter. This led to the 
design of an injector which is now being tested. 

This new injector (Fig. 4) has two concentric needle valves; 
the inner one, or the slow-speed adjustment, has an opening large 
enough to vaporize very small amounts of fuel, and is set at a 
predetermined opening pressure; the outer one or the auxiliary 
needle has an opening which combined with that of the slow- 
speed needle will permit the maximum amount of fuel necessary 
at full load and speed to be injected at a pressure very slightly 
above that of the slow-speed adjustment alone. The tension 
of the springs on both adjustments is so calculated that the slow- 
speed needle always opens before and closes after the high- 
speed adjustment; this has the following effect: ~ 

The slow-speed adjustment, when working in connection with 
the high-speed adjustment, acts first as a pilot jet and starts 
combustion, As soon as the high-speed needle comes into 
Operation, the jet from the inner needle, which remains opened, 
breaks and vaporizes the fuel coming from the high-speed needle. 
When the injection is cut off, the high-speed needle closing first, 
the slow-speed needle, being still open, acts as an ejector and will 
break up the particles of oil which would have a tendency to 
form at the tip of the larger needle. 

Tests have been carried out with the new injector which show 
that the pressure varies only from 6000 to 8000 lb. for minimum 
‘0 maximum charges of fuel injected, and that the central por- 
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Fic. ExpPeRIMENTAL SprING-ADJUSTED INJECTOR VALVES 


tion of the fuel spray which was in a liquid form in the type of 
injector used previously now also comes into intimate contact 
with the combustion air. 

Two years ago in order to assist the air in reaching the oil, 
the author constructed an injector nozzle in the shape of a blow 
torch, Fig. 5, in which the oil spray leaving the injector exerted 
a suction on the surrounding air through openings in the injector 
nozzle. This air mixed with the fuel spray and combustion was 
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Fie. 4 New With Two Concentric NEEDLE VALVES 


improved, but the nozzle, not being cooled, burnt out completely 
inside half an hour, and the idea was rejected for the time being. 

Taking up the matter again, instead of having a projection 
on the nozzle itself the author built a small chamber inside 
the cylinder head, Fig. 6, which he calls the mixing chamber. 
The effect is exactly the same as that of the projection on the 
nozzle. No combustion takes place in this mixing chamber. 
The author has noted from experience that combustion in solid 
fuel injection is obtained at about 1'/. in. from the nozzle or very 
slightly less, so the length of the mixing chamber is designed 
accordingly. 

The operation is as follows: On the compression stroke the 
air enters the mixing chamber. Due to the restriction at the 
mouth of the chamber it enters with a high velocity, thus be- 
coming highly heated, and quite a turbulence is set up. When 
the piston reaches or approaches the top dead center the in- 
jector opens and fuel enters the cylinder. The shape of the 
spray is so calculated that it does not touch the annular passage 
but just brushes it, and thus no carbon can be deposited. As 
the spray passes the annular space, a very great turbulence is 
created in the mixing chamber as well as a suction, so the air 
drawn in by the spray mixes readily with the oil and gives better 
combustion. 

This new type of head is being experimented with now in 
connection with the new injectors. While no data are avail- 
able as yet, the author is confident that this arrangement will 
form one more step in the direction of perfect combustion for all 
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ranges of speeds and loads in the flexible oil engine, which sooner 
or later should replace the gasoline engine. 


Discussion 


= THE oral discussion which followed the presentation of the 
paper, R. W. A. Brewer? stated that he had seen the author's 
engine on several occasions 
and that it showed great 
promise, but it must be ob- 
vious to all those who 
had followed the develop- 
ment of the heavy-oil en- 
gine that it would be a num- 
ber of years before this en- 
gine could be developed 
into one having the sim- 
plicity of the carburetor- 
type engine. He did not 
agree that the heavy-oil en- 
gine was simple, because it 
had already been shown that 
the functioning of such an 
engine depended upon very 
accurate manufacturing 
limits and adjustments of 
the vital working parts. 
It was therefore necessary to 
have considerable patience, 
and to offer every kind of 
encouragement to those 
who would carry on this line 
of work. 

As an example of the time 
which it took to carry out 
even a simple development 
program on an aviation en- 
gine, Mr. Brewer instanced 
the fact that the engine Insecron Nozzie 
which he was at present pre- or Biow-Torcu SHAPE 
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Fie. 6 Insecror With Mrxinc CHAMBER IN CYLINDER HEAD 


paring for marketing was originally designed by him seventee? 
years ago, and that this engine aimed principally at simplicity 
of construction and maintenance. 
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The Status of the Airship in America 


By GILBERT BETANCOURT,! DETROIT, MICH. 


HE rigid airship is already a proved carrier to those who 

know its history and characteristics; and the demonstra- 

tion of the new units under construction in Europe will 
be a revelation to those who do not. 

Post-war development of this craft has gained enough mo- 
mentum to continue with increasing intensity somewhere, in 
spite of such accidents as that of the Italia and Shenandoah 
and of those that may follow as the inevitable lessons character- 
istic of all human endeavor. 


HANDICAPS TO DEVELOPMENT 


Although there are many airship matters and problems still 
subject to controversy, there is only one real issue in this country. 
Shall we strive for the lead in rigid-airship development and 
construction or shall we continue trailing behind the three 
airship-wise European nations? If we desire leadership, then 
we must first try to overcome certain obstacles. 

The development of the rigid airship started in Germany 
some 30 years ago, and as yet there is but one such craft in this 
country, the Los Angeles, and this was built in Germany. Great 
Britain, Germany, and Italy are some three to five years ahead 
of us in airship building at present. The reasons are obvious. 
As a German invention, the rigid airship was energetically 
developed into an efficient and safe craft which was used by 
the Germans during the war. England was near enough to the 
military work and development of this new machine to give it 
serious study; but the United States was too far away to realize 
its possibilities. One good rigid airship was built in this country 
some five years ago, and since then attempts have been made to 
interest the Government in building more, but the people of 
the country at large do not know yet what the airship can do 
or its possible use in our transportation system. Too many 
men on this side form a mental picture of an airplane when 
airships are spoken of, and yet these two craft are as different 
from each other as is a kite from a balloen. 

Our only ship, the Los Angeles, already some four years old, 
is small for demonstration work, and though it is still doing 
wonderfully in the skilled hands of our little airship navy, it is 
80 constantly employed in the training of personnel that it cannot 
be sent over the country to show people the possibilities of rigid 
dirigibles. 

No doubt the worldwide demonstration of the three new 
European rigid ships will aid materially in clarifying the practical 
uses of airships. But it is certainly not to our credit to lag 
80 far behind others in this development. 

Another serious handicap here is the cost of manufacturing 
this type of aircraft. Either Germany or England can build a 
rigid airship for about half as much as we can at present, because 
this craft is still largely a hand-made product. Our salvation 
will lie in expediting the development so that we can build 
our ships in groups of five or more from the same design and of 
the same size, in order to be able to employ mass-production 
methods and machinery. 

With these obstacles, the handful of airship engineers in the 
country has turned to academic problems. Our work, un- 
supported by sufficient full-size tests, has given rise to the dis- 
cussion of academic problems while unable to secure support to 


' Engineer, formerly with Aircraft Development Co. 
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build ships for demonstration purposes. The author will en- 
deavor to present briefly most of the academic problems or 
controversial matters that have arisen. 


AIRPLANES VS. AIRSHIPS 


The airplane is supported aerodynamically, and in continued 
flight it depends upon a powerful motor and a comparatively 
large supply of gasoline—this automatically places it in a definite 
field of application—while the airship is supported by the natural 
force of aerostatic lift, or, as Count Zeppelin put it, ‘“The forces 
of nature cannot be eliminated, but they can be balanced one 
against the other.” ‘The airplane has to lift its source of lift, 
while the airship is not so burdened, its inflation gas being 
lighter than air itself. 

Actual figures on speed, ratios of carrying capacity to combined 
weight of power plant and fuel, range, and transportation 
efficiency of these two types of aircraft have appeared a dozen 
times in the past, and they will be more accurately known 
in the future. They prove already, not how superior one is 
compared to the other, but how different their performances 
and fields of application are. Actual commercial operation 
will clearly show how these two craft can complement each 
other and, together, perform a valuable transportation service. 
Their fields of use will be so different that any attempt to over- 
lap their functions will call for craft which will be neither eco- 
nomical in operation nor permanently popular. 


Types OF AIRSHIPS 


To the three well-known types of airships, non-rigid, semi- 
rigid, and the rigid, Ralph H. Upson has added a fourth, which 
can be best designated as a pressure-rigid type, and which will 
be dealt with later in this paper. 

In war a use has been found for every type and size of air- 
craft conceived by man, with the possible exception of the 
helicopter, but aerial commerce will ultimately have in use no 
other aircraft than the safest, the most comfortable, and the most 
economical to operate. Among airships the author foresees 
little commercial use for craft smaller than those having dis- 
placement of 2,000,000 cu. ft. or the equivalent of 60 to 70 tons 
gross lift. This size calls for “rigidity’’ or strength possible 
only in the Zeppelin or rigid type, and its equivalent along the 
new pressure-rigid principles of the Upson class. The bulk 
of airship traffic will possibly be handled by ships from three to 
twenty times the size mentioned, or having a gross lift of 200 
to 1500 tons. The semi-rigid and the non-rigid types are thus 
automatically eliminated, having structural and durability 
limitations that will restrict them to military training, and 
possibly to sporting purposes, or for exploration work such as 
was undertaken by the Jtalia in a second airship flight over 
the North Pole. It is with the Zeppelin and the new Upson 
types that this paper will largely deal. 

Briefly, the Zeppelin type consists of a metallic structure of 
transverse polygonal frames connected by longitudinal girders, 
the whole being braced against shear by an elaborate system of 
wiring, and covered with high-grade aluminized fabric tautly 
stretched over the structure. The gas is contained in several 
independent gas cells constructed of extremely light fabric, and 
there is a breathing or ballonet space between them and the 
outer cover or hull proper. About 125 ships of this type have 
been built in Germany, about half a dozen in England, and but 
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one in this country. The U.S. 8. Los Angeles, the two British 
airships R-100 and R-101, now nearing completion, the new 
German LZ-127 for Spain-South America service, and the two 
U. S. naval craft of 200 tons gross lift, the construction of which 
it is hoped to start this year, all belong to the Zeppelin class 
and prove the possibilities and performance of this type. Eng- 
land is well aware of the value of airships and is already building 
up an airship navy. The performance of her new ships will 
soon be known to the world, and this may act as a stimulus 
to construction in this country. 

The Upson or pressure-rigid type, as yet in the experimental 
stage, consists of a metallic shell reinforced with light transverse 
and longitudinal girders, wire bracing being used only in the 
transverse frames, and thus allowing the metallic skin to resist 
all shear stresses on the surface of the hull. This type, of which 
the first demonstration unit is being built under Navy contract, 
is admitted to be worth experimenting with, and after sufficient 
metallurgical and constructional development we shall know as 
to its practicability. 


Fapric oR METAL AIRSHIPS 


In a discussion of the relative merits of fabric and metal air- 
ships it should be understood that the Zeppelin is not a ‘‘fabric 
ship” nor is the Upson entirely of metal. There can be no air- 
ship without fabric. The terms are used merely in a relative 
way; and the true distinction is one of fundamental principles, 
the Zeppelin possessing permanent bracing which provides 
inherent rigidity to resist gas-head loads and longitudinal 
bending moments, while the Upson type derives its rigidity from 
internal gas-and-air pressure, and therefore its strength is 
variable, and automatically or manually adjustable according 
to requirements. This latter control and maintenance of the 
needed pressure is the main problem in connection with this 
type of airship; and its success therefore depends upon the 
permanence of its leak-proof shell and upon the absolute re- 
liability and simplicity of the automatic and mechanical means 
to attain and hold the needed pressure as soon and as long as 
required by the variable conditions. There is no reason for 
competition or rivalry between the Zeppelin and Upson types at 
present, as in the author’s opinion it will be only after some ten 
years of actual regular commercial operation of some hundred 
airships that we shall know just what the ultimate type of large 
airship will be like. 

LARGE OR SMALL AIRSHIPS 


It is now known that the transportational efficiency of the 
rigid dirigible increases with its displacement and that the peak 
of the displacement-efficiency curve, as far as it can be estimated 
and extrapolated, is not reached by sizes beyond those con- 
ceived by most designers. 

The fundamental formula (Hp. = V*/*pv3/550K), shows that 
the horsepower required for a certain velocity does not increase 
as rapidly as the volume or displacement; and therefore the 
determining economic factor of fuel consumption calls for in- 
creasing displacement progressively and as rapidly as we cap. 
solve the ground-handling, mooring, structural, construction, 
and housing problems. 

The Los Angeles, of 2,500,000 cu. ft. displacement, or some 
75 tons gross lift, carried about 30 people for some 5000 miles 
of non-stop flight from Friedrichshafen to Lakehurst, and it had 
enough fuel left to go on to Chicago. The new British ships, 
twice as large as the Los Angeles, will carry about 100 passengers 
and 50 crew for 4000 miles without refueling, and at a speed 
of approximately 70 m.p.h.; and preliminary designs for an 
airship having a capacity of 9,000,000 cu. ft., or about 300 tons 
lift, are ready and waiting for the trials of those two units. 


Going still further, within a decade we can expect 500-ton ships 
plying between the world’s main terminals. And this is not 
the limit, the author having looked into the possibility of a 
1000-ton airship of the Upson type, preliminary calculations 
for which show that a length of 1000 ft. and a fineness ratio of 
4 would give the required displacement of 30,000,000 cu. ft. 
The performance of such a craft would be approximately as 
follows: A maximum non-refueling range of 6000 miles with 
1000 passengers fully accommodated, 25 tons of baggage, and 
an additional cargo of 200 tons, or about 325 tons total pay 
load. In addition a cruising speed of some 100 m.p.h. would 
be possible on such a run, bringing Europe within a day and a 
half of New York. 


CoMMERCIAL OR MILITARY AIRSHIPS 


Should we build military, commercial, or ‘‘compromise” 
airships? It is unfortunate that the cost of construction of a 
rigid airship appears so relatively high that it is difficult to interest 
private capital before the airship is demonstrated to this side 
of the world. The Government will naturally turn out ships 
primarily for national defense and training, rather than for 
commerce. England, with her widely spread colonies, is almost 
compelled to equip her airships so that they can be used for 
demonstration in transportation of people and cargoes between 
the sections of her domain, but these craft, however, have been so 
designed that they can be easily adapted for military emergency 
in a short time. 

On this side, although we have different conditions from the 
military or defense viewpoints, we should be able to do like- 
wise, or at least equip our first ships so that they can be readily 
used for mail and cargo transport, as well as for training proper 
and national defense, thus serving the double purpose of pre- 
paredness and education of the public. 

We should not, however, depend only upon the Government 
to start the dirigible industry in this country, and as soon as 
possible we should seek substantial support from private capital. 
When we do, we shall find the Government ready to cooperate 
with serious airship-building prospects, in the erection of con- 
struction hangars at points where they will be needed in case 
of national emergency. 


oR HypDROGEN 


Had our first large airship, the Shenandoah, been inflated with 
hydrogen instead of helium, its valving capacity likely would 
not have been altered from what the designers found to be 
necessary, and it would probably have been deemed safer to 
avoid the storm that wrecked the ship. 

Germany, with one hundred Zeppelins, has demonstrated that 
hydrogen, when carefully handled, is no more of a fire risk than 
gasoline and its fumes on board a dirigible, airplane, or motor 
car. What is more, the loss in useful load of an airship due te 
substitution of helium for hydrogen is more important, at least 
on commercial ships, than the increased but rather apparent 
fire hazard, when all factors are considered. Simple arithmetic 
shows that a rigid airship loses some 30 to 40 per cent of its 
useful load when inflated with the heavier helium; and this 
in turn decreases the range, the pay load, or the speed, and 
consequently the ability to outride a storm or to avoid a possible 
crash due to forced landing. Furthermore, money is also lost 
through the far greater initial and operating costs of helium. 

Europe does not have helium available economically, 204 
consequently can operate her airships more efficiently 304 
profitably. On the other hand, helium has been discovered 
in sufficient quantities in this country to warrant a large i= 
vestment by the Government in order to liberate enough fot 
small training-ship requirements and the Government naturally 


wishes to justify this investment by assuming a great gain in 
safety. This is fallacious, and at present advantageous only 
because its use requires ships of much larger displacement in 
order to attain the desired performance. These ships will show 
a much better performance when hydrogen is used in them. 


FINENESS RATIO AND 


The slenderness or fineness ratio of airships—that is, the ratio 
of the length to the maximum diameter of the hull—combined 
with the longitudinal form or curvature, other things being equal, 
are determining factors in the speed, fuel economy, range, 
longitudinal strength, total skin friction, ground handling, 
mooring, and lifting efficiency of the craft. These two factors 
will always create conflicts of opinion that will lead to careful 
study and experiment in order to determine the happiest mean 
for each size and class of airship. They may even give contra- 
dicting results for the same type of airship, but they will never 
assume the magnitude of obstructive issues. 

The German Zeppelins started with the simpler tubular or 
pencil-form hulls with slenderness ratios of nearly 10, but grad- 
ually this ratio has been reduced in Germany to about 6. The 
British wind-tunnel tests have shown further improvement 
with ratios of 4.5 to 5, while the original tests of the model of 
the Upson pressure-rigid ship, with a ratio of about 3, showed a 
still lower resistance coefficient. The latter results have been 
rechecked, however, and the new figures seem to lead to a 
compromise of 4 to 5 for speeds below 80 m.p.h. 

Most wind-tunnel tests should not be expected to give other 
than qualitative or comparative data; but these are highly 
helpful whenever full-size tests of the type of ship under study 
are lacking. 

Slenderness ratio is closely related with hull form when speed 
is considered, and we find that for each combination of the first 
two there is a different performance. The subject of hull form 
is still within the realm of empiricism. In a general way it is 
known where the maximum section must be placed with respect 
to the bow, and that the stern should be distinctly more pointed 
than the nose. These facts, however, must be supplemented 
with the designer’s ability to visualize the character and direction 
of air flow around the hull for each particular maximum speed 
desired. Again, wind-tunnel tests are very useful in comparing 
different hull forms for a certain fineness ratio or displacement. 

There is one more known fact regarding slenderness ratio. 
For speeds below 80 m.p.h. or so, it seems that the ratio and form 
factors can be varied within certain liberal limits, without 
appreciably affecting efficiency results. This is useful when 
there are other limitations such as housing, ground handling, 
and mooring limitations; but when we deal with speeds from 
80 to 100 m.p.h., it is necessary to precede final design with 
more careful study of wind-tunnel data, amd rely as much as 
possible on tests of full-size ships of gradually increasing per- 
formance. 

The following slenderness ratio (L/D) limits seem to be 
practicable. For small-size airships and small velocities, 3.5 to 6; 
for large-size and high speeds, say, 80 to 120 m.p.h., from 5 to 7. 


SURFACES 


An airship hull is inherently unstable longitudinally in motion 
through the air, and stabilizing surfaces must be provided. 


. These surfaces also serve to lead the air flow on to the control 


surfaces. 

Stabilizing surfaces were originally attached at or near both 
the bow and the stern, and they were of the multiplane or box- 
kite type. Today it is known that the pure monoplane canti- 
lever fins placed diametrically opposite and near the stern 
appear to be the ultimate type. Lately, however, there has 
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arisen a controversy in some circles as to the number of such 
surfaces that will render the greatest efficiency. Mr. Upson 
proposes to use from eight to twelve fins on his short-hull de- 
signs, as compared with four used on the latest Zeppelins. 
His arrangement is quite advantageous on his ships because it 
calls for smaller surfaces placed well forward, where the diameter 
of the hull is large enough to leave the proper space between 
the fins and where the flow is somewhat more regular, being 
away from the rather blunt stern that characterizes his ships. 
His design also reduces concentrated stresses. Lastly the pro- 
posed arrangement is quite possible for his ships because of the 
smaller fineness ratios used, which keeps the fins inscribed within 
the projected maximum diameter of the hull. 

On more slender ships, such as the Zeppelin, four surfaces 
seem to be the logical and most efficient number since the stern 
is too slender to provide enough circular space for more fins, 
and since the flow at and near the stern is bound to be more 
regular due to the “easing out” caused by the more pointed 
stern. 


LocaTION OF ENGINES AND Cars 


There is little doubt that airships will be the smoothest and 
cleanest of all vehicles invented by man. A perfectly stream- 
lined hull, with four streamlined cantilever fins, a minute 
protuberance for visibility at the controls, and a few almost 
imperceptible propeller supports are all that will be seen of a ship 
traveling through space at one hundred miles an hour. This 
craft, when well designed, will also be the foremost exponent in 
propelling efficiency, and superfluous accessories, ornaments, 
or dead weights will not be allowed on board. Beauty and 
completeness will be attained through science and simplicity. 

In order to attain these features we must further strive to 
“clean up” the exterior of the hull. The power cars are perhaps 
the units that need the most attention, since they are the source 
of most of the parasite resistance, excluding the hull. On old 
Zeppelins, with a speed hardly over 70 m.p.h., there was little 
reason for trying to get rid of the engine cars by placing the 
power plants within the hull. Propeller drives also implied 
gearing, which in those days was noisy and inefficient, and there 
was the fire hazard. Our Los Angeles is still of this class; but 
our new ships are to have power plants within the hull, and the 
driving mechanisms and fire protection are considered barriers no 
longer. What is more, this new arrangement adds the advantage 
of providing swiveling thrust, which is so useful when approaching 
or leaving ground with a heavy ship. 

With further increase in size, and therefore with less pro- 
pelling mechanism required in proportion, the parasite resistance 
of propeller supports will further decrease until it becomes al- 
most negligible. This applies also to such protruding units 
as control car, valves, and mooring gear. 

The introduction of transverse keels with their circular passage- 
ways makes this new location of engines ideal for intercommuni- 
cation and for structural economy. 


LocaTION OF KEELS OR CaBINS 


Before aerodynamic forces were accurately known, the hull 
was provided with greater longitudinal strength in the vertical 
plane than in the horizontal one, in order to resist the known 
static bending moments. Fortunately the speed of those ships 
was not great enough to create aerodynamic bending moments 
greater than those from static loading, and the location of the 
keel or cabin along the bottom of the ship was the logical one, 
whether it projected wholly or partially beyond the hull. This 
has been gradually worked into the body of the ship in order to 
decrease air resistance still further and to maintain the regular- 
polygon cross-section. 
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Of late, however, aerodynamic forces have become much 
better known and have been found to be as great or greater than 
static ones, and an endeaver is being made to provide uniform 
strength in all longitudinal planes, or at least in the two main 
ones containing the fins. This leads to the possibility of four 
keels for the larger ships of, say, 8,000,000 cu. ft. and over. 
With this arrangement there would be obtained, besides that 
of increasing the longitudinal strength of the hull in all planes, 
the following advantages: Passenger cabins would occupy the 
lateral keels, which for best visibility need not be placed higher 
than 45 to 60 deg. up from either side of the bottom keel. The 
upper keel could be used for inspection of valves, gas cells, and 
upper hull structure, as well as for ready access to any part of 
the “whaleback” of the ship. The lower keel would contain 
crew’s quarters, controls, and the main communicating corridor. 

In the Upson or pressure-rigid type, where the transverse keels 
are a greater structural necessity than the longitudinal ones, 
the problem offers a different solution, but again the latter 
is an obvious one, leaving little room for controversy. In the 
semi-rigid type, an outstanding specimen of which is the /talia, 
all of the structure in the ship is concentrated in or attached to 
the keel itself, which forms the backbone of the craft, and of 
course its only logical location is along the bottom, all the lift 
forces being applied to it through tension members and the 
fabric envelope itself. 

This system of four keels, which as yet has not been incorpo- 
rated in any Zeppelin design, so far as the author knows, should 
prove very convenient as blending perfectly into the structure 
of the four tail surfaces or fins. 


CONCLUSION 


It is seen that the problems and apparent issues present no 
real barriers toward the establishment of what is to be the 
shipbuilding industry of our century, and that they will all yield 
gradually as soon as active building of airships is commenced. 
Let us not wait for other nations with less means and fewer 
resources to assume a greater lead than they already have. 
We must start fighting for this development, as it is only with 
demonstration ships that we can show what these leviathans 
of the air can do for swift, safe, and comfortable transportation 
through the air. 


Discussion 


Dr. Kart ArnstEIN.?. The idea of using multiple longitu- 


2 Vice-President and Chief Engineer, Goodyear-Zeppelin Corpora- 
tion, Akron, Ohio. Mem. A.S.M.E. 
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dinal keels, with the engine inside this hull structure, has been 
advocated by the Goodyear-Zeppelin Corporation for use in large 
ships since 1923.3 

The arrangement in which the engines are mounted inside the 
hull and swiveling propellers are mounted on outriggers is es- 
pecially recommended for helium-inflated airships. Such an 
arrangement is not only safe but permits the use of swiveling 
propellers for the exertion of a vertical force when the ship is 
descending. This is quite essential in the helium-inflated ship 
where the releasing of buoyant gas is so costly. 

The author advocates the use of hydrogen in airships as the 
lifting gas. I agree with him to the extent that the operation 
of hydrogen-inflated airships can be made safe. The German 
Zeppelin Company has operated 115 hydrogen-inflated airships, 
and with the exception of those lost in war action, only two, 
the L-2 and the L-10, were lost through fires. Both of these 
fires have been traced to mistakes in arrangement and operation. 
I do feel, however, that the fact that America is so fortunate as 
to have an ample supply of helium will put the American airship 
first with respect to absolute safety. The American helium- 
inflated airship can therefore be made one of the safest means of 
transportation. We therefore feel that advantage should be 
taken of the availability of this incombustible lifting gas, and its 
use incorporated into future designs. The disadvantages which 
accompany its use can be compensated for by the placing of the 
engines in the hull, the use of swiveling propellers, and by the use 
of a carbureted hydrogen or natural gas as a fuel. 

Careful investigation indicates that under these conditions we 
are able to compensate for more than half of the loss of buoyancy 
due to the use of helium instead of hydrogen. This amounts, 
therefore, to a gain of 20 to 25 per cent in the useful lift. 

It was explained in the aforementioned paper that the fuel-gas 
cells could be surrounded entirely by the lifting gas cells inflated 
with the inert helium and could therefore be made even safer than 
the present gasoline storage. This is especially true when a fuel 
gas lighter than air is used, since the fumes of escaping gas can be 
readily removed by ventilation. It is easy to select a natural 
gas which may be used alternately with gasoline in such quanti- 
ties that the ship remains in equilibrium all the time. The ship 
is therefore less dependent upon a water-recovery system. 

I want to express my firm belief in the future of the American 
airship industry, and my hope is that the two large European 
ships which are to fly to America may be instrumental in further- 
ing commercial activity in this branch of American aviation. 


3 Dr. Karl Arnstein, ‘““The Development of Large Commercial 
Airships,’’ Trans. A.S.M.E., vol. 50, no. 6, paper no. AER-50-4. 
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Super Rieip Arrsuip (MILitary Type) 
(Eminent naval authorities assert that one large dirigible is equivalent to three scout cruisers in patrol service and costs only one-tenth as much.) 


A Comparative Examination of the Airplane 
and the Airship 


By CARL B. FRITSCHE,? DETROIT, MICH. 


ECENT transatlantic flights via airplane have encouraged 
R so many extravagant claims for heavier-than-air craft that 
they challenge critical examination. Current publications 
are filled with graphic illustrations depicting artists’ dreams of 
enormous airplanes leaving New York at regular intervals on 
twenty-hour non-stop flights to London, Paris, and Berlin, and 
carrying scores of passengers. Little heed is given to certain 
inherent limitations which apparently confine the airplane to 
short-range commercial application and discourage its use in 
long-distance trans-oceanic service. 
On the other hand, the recent lack of transatlantic flights via 


1 AuTHor’s Note: This discussion is concerned with the com- 
mercial application of aircraft to transatlantic service. In the title, 
“Airplane” denotes heavier-than-air craft, including flying boats, 
while “Airship” contemplates lighter-than-air craft of rigid con- 
struction. 

* Vice-President, Aircraft Development Corporation. 

Presented at the second National Meeting of the Aeronautic 
Division of the A.S.M.E., Detroit, Mich., June 27 and 28, 1928. 


airship has made man forgetful of past achievements of lighter- 
than-air craft. Current publications would startle the public if 
it were announced that Colonel Lindbergh was the sixty-ninth 
man to make a non-stop flight across the Atlantic. Yet the 
statement is true historically. Great Britain‘ led the way in 
1919 with the dirigible airship R-34, commanded by Major G. 
Herbert Scott, on the remarkable round-trip flight from London 
to New York, and Germany followed in 1924 with the Zeppelin 
ZR-3 (now the U.S.S. Los Angeles). The combined personnel 


3’ This paper was prepared prior to the memorable flight of the 
Graf Zeppelin, under the command of Dr. Hugo Eckener, from 
Friedrichshafen, Germany, to Lakehurst, N. J., and return in October, 
1928, which airship carried twenty passengers and several tons of 
mail and express, in addition to a crew of forty men. 

‘4 Tribute is paid to the first transatlantic flight made in May, 1919, 
by the U. S. Navy NC-4 flying boat, under the command of Lieut.- 
Commander Albert C. Read, from Newfoundland to Portugal via 
the Azores. While this marked the first flight by any aircraft across 
the Atlantic, it was not the first non-stop flight. 
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Courtesy Aircraft Development Corp. 


TRANSATLANTIC-T ype Ricip ArrsHip (COMMERCIAL TyPEr) 
(Pay load, 65 tons, including 200 passengers; speed, 90 m.p.h.) 


of these two airships numbered sixty-six men who, together with-* hypothetical commercial route from North America to Europe. 


Alcock and Brown, who flew from Newfoundland to Ireland 
in 1919, make a total of sixty-eight who preceded the memorable 
summer of 1927. The British airship covered a non-stop distance 
of 3200 statute miles each way. The German airship, after 
traveling 5066 miles from Friedrichshafen to Lakehurst, New 
Jersey, had enough reserve fuel to continue on to Denver, Colo- 
rado, or a possible combined mileage equivalent to a non-stop 
flight from San Francisco to Australia. 

The comparative examination herein proposed is necessarily 
limited to the determination of which of these two distinctly 
different types of aircraft is inherently applicable to long-dis- 
tance transoceanic service. Both types have made non-stop 
flights across the Atlantic. Therefore the discussion will be 
confined to the Atlantic, but will be broad enough to cover any 


Obviously, any conclusions reached will, with little modification, 
be applicable to longer routes over other oceans. 


VOLUME vs. AREA 


The general question confronting both the airplane and the 
airship is, “Can you fly the Atlantic commercially?” 

The answer is, “No! Not with my present small ‘pay cargo’ 
capacity.” 

The next question is, “Then what improvement in perform- 
ance may we expect of you as your size increases?” 

Before engaging in a detailed examination of each type, it 8 
clarifying to recall certain elementary facts: First, that the 
airship is sustained by static forces and the airplane by dynamic 
forces. Second, that the gross lift of the airship is determined by 
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its volume, independent of its power plant, while the gross lift 
of the airplane is determined by its wing area and its power plant. 

For example, in lighter-than-air craft the gross lift varies as 
the cube of the mean dimension, while the air resistance and the 
horsepower required vary as the square of the linear dimensions. 
In a heavier-than-air craft the gross lift is controlled by its aero- 
foil surface and its speed. It is evident that an increase in lift 
can be obtained more easily without a proportionate increase 
in weight by augmenting volume rather than by increasing area. 

The result is that the useful or disposable load per horsepower 
of the airship increases very rapidly with volume, while in the 
airplane the useful load per horsepower is practically a constant, 
shows little increase with size, and actually decreases in extremely 
large sizes. 


Experts Derine Limits oF AIRPLANE 


The testimony of scientists and engineers whose researches in 
aerodynamics and motor mechanics have been most profound 
and whose dicta are recognized throughout the world as beyond 
question, shows conclusively that there are inherent limitations 
in the performance of heavier-than-air craft. 

This limitation is discussed in a report submitted January 17, 
1925, by a special Board appointed by the Secretary of the 
Navy (file 3809-1237, PP 399-401). The members of this 
Board were: 

J. C. Hunsaker, Commander (now retired), U. S. Navy 

Leslie MacDill, Major, U. 8S. Army 

H. C. Richardson, Commander (now Captain), U. S. Navy 

Edward P. Warner, Professor, Massachusetts Institute of 
Technology (now Assistant Secretary of the Navy). 

Included in the testimony before this Board is an engineering 
study illustrated with graphic curves presented by Capt. H. C. 
Richardson to the effect that: 

..a plane weighing between 40,000 and 50,000 lb., with materials 
now known, marks a limit beyond which the increase of size would 
not be profitable. This seeming paradox results from the fact that 
the ratio of disposable weight to gross weight grows less due to 
limit of wing-girder strength, heavier engines, heavier weights of 
material required for strength, multiple landing gear, etc. 

In addition, the following gentlemen, well known in the realm 
of science, testified before this Navy Board: 

Godfrey L. Cabot, Past-President National Aeronautical 
Association 

Dr. S. W. Stratton, President Massachusetts Institute of 
Technology 

Dr. W. F. Durand, of Stanford University, member National 
Advisory Committee for Aeronautics 

Rear-Admiral D. W. Taylor, Naval Constructor, U. S. 
Navy, and Secretary National Advisory Committee for 
Aeronautics 

Dr. J. 8. Ames, Professor of Physics, Johns Hopkins Univer- 
sity, and 

Dr. George W. Lewis, Director of Aeronautical Research, 
National Advisory Committee for Aeronautics. 

The report of this Board emphasizes that: 

...it is the consensus of opinion of all these eminent authorities 
that the attached curves of practical and theoretical development 
submitted by Commander H. C. Richardson are substantially cor- 
rect...and that the present maximum performance of heavier-than- 
air craft may be increased about 30 per cent by future development 
extending over an indefinite period of years. 

The report continues in part as follows, “pay cargo” being 
substituted for “military load,’ and “commercial” for “mili- 
tary,” inasmuch as the discussion here presented is limited to 
the commercial application of aircraft: 


-.. Increase of performance may be obtained by engine develop- 
ment, adaptation of lighter materials to construction, some possible 
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improvements in aerodynamical characteristics, such as wing sur- 
faces, stream lines, balance, control, etc., but an increase beyond the 
30 per cent cannot be foreseen as within human accomplishment with 
materials so far known. The attention of aeronautical engineers, 
designers, and builders is now engaged on engine development pri- 
marily, as it is recognized that greater reliability of operation, light- 
ness, and economy in fuel consumption are the prime requisites of 
increased performance. 

Prof. E. P. Warner, after careful study of this question, has arrived 
at the following general conclusions: 

“That the percentage of useful load will tend to decrease with in- 
crease in size is founded in experience. Most large machines have 
had relatively low percentages of useful load, and Dr. Rohrbach 
(of Germany), constructor of some of the best known of large sea- 
planes, has frankly admitted in a recent paper that the decrease is 
inevitable, to be staved off temporarily by the expedient of increasing 
the wing loading per unit of area as the size increases.” 

It will be seen that, assuming a compromise between the conclusions 
of these two leading authorities, Commander Richardson and 
Professor Warner, the performance of heavier-than-air craft is in- 
herently limited as stated above, and therefore airplanes cannot be 
considered as carriers of heavy weights for long distances. 


vs. Pay Carco 

The report continues: 

... Endurance, that is radius of action, and pay-cargo capacity 
are interchangeable factors in considering the performance of planes 
for commercial and overseas operations. The gross weight— 
that is, the total weight of the plane fully loaded—is made up of the 
weight of the plane, power plant, personnel, fuel, lubricating oil, 
cooling water in case of water-cooled engines, controls, and pay cargo. 
Of these, the disposable weights are made up of personnel, fuel, 
lubricating oil, and pay cargo. 

Endurance depends upon the weight of the fuel and lubricating oil 
carried relative to expenditure per hour at cruising speed. The 
commercial efficiency of a plane....depends upon the pay cargo 
carried. The more weight that must be assigned to fuel in order 
to reach the objective. ...the less weight is available for pay cargo, 
and the more weight that must be assigned to the pay cargo to 
accomplish the object, the less is available for fuel. It will be seen 
therefore, that endurance is gained at the expense of pay cargo, or 
pay cargo at the expense of endurance. Very heavy commercial 
loads can be carried only a comparatively short distance from the 
base of operations; distant overseas operations can be carried on 
only with full weight of fuel and no, or comparatively light, pay 
loads. . . 
...In either case, with the materials now known to man, there is 
a point beyond which the airplane cannot be developed to do in- 
creased useful work, because beyond this point the larger the plane, 
the less disposable load it will carry, and therefore the less distance it 
ean fly. 


Based on the testimony of the foregoing experts, it is apparent 


that, contrary to popular opinion, the airplane does not increase 
in efficiency with size. 


THE 50,000-Ls. ArRPLANE 


For example, let us assume the most favorable performance 
possible, in the light of present-day knowledge, of the 50,000-lb. 
airplane beyond which Captain Richardson testifies the effi- 
ciency of heavier-than-air craft decreases. 

Most commercial airplanes now used have a power-load factor 
of 18 to 20 lb. per hp., therefore let us assume a power load of 
20 Ib. per hp. By dividing 50,000 lb. by 20, we obtain an avail- 
able rating of 2500 hp., which is herein adopted for the purpose of 
discussion. 

For fuel consumption, let us assume 0.5 lb. per brake horse- 
power-hour, including lubricating oil, which represents maximum 
efficiency with present standard engines. Let us assume that 
the disposable load, exclusive of crew, radio instruments, etc., 
is 50 per cent of the gross lift, or 25,000 lb. This is recog- 
nized as a high figure for a plane of this size, and in actual prac- 
tice it probably would not exceed 45 per cent. Nevertheless it 
is adopted in order to present the most favorable picture than 
can be projected at the present moment. 

At a cruising speed of 100 miles per hour, which is high, and 
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assuming conservatively, at the specified cruising speed, an aver- 
age consumption of 70 per cent of 0.5 lb. per rated hp-hr., the 
25,000 lb. of disposable load utilized entirely for fuel would give 
a@ maximum endurance range of 2375 miles, with no space left 
for pay load whatsoever. It will be observed that this range, 
which includes an allowance of 25 per cent fuel reserve for head 
winds, is short of the distance which aircraft must negotiate 
from New York to the British Isles, to say nothing of Europe. 
Take, for example, the longest leg, 2000 miles, on the proposed 
route from New York to Europe via Bermuda and the Azores. 
Using the same performance above recited and allowing 25 per 
cent reserve fuel for head winds, this theoretical 50,000-lb. air- 
plane would be able to carry, in addition to its fuel, only one and 
one-half tons of pay load from Bermuda to the Azores, or about 
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times the size of the largest plane that so far has crossed the 
Atlantic, the practical result is the same as that already ex- 
perienced, i.e., pay load equals zero! 

Commercially, it would be just as practicable as to attempt a 
non-stop motor-bus tour from New York to San Francisco, filling 
the interior of the bus with gasoline tanks instead of passengers. 
As a stunt it would be interesting, but commercially it would be 
a failure. 

In neither of the two examples above recited is an equal amount 
of reserve engine power continuously available as is considered 
common-sense practice in older forms of transportation. In 
each instance the full rated horsepower of the airplane is utilized 
during the initial stage when it is carrying its maximum fuel load. 

In contrast, the Leviathan, the largest ship in the world, uses 


Courtesy Dr, Claude Dornier, Germany 


MopeErRN FLy1nG Boat 


(Gross weight, 16 tons; horsepower, 2000; 


six per cent of its gross weight, which, on its face, is not commer- 
cial. 
No Pay Loap 


However, it will be contended, and is herein admitted, that 
future improvement of fuel, as well as the thermal efficiency of 
internal-combustion engines, will lower the weight of fuel con- 
sumed per horsepower-hour. For example, it is recited that the 
electrical industry has increased its efficiency in the use of fuel, 
and that the amount of coal consumed per kilowatt-hour gener- 
ated has declined steadily each year from 3.20 lb. per kw-hr. in 
1919 to 1.13 lb. per kw-hr in 1927. Therefore, as engineering 
knowledge that applies to aircraft engines accumulates, similar 
economies may be expected. In fact, one engineer of the author’s 
acquaintance has advised him that in the laboratory a more 
efficient fuel has been experimented with which indicated a 
consumption of 0.33 lb. per b.hp-hr. for internal-combustion 
engines. 

Applying this latter figure to the 50,000-lb. airplane, we obtain 
a total maximum range of 3460 miles, which is just sufficient, with 
a 25 per cent fuel reserve for head winds, to enable the plane to 
fly non-stop from New York to France, but leaves no carrying 
capacity for pay cargo. Although this theoretical plane is four 


useful load, 7 tons, including 25 passengers; range, 1800 miles.) 


65,000 hp. at normal cruising speed. There is available 90,000 
hp. The 20th Century Limited, crack train of the New York 
Central, uses 1500 hp. on its normal high-speed run. There is 
available 4000 hp. The 1928 Wasp-engined Fokker transport 
purchased by Western Air Express for the Daniel Guggenheim 
Safety Passenger Line from Los Angeles to San Francisco, uses 
600 hp. in normal cruising. There is available 1200 hp. 


AIRPLANE vs. Fiy1nG Boat 


Even if it were physically and economically practicable, the 
majority of authorities argue against using airplanes at al! on 
long-distance flights over water. They point to the fact that it is 
specified in established government airways over land that at 
convenient intervals—every 25 or 50 miles—there should be made 
available emergency landing fields so that in the event of engine 
failure or adverse weather a safe landing can be made. Obviously 
it is impracticable to establish these emergency landing fields 
across the Atlantic, hence the reason why common sense dictates 
more favorable consideration of the flying boat rather than the 
airplane for long-distance flying over water. It is also recognized 
that any aircraft so employed must be stanch enough to battle 
high waves in the event of engine failure or any other cause thst 
compels a forced landing. For in transportation circles it i8 


4 | 
— 
I 
‘ 
i 
7 
a 
81 
P 
De 
a| 
alr 
na 
any 


AERONAUTICS 


axiomatic that any craft must be able to sustain itself in the 
medium in which it floats. 

Therefore let us examine the flying boat. A few weeks ago, 
May of this year, Dr. Claude Dornier, the celebrated builder of 
flying boats in Germany, delivered an address before the Royal 
Aeronautical Society in England. The proceedings of this meet- 
ing will shortly be published in the Royal Aeronautical Journal. 
However, a condensed report of the lecture has been made avail- 
able, and is given consideration in this discussion. 

Dr. Dornier in his paper gives attention to five different sizes 
of flying boats, ranging in gross weight from 1473 lb. to 113,300 lb. 
The first four boats have been built and flown, and the fifth and 
largest is now under construction at Friedrichshafen. It is de- 
signed to have accommodations for 100 passengers and a range of 
1000 kilometers or 621 miles. Table 1 gives a sufficient number of 
the characteristics of these several boats to furnish a basis for 
comparison. 


TABLE 1 SEVERAL, TYPES OF FLYING 
OATS 


Useful Wing 
Gross Useful load load, Top Cruising loading, 
weight, minus crew, Total Ib. speed, speed, Range, Ib. per 
Type Ib. Ib. hp. perhp. m.p.h.m.p.h. miles sq. ft. 
A 1,473 175 80 2.19 85 68 365 8.78 
B 6,280 2,105 450 4.68 101 87 1,000 11.00 
C 18,270 5,282 900 5.87 119 «99 1,415 12.95 
D 31,000 14,096 2,000 7.05 137 105 1,810 20.00 
E 113,300 56,815 6,000 9.47 149 115 2,635 22.50 


The trade designations of these several boats in order above 
indicated are: “Libelle,”’ “DOE,” “Wahl,” ‘SuperWahl,” 
and ‘‘100-Passenger’’ or “‘50-Ton Boat.” 

It will be observed from this table, which is subject to correc- 
tion because of errors that may have occurred in translation, 
that the useful load per horsepower has increased from 2.19 Ib. in 
the smallest boat to 9.47 lb. in the largest, thus indicating a pro- 
gressive increase in performance with size. However, by refer- 


Boar TOMS TOTAL WEIGAT 


DORNER SO-TOR TOMS WEIGHT EMPTY AND CREW 
2000 MILES 25 TONS USEFUL LOND 
6.000 5 TONS PAY LOAD 
TONS TOTAL WEIGHT 
cu FT) WEIGHT EMPTY AND CREW 
4000 MILES 78 TONS USEFUL LOAD 
4000 MP 20 TONS Pay 


PSO TOMS TOTAL WEIGHT 
(160Q000 Cu FT) 7 TONS WEIGHT EMPTY AND CREW 

3200 440 TONS USEFUL LOAD 

6000 65 TONS PAY LOAD 

I 205 TORS 
P95 TONS USEFUL 
170 TONS PAY LOAD 


SOO 
cu rr) 


3200 aes 
R000 HP 
Fic. 1 Boat vs. York To Lonpon 


* New York to London via Bermuda, Azores, and Southampton. Dis- 
ance, 4400 miles. Cruising speed, 115 m.p.h. Performance based on 
longest leg, i.e., 2000 miles from Bermuda to Azores. Fuel supply allows 
25 per cent margin for head winds. ‘Time required, 43 hours (still air) 
including two stops for refueling and transfer from Southampton to London. 

tAll airships are assumed inflated with helium (lift 65.6 Ib. per 1000 cu. ft.). 
Cruising speed, 75 m.p.h. Distance, 3200 miles. Fuel supply allows for 

J per cent margin for head winds en route from New York to, London. 
Time required, 43 hours (still air) non-stop. 


ting to Fig. 2, it is evident that this curve tends to flatten out at 
about 11 Ib. as the theoretical maximum. 

Dr. Dornier’s figures indicate that Captain Richardson’s 
curves, showing 50,000 lb. gross weight to be the most efficient 
size of the airplane, do not apply specifically to flying boats. 
Possibly this is due in part to the absence of the enormous 
Parasite drag from the multiple landing gear with wheels about 
six feet in diameter which would be required on an airplane 
equal in size to the Dornier “50-Ton”’ flying boat. Furthermore, 
& higher landing speed can be tolerated in flying boats than in 
airplanes because boats in maneuvering are not restricted to the 
harrow confines of landing fields; they can utilize more distance, 
and the impact at landing on water is more evenly distributed 
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throughout the structure than is true of the airplane on land. 
This advantage, which permits a high wing load factor for the 
large flying boat, is illustrated in Table 1. From the small 
“Libelle” to the large 100-passenger boat the wing loading has 
increased from 8.78 lb. to 22.5 lb. per sq. ft. 


Errect OF INCREASED 


Dr. Dornier throws additional light on this subject in his paper. 
He points out that with increase in size, the weight of the complete 
hull drops from 1.85 lb. per cu. ft. for the small boat A to 1.168 
lb. per cu. ft. for the very large boat E. 

For the wings, similar but opposite figures are given. The spe- 
cific weight of structure rises from 1.43 lb. per sq. ft. for type A 
to 3.27 lb. per sq. ft. for type E. But the permissible wing load- 
ing increases simultaneously, and to the advantage of the larger 
boat. For in type A boat the gross lift per pound of wing struc- 
ture is 6 lb., while in type E it increases to approximately 7 lb. 
More efficient frame members and a decrease in weight of skin 
per gross lift probably account for this improvement. 

Dr. Dornier further points out that the weight of gas tanks 
decreases with the size of the boat. From 0.7 lb. per gal. for 
type A the weight decreases to 0.36 lb. per gal. for type E, as the 
tank capacity increases from 15 gal. to 4200 gal. There is also 
a similar drop in the weight of oil tanks. 

In passing from type B to E, the wing area increases nine times 
and the disposable load sixty times. The useful load per horse- 
power—4.68 lb. for type B—increases to 9.47 Ib. for type E. 


FueLiInG Stations NECESSARY 


However, the largest of these flying boats, which for conven- 
ience we shall call a ‘‘50-Ton boat,” is given a maximum range of 
only 2635 miles by its designer. It is more than three times 
larger than any flying boat ever built. In efficiency it appears to 
approach the maximum so far as size is concerned. Yet its 
range will not permit non-stop transatlantic service. Therefore 
its commercial application demands that it refuelen route. Let 
us see which region of the Atlantic offers the most inviting pros- 
pect, and ascertain what pay load may be transported on a com- 
mercial route from New York to London. 


Tue Norra ATLANTIC Route 


Some of those who recognize the deficiency of heavier-than-air 
craft over long-distance flights recommend that the Atlantic 
crossing be made by a number of short hops via Newfoundland, 
Labrador, Greenland, and Iceland to Europe. It sounds fas- 
cinating, but who relishes the thought of a forced landing in the 
North Atlantic in midwinter? Should not attention be directed 
to the fact that heavy fogs prevail in that region during 90 per 
cent of the year, and that the hazards of ice forming on the wings 
and fuselage are extremely serious? Remember, the weather 
cannot be changed and that it is permanently bad in this par- 
ticular region for the simple reason that northeast of Newfound- 
land the cold Arctic Current comes down and repels the warm 
Gulf Stream, thus producing a thermal contrast and an unbal- 
anced condition in pressures that creates a constantly existing 
storm hazard for any kind of transportation, whether it be via 
ocean liner or via air. 

Reference is made to the experience of the round-the-world 
fliers of the U. S. Army in 1924, who returned from Europe via 
Iceland, Greenland, and Labrador, from which one obtains a 
most vivid account of the extremely hazardous and almost pro- 
hibitive dangers which prevail in that area with respect to 
meteorological conditions and particularly with respect to 
the hazards of fog and ice. It czn be accomplished, yes, with 
supremely excellent navigation and mechanical perfection, but 
one thing is certain: the weather is not susceptible to control by 
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mankind. Neither can the forces of nature be ignored. The 
flying of passengers over the Atlantic cannot become practicable 
unless conditions obtain which will assure the safety and comfort 
which the average public demands. And the lack of safety and 
comfort in the North Atlantic has been a matter of common 
knowledge for centuries. 


THE SouTHERN Route 


Let us give consideration to the proposed route via the Azores, 
where meteorological conditions are more favorable. The maxi- 
mum flight on this route would be about 2000 miles—from Ber- 
muda to the Azores. The other distances to be covered would be 
700 miles from New York to Bermuda and 1700 miles from the 
Azores to Southampton, where the transfer to London probably 
would be made by train. Using Dr. Dornier’s most optimistic 
estimate for a 50-ton flying boat, we obtain the following estimate 
of elapsed time en route and weight of maximum pay load. 


Time 
required, 
Leg Miles hours 
New York to Bermuda... 7 6.1 
Azores to Southampton................... 1,700 14.8 
Total flying time in still air................... 38.3 
Add: 
a For service, refueling, and rest period, 1'/2hr.each_ - 

at Bermuda and Azores.................... 3.0 

b For transfer from Southampton to London, 75 

Total elapsed time with no allowance for head 


Referring to Table 1, we find that the Dornier 100-passenger 
boat E now under construction has a gross weight (loaded) of 
113,300 lb., or slightly in excess of 56 tons. However, to be 
liberal in our estimate of its performance and to allow for future 
structural improvements, let us assume the gross weight at 50 
tons and accept Dornier’s estimate (Table 1) of 56,815 lb. avail- 
able for useful load in addition to crew. The power load factor 
will justify this. The question is, what proportion of this useful 
load will be needed to effect the 2000-mile flight from Bermuda to 
the Azores? 


Furst Loap anp Pay Carco 


Table 1 gives the top speed at 149 m.p.h., the cruising speed at 
115 m.p.h., and the available power at 6000 hp. 

The specific hourly fuel consumption is 6000 x 0.5 lb. per 
hp-hr. = 3000 Ib. Let us assume the average hourly fuel con- 
sumption (at 115 m.p.h. cruising) at 70 per cent of 3000 lb. or 
2100 Ib. 

The maximum leg is 2000 miles, and thus requires 17.4 hours 
at 115 m.p.h. cruising speed. 


Then 

Add 25 per cent fuel reserve for head 
Total fuel required.................. 45,675 Ib. 

Add for radio and commercial equip- 
Total 46,815 lb. 


Subtracting this weight from the estimated useful load (56,815 
Ib.) we have 10,000 lb., or 5 tons available for pay load. This 
represents 10 per cent of the gross lift, or 1*/; lb. per rated hp. 


This performance does not compare favorably with commercial 
airplanes on air-mail routes, refueling at maximum intervals of 
500 miles and transporting a pay load equivalent to 25 per cent 
of the gross lift, or about 5 lb. per rated hp. 

In flying the entire route of 4400 miles across the Atlantic, 
this 50-ton boat would consume (with no allowance for head 
winds) about 41 tons of fuel. At $80 per ton, including lubri- 
cating oil, this would represent an operating charge for fuel alone 
of $3280 or 15 cents per ton-mile. Assuming that other operating 
charges would be proportionately as high, this would thus tend to 
substantiate the claim of operators of airplanes overland that 
intermediate stops of 400 to 500 miles for refueling are impera- 
tive. Otherwise the operating cost takes a rapid upward 
turn that soon becomes prohibitive because of the attendant re- 
duction in pay-cargo capacity. However, time and space will 
not permit of a detailed discussion of operating costs. Suffice it 
to say that the construction of one of these 50-ton flying boats at 
$7500 per ton (in production) would cost $375,000. 

With these data available for comparison, let us proceed to 
examine the performance of rigid airships in transatlantic service 
over the same general route, i.e., between New York and London. 


AtrsHip ProGcress RETARDED 


Airships have been so much maligned by skeptics in recent 
years that perhaps a word of introduction is advisable. Until 
Zeppelin began his work in 1898, airships were built of balloon 
materials: fabric and cordage. Zeppelin introduced into his 
airships a rigid framework of aluminum and wire, so that the 
structural shape could be integrally maintained. For gas cells 
and outer covering, however, he continued to use fabric. 

At the beginning of the World War, Zeppelin commenced the 
use of duralumin, the new strong tempered aluminum alloy, for 
his rigid frame. It is significant to relate that of the 133 rigid 
airships built in Germany by Zeppelin and Schutte prior to the 
Versailles Treaty and operated by German personnel, not one 
ever failed structurally during a flight. So proficient as naval 
scouts did these airships become in patroling the North Sea, that 
eminent naval authorities attribute to the Zeppelin the fact that 
the German Fleet was able to escape at the battle of Jutland 
after inflicting 30 or 40 per cent greater damage against the Brit- 
ish Grand Fleet. 

Then came the Treaty of Versailles, which until recently pro- 
hibited the Germans, the pioneers in rigid-airship construction, 
from applying to the commercial field the excellent experience in 
construction and operation gained during the war. It would be 
interesting to conjecture how grave would have been the delay in 
progress of heavier-than-air craft if, for any reason, this same 
prohibition had been applied during the past nine years to all 
sources of airplane supply. Only once was this restriction lifted, 
and that was in 1923-24, to enable Germany to build and deliver 
to the United States the reparations airship, the U.S.S. Los 
Angeles. 

In England, during and since the World War, 14 rigid airships 
have been built, and only one, the R-38, failed structurally in 
flight (in 1921). 

In the United States, the richest nation in the world, only 
one rigid airship has been built to date, the U.S.S. Shenandoah, 
which was destroyed in a violent storm in Southern Ohio in 1925 

It is indeed tragic that these two disasters with the attendant 
loss of valuable lives should have occurred, but engineering science 
is not so perfect that there can be complete assurance against 
such mishaps in the development of new applications. Struc 
tural failures in ocean vessels have occurred, and do occur 0¢- 
casionally even today. Failures in great bridges are not unknow2. 
However, as the experience of the engineer advances, failures be- 
come steadily less likely. The lessons learned from the R-3 
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and the Shenandoah are not without value in avoiding a repetition 
of such catastrophes. 


AIRPLANE EXPENDITURES Firry Times GREATER 


The foregoing, a total of 149 units, represents the world’s 
effort in rigid-airship construction (prior to the flight of the 
Graf Zeppelin). Semi-rigids constructed in Italy, France, and 
elsewhere are not included because their inherent limits in size 
and strength eliminate them from competition with the dirigible 
in long-distance commercial application. 

It is roughly estimated that these 149 rigid airships represent a 
construction cost of not to exceed $75,000,000. This, of course, 
is exclusive of shops, hangars, etc. It is boldly estimated that 
the world to date, including the enormous and necessarily waste- 
ful war expenditures and the cost of post-war activities, has spent 
a total of $3,500,000,000 for both military and commercial 
airplanes. An examination of governmental budgets will justify 
this figure. 

This explains in part why the development of lighter-than-air 
transport is the most neglected engineering art in the realm of 
aeronautics today. It has not advanced as rapidly as heavier- 
than-air for the simple reason that approximately for every dollar 
spent on airships, at least fifty dollars have been spent on air- 
planes. As Charles Grey, Editor of Aeroplane, London, has 
aptly put it: “Airships breed like elephants, while airplanes 
breed like rabbits.” 


ProGreEss Not MEASURED BY PRESENT ACHIEVEMENT 


Certainly the record of progress of the airship would be entirely 
different if an equal amount of money had been made available 
for its development. 

Of course, the loss of the British R-38 and the Shenandoah 
caused many people to become skeptical in their appraisal of 
the value of lighter-than-air craft, but they should be reminded 
that every great scientific development has come many times to 
the crossroads of doubt where people have stood unequally di- 
vided, most of them wanting to turn back and few wanting to go 
ahead. 

Let those who are skeptical about the future of airships be 
reminded that progress is not measured by present achievement, 
but is determined by resolution and provision for improvement. 

Many people appear to be impatient with the progress of rigid- 
airship development. They should be reminded that the art of 
design and construction of lighter-than-air craft has not yet come 
to its maturity. In almost every other line of engineering en- 
deavor, the public seldom learns of the mistakes and the failures. 
They are thrown into the waste basket and the public learns only 
of the successes. But in airship development, and airplane, too, 
for that matter, it is impossible by the very nature of the product 
itself to conceal from public view even the most insignificant 


experiment, and if it is not at once a success, the failure often . 


receives more public attention than does the success which may 
follow immediately after. 

Fortunate indeed it is that when one approaches a problem from 
4 scientific standpoint, the more criticism he gets, the harder he 
works. 


CapiTaL LACKING 


It is recalled that when we were in school, studying some of the 
fundamental things of life, we were taught that there are four 
factors which, when combined in proportion, promote industrial 
Progress, namely, capital, labor, material, and initiative. All 
are interdependent. None can succeed separately. It appears 
that what airship development lacks most seriously is sufficient 
capital. Certainly we possess skilled labor; we have proved 
material and an abundance of engineering initiative. But capital 
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during this development period is hard to get from private 
sources. Consequently progress in this important branch of 
aeronautics has been compelled to await the enactment of 
legislation and adequate appropriations. 

Government orders furnish the only present market, with the 
result that only four rigid airships are under construction in the 
world today. One Zeppelin of 3,700,000 cu. ft. displacement is 
being built in Germany; two ships of 5,000,000 cu. ft. each are 
under construction in England; and in the United States—with 
all its surplus of wealth and abundance of labor, available material 
and engineering skill—only one rigid airship, a metalclad of 
200,000 cu. ft. displacement, a notable experiment it is true, is 
under construction. It is not overlooked that the Congress which 
adjourned last summer made an initial appropriation of $1,200,- 
000 for commencing the construction of two 6,000,000-cu. ft. 
ships, contracts for which are now in the process of negotiation. 
Not a very flattering picture, it is true, but it is a reflection not on 
the airship but on the inertia of our own Government. 

But governments are very susceptible to the influence of public 
opinion in determining who shall pull the purse strings. And 
right now the applause all goes to the airplane. 


ArrsHip COMMERCIAL PERFORMANCE SUPERIOR 


During the past year the concentration of public attention on 
transoceanic flying has so tended to mask the inherent short- 
range characteristics of the airplane that the far superior qualifica- 
tions of the rigid airship for long-distance, heavy-cargo trans- 
port have been lost sight of almost entirely. Therefore earnest 
attention is directed to Figs. 1 to 7, inclusive, which graphically 
illustrate the superiority of lighter-than-air craft over heavier- 
than-air craft for long-distance uses. 

The Dornier 50-ton flying boat, previously described, is nomi- 
nated to represent heavier-than-air in the comparison. Its vital 
characteristics on a 2000-mile range are illustrated in Fig. 1. 
They are based on a Bermuda-to-Azores flight, which is the 
longest leg on the hypothetical New York-London route. The 
maximum possible pay load is only 5 tons, or 10 per cent of its 
gross lift. 

Contrast this performance with the helium-inflated 150-ton 
rigid airship, Fig. 1, which, on a 3200-mile non-stop flight from 
New York to London can transport a pay load of 28 tons or about 
19 per cent of its gross lift. The next size, a 250-ton ship, shows 
a performance over the same route of a 65-ton pay load, or 26 
per cent of its gross lift. And the last ship illustrated carries a 
pay load of 170 tons, or 34 per cent of its gross lift. Each of these 
three airships has sufficient power at 75 m.p.h. cruising speed to 
cover the 3200 miles from New York to London in 43 hours, or 
identically the same time (in still air) as the flying boat requires 
on the Bermuda-Azores route. In the useful load of each air- 
ship is included a 50 per cent fuel reserve for head winds, while 
in the flying boat only a 25 per cent fuel reserve is provided. 

And these airships are not miracles. From an engineering 
standpoint there is absolutely no mystery about man’s ability 
to build them successfully. The proved materials are available. 
The practical methods of bonding these materials together are 
well known. The skilled labor can be secured. In fact, the 
two airships now being built in England are about equivalent to 
the first size illustrated, and the larger, 250-ton ship follows in 
natural sequence. 

It may be explained that the performance of the airship is based 
on the assumption that the ship is fully inflated with helium lifting 
65.6 Ib. per 1000 cu. ft. 


This corresponds to the lift of 94 per cent pure gas in air of 60 per 
cent humidity at 29.95 in. barometric pressure and at a temperature 
of 32 deg. fahr. The assumption of a 100 per cent inflation of the 
ship is made merely to simplify the computation. In reality, of 
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course, the ship cannot be inflated 100 per cent on account of the ex- 
pansion of the gas which accompanies ascension. However, by the 
partial use of gaseous fuel (natural or Blau gas) for the motors, which 
does not add weight but even contributes a little lift, the same effec- 
tive lift can be obtained.*® 


Userut Loap Per HorsErpowER 


The comparative performance of aircraft can be expressed al- 
most entirely in pounds of useful load per horsepower. This is 
illustrated in Fig. 2, which some will claim is too optimistic for 
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the flying boat. The marked superiority of the airship obviously 
increases with size. Eleven pounds per horsepower appears to 
be the maximum useful load for the flying boat, while at 74 lb. 
of useful load per horsepower for the airship the curve still 
continues upward. 


’ Dr. Karl Arnstein, Trans. A.S.M.E., January-April, 1928, vol. 
50, no. 6, paper AER-6. 


Figs. 3-7 compare the performance (on the New York-London 
route) of the 50-ton flying boat with airships ranging in size from 
5,000,000 to 15,000,000 cu. ft. displacement. The “commercial! 
common factor” appears to be best expressed in “tons of pay 
cargo transported.” The comparison, therefore. is the relation 
of this common factor to— 


Gross weight of aircraft employed (Fig. 3) 
Construction cost (Fig. 4) 

Rated horsepower required (Fig. 5) 

Fuel in tons required (Fig. 6), and 

Cost of fuel consumed (Fig. 7). 


Let us select for purposes of comparison a 6000-hp. airshi» 
having a gross weight of 250 tons, a pay load of 65 tons or 200 pas- 
sengers, and a cruising speed of 75 m.p.h. at three-fourths power. 
Thirteen flying boats, each of 6000 hp. and 50 tons gross weight, 
would be needed to equal the pay-load performance of the one 
airship. Table 2 summarizes the comparison. 
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Table 2 demonstrates a startling difference in the performance 
of lighter-than-air craft over heavier-than-air craft when ap- 
plied to transoceanic service. Here we have two aircraft of 
the same horsepower, yet one transports thirteen times more 


TABLE 2 6000-HP. AIRSHIP VS. 6000-HP. FLYING BOAT, NEW 
YORK TO LONDON 


Approx. 
Airship ying Boat ratio, 
(A). (FB) A./F.B. 
Units of Comparison 
Tons gross weight............. 250 5.0 
140 25 5.6 
Fuel reserve, per cent.......... 50 25 2.0 
Pounds useful load per hp... .. . 9.47 5.0 
Pounds pay load per hp........ 21.67 1.67 13.0 
Construction cost:! Airship at 
$15,000 and boat at $7500 per 
Route Comparison! 
Time required (still air), hours... 43 43 
Landings including intermediate 
Collective Comparison (for same pay load) 
Number of units employed..... 1 13 1/13 
Total gross weight, tons........ 250 650 5/13 
Total pay load, tons........... 65 65 ae 
Total horsepower.............. 6,000 78,000 1/13 
Total construction cost!........ $3,750,000 $4,875,000 3/4 
Total fuel required, tons....... 75 533 1/7 
Total cost of fuel at $80 perton.. $6,000 $43,640 1/7 


1 Construction cost based on production and not on experimental units, 
which would run considerably higher. 
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pay cargo than the other. Is there any argument as to which 
one is to be preferred commercially? 

Suppose we allow for a future 30 per cent improvement in 
heavier-than-air craft (as suggested in the Navy Board Report 
previously referred to). Still the flying boat’s effectiveness in 
long-distance service would be only 10 per cent of the performance 
of a 250-ton airship, and most certainly airships will improve, 
too, and also increase in size, which again adds to their efficiency. 


AIRSHIP THE SAFER 


Not only is the airship superior in tons of pay cargo carried, 
but it is supreme in comfort when passengers are transported. 
Staterooms and promenades, space for recreation—these com- 
pare favorably with ocean-liner accommodations. Its control 
and navigation are deliberate and certain. Meteorological re- 
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ports received by radio at regular intervals enable it to vary its 
course to take advantage of favorable winds. Having a cruising 
speed twice that of the rate of travel of the average storm area, 
it can avoid violent weather almost entirely. Arriving at its 
destination and finding unfavorable fog conditions, instead of 
being compelled to land because of depleted fuel supply, it can 
hover with engines idling until conditions improve. 

Perhaps it is still more illuminating to compare the airship 
with two of the older and better known forms of transportation. 
Fig. 9 shows the advantage a 200-passenger airship enjoys over 
the train and steamship in terms of gross weight of vehicle re- 
quired per passenger transported. In the airship it is 2500 lb. 
per passenger; in the 20th Century Limited, 9000 lb.; and in 
the Leviathan, 26,000 Ib. The economy in material, capital 
investment, maintenance, and replacement, to say nothing of 
the saving in time, is amazing. 


CoNCLUSIONS 


Pom comparative examination inevitably leads to three con- 
ons: 
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1 In commercial application, the airplane, large or small, 
has comparatively a short range. Physically, it is unsuited to 
overseas service. Its use in transoceanic flying is unsafe and 
should be discouraged. 

2 Provided intermediate stops at suitable intervals are avail- 
able for refueling, the large flying boat has possibilities in over- 
seas service. However, no matter how large it may be built, 
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Fic. 6 Ratio or Weicut or To Pay CarGo, Boat 
vs. AirnsHip—New YorK To LONDON 
Airship: 3200 miles New York to London; cruising speed, 75 m.p.h. 
Flying boat: 4400 miles New York via Bermuda and Azores to Southamp- 
ton; cruising speed, 115 m.p.h. 
Fuel calculated on basis of 0.5 Ib. per hp-hr. 
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Airship: 3200 miles New York to London; cruising speed, 75 m.p.h. 
Flying boat: 4400 miles New York via Bermuda and Azores to South- 
ampton, cruising speed 115 m.p.h. 
uel cost calculated at $80 per ton. 


it can never compete successfully with the rigid airship in econ- 
omy, comfort, and safety. 

3 The large rigid airship will always be supreme in long- 
distance heavy-cargo transport. It is the most neglected yet 
the most promising mode of transportation overseas extant. 
It is the duty of the Government to provide liberal appropria- 
tions for its improvement and advancement to the point of de- 
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velopment where private capital is justified in undertaking the 
responsibility alone. 


A Forwarp-LookinG GOVERNMENT Po.ticy NEEDED 


This last conclusion does not mean that private initiative 
should be discouraged to provide capital for engineering and 
manufacturing facilities. But it does mean that the Govern- 
ment should adopt a continuing program of construction of rigid 
airships for military uses for both the Army and the Navy 
commensurate with the program already adopted for airplanes 
and with the important position our country occupies in the 
family of nations. 

In the development of airships commercially, the Government 
should go even farther. Our country can well draw a lesson 


Fic.8 TRANSATLANTIC AIR RouTES 
(Airship route shown by solid line; flying-boat route by broken line.) 


from the action of the British Government in 1902, when by an 
Act of Parliament a long-term loan at 2%/, per cent interest was 
made to the Cunard Line “to finance the entire construction 
cost of the two fastest and most palatial ocean liners in the world.” 
The result was the beautiful Mauretania and the tragic Lusitania. 
In addition, profitable mail contracts were awarded to the same 
company. No wonder England leads the world in ocean shipping. 
Is history to repeat itself with respect to the rigid airship? Two 
large commercial airships are being built in England now. None 
are being built in the United States. Of all the modern great 
civilized communities, the British still ranks as a pioneer. And 
Germany is reemploying her skill and talent as is evidenced by the 
commercial Graf Zeppelin, jointly financed through government 
cooperation with her citizens. Here is a sound policy of cooper- 
ation that has precedent in the United States Shipping Board and 
might well be extended to airships. Is it not advisable for 
Congress to amend the Jones-White Bill, extending its provisions 
to commercial airships, so that 75 per cent of their construction 
cost may be financed through a long-term loan on the same basis 
that the Shipping Board is now aiding the upbuilding of our 
Merchant Marine? 


Does it pay? 

Let us be reminded that modern civilization differs from its 
predecessors in its world reach. It progresses on the wheels of 
transportation. The lands best developed in their social struc- 
ture and in their use of the equipment of this modern scientific- 
industrial era, are the lands that excel in modern transportation. 
Contrast the prosperity of the United States with that of Russia 
and China. 

Frontiers exist, and with them certain social customs and 
traditional régimes have their sway. But air transport is rapidly 
spreading through these frontiers. Air commerce may be im- 
peded by prejudice, tariffs, and national policies, but it is not 
stopped by them. 


Tue AIRSHIP AN AID TO PEACE 


An example of the influence of modern transport and com- 
munication in more recent times is the difference between the 
effects of the American War of Independence and the Boer War. 
In the first case much bloodshed and bitterness of feeling between 
Great Britain and America resulted, taking over a century to 
heal. In the second case, twelve years after the fighting ended, 
South Africa was one of Great Britain’s most loyal partners 
in the World War. 

The two countries, the United States and South Africa, are 


Fic. 9 Gross Weicnt REQUIRED PER PASSENGER. 250-Ton 
ArrRsHIP CARRYING 200 PASSENGERS COMPARED WiTH TRAIN AND 
STEAMSHIP 


practically equidistant from Great Britain. The statesmen of 
today are presumably no wiser and greater than those of two 
hundred years ago. It is said, with greatest diffidence, that 
the great factors which have changed are transport and com- 
munication. Slow and difficult communication delayed for a 
century the healing of the breach between England and America. 
Rapid and easier communications led to an early understanding 
and a mutual adjustment with South Africa. 

So, looking into the future, who will deny that the super airship 
may not prove to be a messenger of peace in disguise. 


Private INITIATIVE PLUS GOVERNMENT COOPERATION WILL 
ACHIEVE SUCCESS 


From the viewpoint of the practical manufacturer, the most 
useful factor in airship development today is sound engineering 
talent which has been exposed to practical experience in both 
shop and air. This talent America possesses to a marked de- 
gree, not only in the military branches of the Government, but 
among its private citizens as well. Private capital is ready to 
go ahead if the Government extends liberal and tangible coopera- 
tion. 

All past experience reveals that the most rapid progress, 3% 
the least cost, in any new mode of transportation or communi- 
cation has been achieved in private enterprise controlled by 
private citizens, aided by Government cooperation. This 
true of the steamboat, the railroad, ocean vessels, electric railways, 
automobiles, the telegraph, telephone, and radio, and it is als° 
true of aircraft. 

In private industry men labor under less restriction, enjoy 
the advantages of longer association with each other, suffer les 
from interruption, have daily practice in the application of ne¥ 
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theories, and are urged on by friendly rivalry with their fellows 
and by the compelling influence of competitive enterprises. 

Aeronautics is a new science. It still is in the experimental 
stage. Impatient evasion of the difficulties involved offers no 
solution, for difficulty itself is a severe and good instructor, 
set over us by the Supreme ordinance of a Parental Guardian 
who knows us better than we know ourselves. 

Man cannot create natural laws, neither can he create ma- 
terials. The scientific principles of flight have existed always, 
as have the materials from which airships and airplanes and mo- 
tors are built. It is man’s function to discover these laws and 
principles and materials, and then call to his aid practical engi- 
neering ability for their adaptation. 

The time has come when defects in wisdom of design can no 
longer be supplied by a plenitude of motive force. Those en- 
gaged in actual aircraft development must conform to the pro- 
gram of the great masters in all the arts, who, when they had 
overcome the first difficulty, turned it into an instrument for 
new conquests over new difficulties; thus enabling them to ex- 
tend the empire of their science; and even push forward beyond 
the reach of their original thoughts and the landmarks of human 
understanding itself. 

This the aircraft and particularly the airship manufacturers 
are doing. The engineering competition for improved design 
has taught us that our antagonist is our helper—that he who 
wrestles with us strengthens our nerves and sharpens our skill. 
This amicable conflict within the industry obliges us to have an 
intimate acquaintance with our object. It will not suffer us 
to be superficial. It stimulates great mental exertion. We can 
safely say that scientific progress today is five to ten years ahead 
of visible progress in airship development. 

Patience and practical engineering, aided by private capital 
and Government cooperation, will be rewarded with an advance 
in the art of immeasurable benefit to mankind. 

The airship will eventually bring to each nation a common 
economic interest in the prosperity and welfare of every other 
nation in the world. This, indeed, is a worthy mission. 
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Discussion 


W. F. Gernarpt.6 The paper is a brief text on the funda- 
mental differences between airplane and dirigible. It should 
be read by every aeronautical engineer. 

- It appears inevitable, in the light of the discussion, that heavier- 
than-air engineering will have to confine itself largely to the 
Problems of personal transportation—what we might call the 
ideal personal transport vehicle—and that lighter-than-air will 
be most suitable for the other extreme. The author has very 


‘ Vice-President, Aeronautical Research Corp., Detroit, Mich. 
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ably brought out that the airplane does not carry a sufficient 
percentage of pay load in long-distance transportation. The 
results of Dr. Dornier’s construction support this contention. 

The argument applies, however, only to airplanes as we now 
know them, and one may legitimately ask, “Is there any way 
whereby this great difference between airplane and dirigible 
can be overcome?” One or two means of bridging this gap 
have presented themselves as theoretical possibilities, as Pro- 
fessor Parker of Massachusetts Institute of Technology has 
pointed out. Their success, however, is not yet demonstrated 
and their practical application is attended with so many diffi- 
culties that for the present we must proceed upon the assumption 
outlined by the author. 

When the dirigible is replaced by a number of flying boats, 
what is the situation with regard to the probable cost of lost 
equipment? What are the probabilities that the flying boats 
will survive the single dirigible through the haphazards of trans- 
oceanic flying, and how will this be calculated? It seems to me 
somewhat similar to the problem of calculating the probability 
of motor failure in the case of the multiple-engine airplane. If 
there are any figures on this subject, I should be interested in 
seeing them, as I think this is an important element of the 
aeronautical situation. 

Is the comparison of the number of flying boats required to 
replace the dirigible based on the same total range, or are inter- 
mediate landings assumed? 


F. K. Krrstren.? One difference between the testing of a 
cycloidal propeller and a screw propeller lies in the difference 
of the environment requisite for the testing procedure. The 
screw propeller is tested by what is called the open-test method, 
in which the velocity gradient is uniform throughout the blade 
sweep. When, however, such a propeller is installed near the 
hull surface of a dirigible, its blade, while completing one rota- 
tion, passes through velocity strata so that its slip is a maximum 
when near the hull and a minimum when away from the hull. 
The efficiency, as a consequence, is modified considerably and is 
usually a great deal less under actual installation conditions than 
under open test. By reference to a table of propulsive efficiencies, 
as published in Mr. Burgess’ text on lighter-than-air craft, the 
maximum efficiencies recorded for a great many dirigible installa- 
tions do not exceed 66 per cent, whereas open-test efficiencies ex- 
ceed 80 per cent. 

The cycloidal propeller is always tested in an environment 
that corresponds to actual conditions when installed in the vessel 
which it propels, so that the efficiencies obtained by testing are 
the true efficiencies of propulsion when installed. It must be 
kept in mind that the efficiency figures obtained so far have been 
obtained from a very crude propeller designed by instinct rather 
than knowledge, and it is reasonable to assume that by further 
refinement the efficiency figures can be greatly increased. 

An important factor which must be considered in connection 
with the use of cycloidal propellers on dirigibles is the the possi- 
bility of using large transverse-thrust components, making it 
possible to utilize the engine output on landing instead of shutting 
down the engines. The rudder surface or fixed fin loses its effec- 
tiveness in proportion to the square of the decrease in velocity, 
and consequently gives very little aid in the landing maneuver. 
The Shenandoah on her arrival at Camp Lewis kept a waiting 
crowd in suspense, after her first landing attempt, for a period 
of eleven hours before a successful landing was effected. It is 
probable that a good deal of the costly helium had to be valved in 
order to bring the ship near enough to the mooring mast. Cy- 
cloidal propellers will undoubtedly prevent such loss of time 
and of helium. 


7 University of Washington, Seattle, Wash. 
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C. A. Norman.’ The author’s paper is a most excellent one, 
and the only part that leaves one a little uncertain is the last 
one. Why is it necessary to insist at the same time that all 
direction and initiative in developments of this kind must remain 
in private hands and yet ask the Government to support them? 
It is not easy for the Government to raise cash. The people 
hate to pay taxes. It might not be at all pleasant for a politician 
to face his constituents with the statement that he had voted 
many millions of dollars for dirigible building when people are 
well familiar with the fate of the Shenandoah. I am enthu- 
siastically in favor of dirigible development, but it seems to me 
that people who possess in the highest degree the ability to mo- 
bilize private capital for purposes of this kind should make it 
an almost sacred duty to do so. In any case, if we ask the 
Government to support enterprises of this kind, we should see 
to it that the Government is amply supplied with funds for the 
purpose. It seems to me irrational in one instant to ask the 
Government to support enterprises too risky for private capital, 
and in the next to ery for nothing as much as for tax reduction 
and less Government in business. 


AvTHOR’s CLOSURE 


Replying to Mr. Gerhardt, the performance of the flying 
boat was based on its maximum leg negotiated, namely, 2000 
miles, from the Azores to Bermuda. The airship flying from 
London to New York would negotiate 3200 statute miles approxi- 
mately, allowing for some differences, as the R-34 did, in avoiding 
storm areas. 

Now, on the other question, the probable loss occurring in 
equipment obviously is 13 to 1 in favor of the airship as com- 
pared to the flying boat. 

As to Professor Kirsten’s question, I should like to comment on 
the landing of an airship as compared with an airplane. I was 


8 Professor of Machine Design, Mechanical Engineering Depart- 
ment, Ohio State University, Columbus, Ohio. 


at the airport at Washington when the Los Angeles arrived to 
be christened by Mrs. Coolidge, and I recall very well that it 
took three hours to make the landing. As a result a great many 
people became skeptical as to the practical value of the airship. 
The trouble is that they did not analyze the situation. In the 
first place, the Los Angeles was in the same predicament in land- 
ing that the Leviathan would be in when trying to tie up in a 
strange harbor without a dock. There was no mooring tower 
available. All of us have witnessed an ocean liner take an 
hour and a half, with 18 tugboats and 250 longshoremen, in order 
to dock in the North River in New York, whereas a motorboat 
can land at a dock in two or three minutes. It is well to bear 
this in mind that airships are comparable to ocean liners: in 
regard to the practical problems of landing, whereas airplanes 
are comparable to motor boats, if you desire to be fair to both 
types. 

I am glad that Professor Norman brought up the question of 
Government financial support, because it involves a character- 
istic of the American people. The American people as a rule 
want quick profits. They know they can get quicker profits at 
present with airplanes than they can with airships. The airship 
is so large in size, and it involves so much money, and the time 
element is so great, plus the cost of hangars, that a new unit is 
obsolete when it is completed. 

Now, I shall ask a question in return. Why is it our Ship- 
ing Board is treated so liberally by Congress? Why is it that 
the Shipping Board will advance at low rates of interest three- 
quarters of the cost of new ocean vessels? Because a strong 
merchant marine is of paramount importance to the national 
defense. We do not dare to put ourselves at the mercy of a 
foreign merchant marine in case of war. It is on the same theory 
that adequate financial support is urged upon the Government 
in the development of large commercial dirigibles which, aside 
from their peace-time value, will be instantly available in time 
of war for extremely necessary service. 
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The Theory of Long-Distance Flight 


Minimum Consumption of Fuel in an Airplane for a Given Number of Miles Is the Primary 
Factor and Not the Weight of the Engine 


By ROBERT J. NEBESAR,'! BUFFALO, N. Y. 


This paper treats of speed at minimum drag, the reciprocal re- 
lations of the aerodynamic values, the influence of the decreasing 
weight of fuel during the flight, the variation of long-distance-flight 
conditions with altitude, and the influence of the decreasing load 
of fuel on the altitude of flight. 


flight the following nomenclature will be employed. The 

theoretical parts are based on the metric system. The 
coefficients are in the absolute and not the engineering values. 
(merican units are used in all charts for practical use in con- 
junction with metric units. 


I THIS theoretical discussion of the factors of long-distance 


A = area of wings in square meters 
b = span of wings in meters 
By, = engine brake horsepower at sea level 
B, = engine brake horsepower at altitude A meters above 


sea level 
B. = engine brake horsepower at moment ¢ 
¢. = specific fuel consumption in kilograms per horse- 
power-hour 
C = coefficient of total drag 
(ping = coefficient of induced drag 
(pyro = coefficient of profile drag 
Cpsue = coefficient of structural drag (parasite drag) in 
the polar diagram (recalculated on the unity of 
the area of wings) 
(, = coefficient of lift 


D = total drag in kilograms 
D, = total drag at altitude h meters above sea level, in 
kilograms 
Ding = induced drag in kilograms 
Do, = profile drag in kilograms 
Dose = structural drag in kilograms 


e« = efficiency of the propeller 


prof + Cp struc 
¢ = ———__ = ratio of total unuseful drag to 
Cp proj 


profile drag 

g = acceleration of gravity in meters per second per 
second 

h = acertain altitude during the flight, in meters 

H = absolute ceiling of the airplane, in meters 


//,, = theoretical ceiling of the airplane, in meters 
b? 
A= A = aspect ratio of wing 


Le» = power loading at the beginning of flight, in kilo- 
grams per horsepower? 

Lw = wing loading at the beginning of flight, in kilograms 
per square meter 


Po = specific weight of the air at sea level 
Pa = specific weight of the air at altitude h meters above 
sea level 


R = maximum cruising radius of an airplane at the vari- 
able speed, in kilometers 


‘General Airplane Corporation. 

*The power loading is taken at the start of the flight, after the 
desired altitude has been reached and airplane has started for its 
objective. 


Reonst = Maximum cruising radius at the constant speed, in 
kilometers 
¢ = a certain moment during the flight 
T = duration of the flight for the distance R, in hours 
T. = duration of the flight for the distance Reons:, in hours 
V = speed in meters per second 
V, = speed at sea level, in meters per second 
Va = speed at altitude h meters above sea level, in meters 
per second 
Vi; = speed at moment ¢, in meters per second 
W; 
Ww 
of an airplane at the beginning of flight 
Wy, = weight of fuel in kilograms 
W = total weight of an airplane in kilograms 
W. = total weight of an airplane at the moment /, in kilo- 
grams 


= ratio of the fuel weight to the total weight 


1 Speep at Mrintwum Draa 


The primary factor for a successful long-distance flight is 
the minimum consumption of fuel for a given distance. 

We shall assume a monoplane flying at a constant altitude 
at sea level, also that the engine has surplus power which will 
enable the plane to climb. 

The total drag of an airplane consists of three parts, which 
are the induced, the profile, and the parasite drag. The profile 
and parasite drags are unuseful. 


29 Ww 
The induced drag Ding = — 
p «-V2-b? 
Phe profile drag Dyroy = Cp prop A+ V2 
2g 


The parasite drag Detruc = Co A> V? 


<9 


The foregoing formula for the induced drag is correct for the 
elliptical lift distribution. For any other distribution of the 
lift we shall include the increase of the induced drag in the pro- 
file drag (the difference of which is from 2 to 5 per cent for con- 
ventional wing forms). 

The total drag is 


2 
29 29 


a 
D=7,t8-V? 


where 
2 Ww? 
a= <9 and 8 = P (Cpr pros + Co atruc) 
p 29 
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The value @ is constant for a given type of airplane. The 
value 8 changes with the polar curves of different airfoils, and 
therefore for a given type of airplane with the angle of attack, 
which latter depends on the polar curve of the airfoil as well as on 
the parasite resistance. For our case we may assume with a suffi- 
cient degree of accuracy that this value 6 will be also constant 
in the proximity of the angle of the minimum drag. 

Differentiating Equation [1], we obtain the minimum drag. 


dD 2a 

dV 

that is, the speed is 

4 4 

2q\2 2 


4.40) 
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75-e-B- =D-V = = 


from which we find that the minimum engine output occurs at the 


speed 


This speed is 76 per cent lower than the speed of the minimum 
drag. 

The most important factor for a long-distance flight is the 
minimum consumption of fuel for a given distance and not the 
weight of the engine (the engine weight being approximately 
equivalent to a 5-hour supply of fuel). 

The minimum consumption of fuel will be at the minimum 


0.80. 
4 
3 
200 480 460 HO 20 1/00 40 km 
Vi 995 87 74.5 62 50 mi 
D £0 120 MO 160 +80 200 2820 240 260 HP, kg 
220 265 F209 253 397 44/1 485 §30 S573 4b 
Fig. 1 
and the minimum drag will be value of 
horsepower X time horsepower 
a Cb pros = =dr 
Dain = = 2W ... [2b] distance velocity 


a 
+ 6 

1; 

We see that at the angle cf minimum drag the induced drag 
must be the same as the sum of the profile and parasite drags. 
The total drag will be 

29 29 
where 
Cop = 2C D pros 


This point on the polar curve indicates the best angle of at- 
tack; that is, the maximum L/D of the total plane (see Fig. 1). 

This relation has been generally known since 1860—for ex- 
ample, Penaud; Lancaster, ‘“Aerodynamik,” vol. I, p. 199; Eber- 
hardt, ‘“Flugtechnik,” p. 38—but has been expressed in different 
ways. 

Another consideration: the minimum of the engine output, 
from which we assume the minimum of the total weight of the 
airplane, is given by differentiating the equation 


This relation is shown in Fig. 1, where the hatched area repre- 
sents the case of modern transport airplanes. 

From this we find that, flying at the speed of about 100 m.p.h. 
(160 km.p.h.), the induced drag is only 20 per cent of the total 
drag, which is not economical. 

At 50 per cent of the induced drag we find that the speed is about 
70 m.p.h. (110 km.p.h.) only, which is insufficient. To remain 
on the minimum cruising speed of 100 m.p.h. we have to de- 
termine the aerodynamic conditions within reasonable limits. 

To obtain easy control of the airplane at the most efficient 
angle of attack we have to choose the corresponding lift which 
would give us the greatest difference between the minimum 
speed of horizontal flight and the speed at the minimum of 
drag. The best airfoils have a maximum lift coefficient of about 
Cri = 1.4; therefore a corresponding maximum lift coefficient 
of about 0.7 can be chosen. The control of the plane will be 
better when flying in a high altitude and with a reserve of 
power, which is also necessary for take-off. 

This also solves the problem of low landing speed, which will 
be referred to farther on. 


= 
Y= 
Ding 
Gere 
| 
lat 
wil 
7 
tim 
Whe 


AERONAUTICS 


2 Tue RecrprocaL RELATIONS OF THE AERODYNAMIC VALUES 


We shall assume that the total weight does not change during 
the duration of the flight, and therefore that the speed and 
power remain constant. 

Normally, with a decreasing distance the weight of fuel 
decreases; to fly at the best angle of attack we must reduce 
progressively the speed and also the engine output, which 
causes an increase of cruising radius. These mathematical re- 
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Substituting for B from the equation previously given, we have 


D-V-a°T 


W = 
75-«€ 


and substituting for D from Equation [2b], we obtain the eco- 


nomical speed 
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lations will be determined in the next section, and the results 


will then be corrected. 


The weight of fuel required to drive the engine during the 


time T will be 


where 


(5) 


Thisspeed will change as the value of w changes during the flight. 


From Equation [4] we find that the power loading will be 
T -G 
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and from Equation [2a], by substituting \- A for b?, the wing 
loading will be 


) 
<9 


Cs Vr C ppros 

We then find that the speed over the total distance will be 
3.6 7 
in which, substituting for T from [6], 


] Reonst 


= {8 
3.6 Le w [8] 


which, substituted in [5], gives 


Reonst Cs 


2 
3.6 X 75 Xa 


In Fig. 2 we have determined the relation of the aerody- 
namic values from Equations [7a], [7b], [8], and [9]. We 
assume that the efficiency of the propeller does not change 
(this is true for a flight at constant angle of attack in different 
altitudes, as will be demonstrated in the next section), and also 
the specific fuel consumption does not change (we must take an 
average value, because by flying with the same angle of attack, and 
therefore reducing the power required, the specific fuel con- 
sumption will increase). 

The group of curves A of Fig. 2 represent the equation Ly = 
f(V, Cx). The values of wing loading Lw are given from 10.25 
to 24.6 Ib. per sq. ft. (50 to 120 kg. per sq. m.). The group of 
Reonst 


curves B represent the relation V = f { La, for the 


values of power loading Lg = 19.85 to 39.7 lb. per hp. (9 to 
18 kg. per hp.). Curves A and B are connected by means of 
the value V. 
Reonst * Ce 
The group of curves C refer to \ =f (co —— 
The values of Cp prog - ¢ run from 0.0260 to 0.0455. For the same 
values of Cp pros - ¢ are given the curves forming the relation Cz 


Reonst * Cs 


= f(A, Cd at D. The value ———— connects the curves 
w 


Band C, the value \ connects the curves C and D, and the value 
C1. connects the curves D and A. 

The value Cp pros. ¢ is determined for the value Cp prop = 0.013 
(that is, the coefficient of profile drag of the current airfoils 
in the proximity of the angle of attack at the minimum drag) 
and the values ¢ = 2, 2.5, 3, and 3.5 (the values 2.5 to 3.5 
correspond to the actual transport airplane constructions). 
For any different values of Cp pros it would be possible by calcu- 
lation to remain within these curves. 


Reonst ° Cs 


The value is divided in the lower part of the Fig. 2 


in its components: 

The values of specific fuel consumption c, = 0.485 to 0.615 
Ib. per horsepower-hour (0.220 to 0.280 kg. per horsepower-hour) 
at F, and values of the ratio of the fuel weight to the total 
weight w = 0.4 to 0.6 at G, which are indicated by the dotted 
lines. At E are given the values of different propeller efficiencies 
e = 0.6 to 0.8; this manipulation is made by the use of 45-deg. 
inclined lines, as shown in Fig. 2. 


[9] 


The values w = 0.4 to 0.6 at G, which are designated by full 
lines, correspond to the corrected values of the cruising radius 
for an economical flight at the constant angle of attack (sce 
Fig. 5). 

From the values w we finally obtain the values of the cruising 
radius R = 2500 to 5000 miles (4000 to 8000 km.). 

In order to show how to use this diagram (Fig. 2) we have 
drawn in an example, in which we have assumed the following: 

The starting speed 93 m.p.h. (150 km.p.h.) at the coefficient of 
lift: = 0.7 max. For an airfoil whose maximum lift coefficient 
= 1.4, the theoretical landing speed with the initial wing load- 
ing will be = 93 \" = 66 m.p.h. 

For the coefficient of profile drag Cp proy = 0.013 and for 
the coefficient of structural drag Cop strue = 0.024, the value 
0.037 


0.013 

All other aerodynamic values are determined in the diagram 
by the rectangle I. For a propeller efficiency « = 70 per cent, 
this solution is as follows: 

The wing loading Lw = 15.15 lb. per sq. ft., the power loading 
Le = 25.8 lb. per hp., Cx = 0.68, and the aspect ratio \ ! 
For a specific fuel consumption of 0.55 lb. per horsepower-hour 
250 g.) and for w = 0.535 (see Fig. 4), the maximum cruising 
radius will be 3260 miles. 

Assuming a higher propeller efficiency of «€ = 75 per cent 
(see rectangle II), the maximum cruising radius will be 3540 
miles and the power loading Lg = 27.55 lb. per horsepower. 

We see that for this case the best aspect ratio is 4, this being 
due to the low cruising speed, which is given by the condition 
of low landing speed. A small aspect ratio reduces parasit: 
resistances and facilitates very light and strong construction 
of wings. 

Rectangle III (shown in dotted lines) gives the relation 
for the aspect ratio 6 and the same values of drag coeff 
cients. 

The lift coefficient will be C_, = 0.835, so that for the same 
landing speed the cruising speed will be only 84 m.p.h. The wing 
loading remains 15.15 lb. per sq. ft., and at the same propeller 
efficiency (75 per cent) the power loading will be 37.9 lb. per 
horsepower. The cruising radius will increase to 4350 miles. 

For the higher aspect ratio the cruising radius increases wit! 
decreasing speed. If we want a higher speed there is no reasot 
for a higher aspect ratio. 

The theoretical landing speed at full load is still high; during 
the flight it decreases with the decreasing load of fuel (for 4 
distance of 1800 miles it will be 57 m.p.h. only). For the cas 
of a forced landing at the start of the flight with full load « 
would be necessary to use slotted or variable-camber wing: 
On a flying field the wheel brakes can be used, or, finally 
the fuel can be discharged. 

The values Lw and Lz are already limited by the condition 
of flying at the best angle of incidence. If there is no reserv' 
power (that is, if this power corresponds to the values from 
Fig. 2) the theoretical ceiling of the plane at the start of fligh' 
will be about 2600 ft. (it corresponds to the flight at the angi 
of minimum power, which is approximately 87 per cent of th 
power when flying at the angle of minimum resistance) and the 
absolute ceiling will be 0. This corresponds to the angle © 
minimum resistance; the airplane cannot take off. 

The calculation of the ceiling* is as follows: 


Cp prof’ will be 0.037 and ¢= 


3 The calculation of the ceiling is based on the French formula of th 
standard atmosphere (S.T.Aé.), which is most advantageou® 
adapted to this. The difference in American and French stands 
is not of sufficient importance to be considered in the present case- 
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The formula for lift at an altitude h meters above the sea 
level is 
Pr 
29 
The formula for drag at an altitude h meters above the sea 
level is taken from Equation [3], 


Vi 29 


Di 


We assume that the power decreases proportionally with the 
density of air in different altitudes, or 


AER-50-21 25 


Fig. 4 gives the relation between the initial power loading, 
at the different reserve powers, and the percentage of the fuel 
weight to the total weight, at the different construction weights 
of the planes in relation to the wing loadings. 

We assume that for a wing loading of 8 lb. per sq. ft. the 
structural weight is about 33 per cent of the total weight. For 
a wing loading of 24 !b. per sq. ft. we find the structural weight is 
only 25 per cent of the total weight. We also assume that the 
wing loading of 24 lb. per sq. ft. corresponds to a power loading 
of about 9 lb. per horsepower, and for a wing loading of 8 lb. 
per sq. ft. a power loading of about 32 lb. per horsepower. 

The useful load (or fuel load) is determined for the surpluses 


H H 
= B-—....... [12] const 
Po 4t m 
and the variation of the density of  g6200 #0001 
air with altitude as in the French 
standard atmosphere (S.T.Aé.), or 
Dr 288 — 0.0065 h \*”* 
..[13] 79700 6000- 
Po 288 A 
From Equations |10], [11], [12], 
and [13], and by using the values 
Lw and Lz, we find the altitude 48100 000- 
288 
0.0065 po 75? 
1 6550 2000) 
(2C'p prof’ ¢)? Lw - Lp? 12.768 3 
The theoretical ceiling for a given 
airplane = be a minimum 20 40 60 80 100 120 % Reserve 
value of or 
3 
2g 1 j eet’ ¢)?\ of 0, 50, and 100 per cent of the power, assuming an engine 
Hix, = 44,300) 1 weight of 3 lb. per horsepower. 
3 Tue INFLUENCE OF THE DecREASING WEIGHT OF FUEL 
_Lw: 14) Durinc THe 
. During a long-distance flight the weight of fuel decreases. 


If we substitute in [14] the values given in Equations [3], |7a], 
(2C D pros 
OF Ad 


find the absolute ceiling, which is 


\7b|, [8], and [9] (where is not yet a minimum), we 


1 
H = 44,300 [1 — (yiz7es | = 0 


For a supercharged engine, whose output remains constant 
with the altitude, the theoretical ceiling is 


299 1 § 9)? 
cont B = 443001 1 — (2C pros 
Po 75? C1* min 


Fig. 3 shows the values of the absolute ceiling for different 
reserve powers. 

For a surplus of 50 per cent of the power, adopted in our theory, 
the absolute ceiling at the start of the flight is 


12 \12.768 
= 44,300] 1 — = 2730 meters (9000 ft.) 


In order to fly always in the position of minimum drag the 

pilot must reduce the speed of the plane, so that the induced 

drag is the same as the sum of the profile and parasite drag: 
29 Ww 


gg Come [16] 


— = const. 


After the time T the weight of fuel consumed will be Wy; = w.W. 
The total weight at this time is 


{17] 
and the speed from Equation [16] is 
The total drag is 
and the power 


¥ 

| 
A 

If we suppose the flight to be at a constant altitude, then a 

W 
Lw - Lg? 4.256 
| — 
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When these conditions are fulfilled at all periods we can 
reach the maximum cruising radius, and we have the minimum 
consumption of fuel for all distances, or 


dW; = cs: dt 
Substituting for W,; and B; we obtain 


dt = 
«-D-V-(l—w)” 


d(l1—w)......... {21] 


The maximum cruising radius will be 


These relations are shown in Fig. 5, as they vary with the 
value w. 

The curve R, shows the increase of the maximum cruising 
radius in percentage as compared with the cruising radius at a 
constant speed, and also the curves of the duration of flight 7’ 
and of the speed V. The curve W shows the decrease of the 
total weight. 

For a flight with these conditions the efficiency of the propeller 
does not change: because the efficiency of the propeller remains 
constant if its angle of attack (its pitch) does not change; the 
revolutions of the propeller change with the cube root of power; 
from Equations [18} and [20] the speed changes also in 


R= na A Ve-dt.. [22] this relation, and so the ratio : is constant. The propeller 
w% must be adapted for the flight at the angle 
of minimum drag in order to obtain the best 
result. 
By flying at a constant altitude we can 
a m attain the maximum cruising radius only by 
re reducing the speed. From this a loss re- 
30 : ° sults on the cruising radius, due to the 
greater specific fuel consumption when throt- 
40 : tling the engine. 
Flying at the higher altitudes, it will be 
so | Sitrtitsieeeinieas ee possible to maintain constant speed and the 
Aeserve best efficiency. 
60 
4 Variation oF LonG-DistaNce-F LIGHT 


Conpitions WitH ALTITUDE 


From the equations of the induced, pro- 
file, and parasite drag and from Equa- 
tion [1] it is seen that the condition of 
flying at the angle of minimum drag obtains 
also for flight at higher altitudes. 

We shall assume that the altitude correc- 


tion of the carburetor works faultlessly and 


é 70 72 & 
(180 5.2 22 26-5 “a that the fuel consumption remains the same 
8.2 ft as at sea level. This is true, because the 
increase in the consumption for the altitude 
Fie. 4 will be equivalent to the increase caused by 


Substituting for V: and dt from Equations [18] and [21], we 
find by integration that 


assuming a constant efficiency of propeller. 
In section 2 we have already determined the cruising radius 
at a constant speed as 


1 


Reonst = 1000 
whence 
R log. w) 
2 
R. w 


By integration of Equation [21] between the limits 1 to (1 — 
w) we obtain the duration of the flight for the distance R, or 
D V vV 1 — w 
The ratio of this duration to that of section 2 is 
T 2 


1 


T 


the throttling of the engine at sea level. 
The fundamental equation of the chart of Fig. 2 will change 
as follows: 


Lw = - Va?- Vx: pros 


where 
pa: Va? = po: = const............ [25] 


The speed must increase with the altitude inversely as 
the square root of the air density. 
When we substitute for V in Equation [8] we obtain 


1 Re. 
= 
po 3.6 Leo w 


From Equations [10] and [11] we obtain the power loading in 
flight at the altitude h: 


.. (26] 


La = 


or, at a constant propeller efficiency, 
Lpo: Vo = Lan: Va = const...........:- [28] 


The power loading is inversely proportional to the velocity 
and therefore directly proportional to the square root of the 
air density. 


The power is directly proportional to the 


Construction 
1 75-«-W 
100° 
CL 1 [97] 
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velocity. From Equation [26] we find that¥the cruising determined from this equation. Reduction of fuel corresponds 
radius remains constant for the same specific fuel “consumption, to a certain ratio of air densities, namely, 
and therefore altitude flying shortens the duration of the flight. 


The propeller efficiency remains constant if the relation v Po —<o [30] 
isconstant. This is due to the fact that the total resistance from which according to Equation [13], gives the altitude 
Equations [11] and [25] remains con- % . 
stant, and also the propeller thrust: A 200 
r 
4é 
29600 9000 180 
Po 4 
26200 000 160- R 


where C; is the coefficient of the type of 
propeller and D is the diameter. 

The revolutions increase inversely 
as the square roots of the air densities, 
the same as the velocity. This 
must be provided for by reserve 100% 
power. 


5 Tue INFLUENCE OF THE DecrREASING “4/00 4000 
LOAD OF FUEL ON THE ALTITUDE Vv 
or FLIcutT 9800 3000 601 


This forms a mutual relation of both ¢¢90 000 40- 
preceding sections. We have seen in the 
section 3 that the cruising radius can be 
increased by decreasing the speed. Ac- 
cording to section 4, by flying at higher 


altitudes with the same cruising radius 70 20 0 +0 $0 60 %w 
we can shorten the duration of flight. Fig. 5 
Therefore both advantages can be ob- 
tained by also fulfilling the conditions of Equation [16] for the H = 44,300 [1 — (1 — w)®2%]................ [31] 
altitude, or which is drawn in Fig. 5 as curve H. 
j The power loading remaining constant, the power has to be 


This proves that Fig. 2 is correct for the large values of cruising 
To keep a constant initial speed we must fly at an altitude radius. 
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Slotted Wings 


Device to Safeguard Airplanes Against Stalling, Nose Dives, and Tail Spins—Increased Range 
of Angles at Which Lift Can Be Obtained With the Slot Is Limited Only in ; 
Degree by the Number of Slots Used 


By F. HANDLEY PAGE,' LONDON, ENGLAND 


HE work of Lilienthal in gliding with curved wings— 
TD wong to an untimely end through lack of control— 

had shown that the secret of success was to be found in 
free-flight experiment. Then came the great contribution of 
the Wrights, who, discarding Lilienthal’s acrobatic control and 
carrying through the whole modern program of wind-tunnel 
research, detail design, and construction, found out by practical 
flying that essential feature of control which has been used in 
practically every airplane that has been flown. 

In the original Wright airplane, as in all its successors of 
fixed wing area, the only means used for varying the lift was by 
alteration of the angle of incidence or of the camber of the wing, 
either by warping or by the equivalent use of ailerons. Such 
a variation in lift was and is used either for the purpose of varying 
the speed of the airplane or, applied to one portion of the wing 
surface only, for controlling the aircraft. 

In the development of flying which is taking place by the use 
of the slotted wing, we are extending those original angular limits 
within which aircraft may be safely flown and the original Wright 
control used, and further are so improving the control as to make 
safe that range of stalled flight in which the original type of 
control was and is of no avail. 

The inherent and fundamental difficulty of the breakdown of 
air flow over the upper surface of a wing section—known as 
“burbling’’—has, due to the stalling of a normal unslotted wing, 
placed a lower safe limit on the flying speed of an aircraft; and 
it has likewise set a lower limit, below which, owing to lack of 
increased lift with increased angle, the aircraft controls cease to 
respond to the control movements of the pilot. 

The increased range of angles at which lift can be obtained 
with the slot is limited only in degree by the number of slots 
used. Its ultimate development must depend on mechanical 
considerations, and it may well be that, with further mechanical 
experience, which is gained but slowly, larger numbers of slots 
will be used in a wing, particularly now that the fashion for their 
use has set in; for fashion and custom, as in all the arts and 
commerce, settle to a very large extent the choice of the pilot 
and the decisions of the engineer. 

Two courses lie open to a designer in the application of the 
slot. The first and most obvious is to slot the wing throughout 
its span, and as the range of angles is increased through which 
useful lift can be exerted upon the aircraft, to obtain a wider 
speed range and improved performance, provided that the 
mechanism added does not offset the advantage so gained. The 
second course is to apply the slot to a portion only of the lifting 
surfaces and to use the device mainly to give that control at and 
beyond the stalling speed of the aircraft which is lacking with 
the ordinary wing. 

Let us turn first to the results which have been obtained in 
the wind channel and see in what way the aerodynamic charac- 
teristics of a wing section are altered by the slot. Photographs 


* With Handley Page, Ltd., aeronautical engineers. Commander 
of the British Empire. Fellow of the Royal Aeronautical Society. 

Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 to 29, 1928. Also presented 
before the Royal Aeronautical Society as the sixteenth Wilbur 
Wright Memorial Lecture, London, England, May 30, 1928. 
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of air flow in the wind channel show clearly the difference between 
the form of flow over the upper surface with the slotted and the 
unslotted plane at large angles of incidence (Fig. 1). 

A further series of photographs (Figs. 2 to 13) show the flow 
around a plane moved through water on the surface of which 
light aluminum powder has been sprinkled. The first set (Figs. 
2 to 7) are of a R.A.F. 28 section at 0, 9, and 20 deg. angle of 
incidence, respectively, with slot open and slot closed. There 
is little difference between the two conditions until the 20 deg. 
angle of incidence is reached. Then the suppression of the 
forward eddy on the back of the plane is clearly marked when 
the slot is open. 

The second series (Figs. 8 to 13) were taken with a Gottingen 426 
section at 0, 16, and 26 deg. angle of incidence. The photographs 
at 16 and 26 deg. angle bring out clearly the twe forms of flow 


Fic. 1 Arr Fiow Wits Stotrep anp UNSLoTTED PLANE 
(A—Slot closed. B—Slot open.) 


with slot open and closed, the eddies over the leading edge whick 
are present when the slot is closed disappearing when the slot. 
is open. 


These photographs were taken in a small water tank 10 ft. 


long, 6 in. wide, and 6 in. deep. The model is held in a frame: 
and drawn through the water by a light cord attached to the: 
pulley wheel of a small electric motor. 


From these qualitative comparisons we turn to detailed wind- 


channel data which are given for representative medium and 
thick wing sections to add to that available for wings of thinner 
sections such as R.A.F.15. It is a matter of interest today when 
structural needs often call for thicker wing sections that increases 
in lift can be obtained with thick wings comparable in magnitude: 
with those of the thinner sections. 


In Fig. 14? are given the results on R.A.F. 31 section showing 


with forward slot open an increase in lift of approximately 50 
per cent and the usual decrease in resistance at high angles. 


2See R. & M. no. 1063. 
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On thick wing sections, or on any type of section fitted with a 
forward slot, it is advantageous to use also the slot in front of 
the aileron or flap. Fig. 15 shows the latest results obtained on 
R.A.F. 31 with a rear flap at 20 deg., the test being taken with 
the rear slot closed as well as open. It will be observed that the 
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Fig, 15 Lirr Curves 1s Mopen Exrerments Wits Rear Siots 
AND Fiaps on AERoroiL R.A.F. 31 


_ lift of the aerofoil is increased from 0.92 to 1.03 with the rear 
flap only, and when the rear slot is used in front of the flap the 
maximum lift is increased again to approximately 1.18, rather 
more than 100 per cent over the original unslotted section. 

The use of the slotted rear flap in conjunction with the forward 


*See R. & M. no. 1119, Fig. 4. 


slot is of importance in applying slot design to increase the speed 
range of an aircraft, as by this means an excessive angle of in- 
cidence at landing or taking off is avoided. For example, with 
R.A.F. 31 the angle of incidence at which the maximum lift is 
obtained with the unslotted section is 12.3 deg., which is increased 
to 23.8 deg. with the front slot only, but decreased again to 18 
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deg. when the slotted flap is used, the latter angle being well 
within the range of commercial utilization. 

The position of the hinge point of the rear slotted flap is im- 
portant and needs to be determined accurately to obtain the best 
result. Fig. 16‘ shows the variation in lift on R.A.F. 31 due to 
variations in the position of the nose point of the rear flap. It 


‘R. & M. no. 1119, Fig. 3. 
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08 will be observed that the maximum lift coefficient varies from 
0.98 to 1.18 according to the position of the flap, a maximum 
increase of 0.62 over the unslotted section. It would appear 

a that one of the determining factors in this matter is the width of 

a“ the gap at the upper slot opening. 
/a A further interesting result is a test carried out® on a Udet 
06 al Type A 
‘ Chord Line 
05 
Type B 
K,, 04 
Chord Line 
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60 Ft per Sec. 
02 . a hk — high-lift thick wing section (Fig. 17) used in a cantilever wing 
ant sae construction, the lift coefficient with slot closed and rear flap 
normal being 0.85. When this section was fitted with a forward 
0.1 slot and a slotted rear flap at 20 deg., a lift coefficient of 1.42 
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Fie. 23 Stor SHoutp Open Onty As STALLING SreeD Is REAcHED 
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Fie. 24 Direction or ResuttTant Forces AcTING ON AUXILIARY AEROFOIL FOR DIFFERENT ANGLES OF INCIDENCE 
(Resultants are shown in direction only and not in magnitude.) 


igi 
: 
. 
‘ 
: 
2 
KR -1/35 KR*«/5/7 
KR-0783 420° 
=/ 
KR 
Kr-08/ 
fe, 


34 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


was obtained, which with the flap at 30 deg. was increased to 
1.45, an increase of 0.6 over the unslotted section (Fig. 18). A 
Full-scale tests have clearly demonstrated that these high-lift 
coefficients with thick wing sections are not diminished due to 0.08} ; 
| 
0.06 \ 
4 
4 ndenc 
a 
0.04 
thm 
Full Open 
0 0.4 06 06 
Forward A 
2 Trave/ of ' 
Auxiliar 
0 -0.02 Aerofo7/ 
-0.04 
Closing 


Fie. 25 Two Ways or Movine Forwarp AEROFOIL From SAME 
CLoseD To SAME OPEN PosITION -0.08 7 
(A—Non-parallel link type of mechanism. B—Parallel link type of 


mechanism.) 
-0.10 
SLOT OPEN \ 


-9.12 


Fic. 26 1n Torque Two Types or Gear 


(Angle of incidence is +10°. A—Non-parallel link type of mechanism. 
—Parallel link type of 
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Fie. 28 Horizontat ExTerRNAL MEcHANISM, HINGED 


scale effect and that there is no falling off in lift as has been 
experienced with a high-lift wing section such as R.A.F. 19. 
Scale effect seems, however, to vary with different types of slots 
(Figs. 19 and 20). For example, with a plate type of forward 
aerofoil of small chord there was little change in maximum lift 
in full scale, whereas on the cambered large chord forward aero- Fie. 27 Srraicut-Line Rotter Type oF MEcHANISM 
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foil the maximum lift in full scale was considerably more than 
that of the model® (Figs. 19 and 20). 

A typical modern section is R.A.F. 28 (Fig. 21), on which 
tests have been carried out in our wind channel with a large as well 
asa small type of forward aerofoil (type A with a chord one-sixth 
that of the main plane; type B with a chord one-eighth that of 
the main plane). The influence of chord width is clearly shown 
in the results (Fig. 22). With the larger chord an increase of 
over 100 per cent in lift coefficient is obtained with front slot 
only. The lower portion of the lift curve with a slotted section 
is shown dotted, as with the use of the automatic slot opening at 
the correct angle the slot is not open for the lower values of the 
lift curve. 

These results are typical of those obtainable with modern 
slotted-wing sections, the lift coefficient with forward slot and 
slotted flap increasing by as much as 0.6, or in some cases 100 
per cent, compared with the unslotted section. No longer is the 
designer limited in choice of wing area by a landing speed asso- 
ciated with a maximum lift coefficient of 0.5 to 0.7, but can 
choose the section best suited to top speed and climb. The 
choice of mechanism used will vary with the wing section chosen, 
but it is probable that for increasing the speed range of an air- 
plane the slotted flap will be associated with the forward slot to 
avoid the otherwise high angle of incidence reached. If a re- 
duction in area is required, it is preferable to reduce chord rather 
than span so as not to increase the induced resistance. The 
change in profile drag will depend upon the type of slot selected, 
and still further research work is required on the factors affecting 
profile drag both for front and rear slots. 

Let us now turn from the wing completely slotted for its whole 


incidenct 
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stalled and the outer tips under normal conditions of air flow. 
In this state the airplane if rolled experiences a righting moment 


similar to that on an ordinary airplane flying under normal 
conditions, and similarly too, the plane responds to aileron move- 


NEGATIVE PRESSURE REG/ON 
Vent 


POSITIVE PRESSURE REGION 
Fic. 29 Wine Secrion Forwarp Firtinc CLoss 
ON FRONT oR ON REAR EpGe 

(A—To delay opening, slot is ‘‘vented” at top rear edge of auxiliary 

aerofoil. B—To hasten opening, slot is ‘‘vented” at bottom front edge of 
auxiliary aerofoil.) 

ments as in normal flight. 

Such a machine behaves in fact 


\ 

a ® \\ \ exactly similar to one having 
8 \ 2v R wings with an excessive “wash- 
Resultant for nN Resuitant for Siot Unvented out.” As the control surfaces of 
a normal aircraft are usually in- 
I"= Pressure Coefficient AY ciently large angle of incidence 
{/ i & also to stall the wing tips when so 
a y; Y/ fitted, the use of the slot in this 
rane the range of safe 
A ~*~ Resultant Tor ying and removes the danger 
GA arising from the involuntary 

\ Angle of Incidence +2° stall. 
Resultant for Slot Such a slot, if fixed open at 
Vented atr2 Incidence all speeds, would cause increased 
resistance at the smaller angles 
INN chord Line of incidence (Fig. 14) and reduced 
performance. In a similar man- 
‘ ection of Airflow ner an aircraft with an excessive 
/ “washout” would have a reduced 


Fie. 30 ResutTant Force AcTING ON AUXILIARY AEROFOIL, VENTED AND UNVENTED 


‘Span and consider the effect of slotting a portion only of the span. 

If this portion be that at the leading edge of the wing tips oppo- 

site the ailerons, these parts of the wing will stall at a much 

larger and therefore later angle than the center. As burbling 

Starts at the center of the wing and proceeds outward, an air- 

craft so fitted can be flown with the center section of its wings 
*R. & M. no. 1007, Figs. 9 and 12. 


performance due to the large 
negative angles of the wing tips 
at full speed. To avoid this 
disadvantage it is essential that 
the slot should open only as the 
stalling speed of the aircraft is 
reached and remain open so long 
as the aircraft is stalled (Fig. 23). 

Let us examine the resultant forces acting upon the forward 
aerofoil and see the way in which this result is effected. Fig. 24 
shows the directions of these resultant pressures for different 
angles of incidence for slot open and slot closed. 

From an inspection of these it is evident that a mechanism can 
be arranged to cause the slot to open at, say, 8 deg. angle of 
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incidence and to close when open at a somewhat similar angle. 
There is, however, an important consideration that must be 
taken into account and that is the way in which the forward 
aerofoil proceeds from its closed position against the main section 
to the completely open state. In Fig. 25 there are shown two 
different ways in which the forward aerofoil may be moved from 
the same closed to the same open position, but with greatly 
different intermediate attitudes of the forward aerofoil. 


10% 


> 


Measurements have been made in our wind tunnel of the 
difference in the values of the torque on the forward mechanism 
with the two types of slot gear shown. Fig. 26 shows that with 
the parallel link type there is an opening torque up to a slot 
opening 70 per cent of the full open position when the angle of 
incidence of the main planes is 10 deg. On the other hand, with 
what is termed the non-parallel link type, there is a closing torque 
in all positions of the forward aerofoil. 


Scale of 


Slot Closed 
..... Slot Open 


_..5/o# Closed and 
Vented at Rear age 


20° 
a=24 


Fic. 31 


PoLtarR CuRVES OF RESULTANT Forces ACTING ON LEADING AEROFOIL 


(a = angle of incidence.) 


In the non-parallel link type shown in the upper half of the 
illustration, the initial movement of the forward aerofoil is such 
as virtually to create burbling instead of to suppress it, and in 
consequence to cause a force to act upon the forward aerofoil 
tending to close the slot. This intermediate position is shown 
“dotted,’’ with an opening at the rear of the slot much greater 
than that at the lower entry. 

If, however, the links be changed in length and in disposition, 
the forward aerofoil can be made to proceed from closed to open 
position so that a slot of correct shape is at all positions formed 
between the forward aerofoil and the main section. The “dot- 
ted’”’ section again shows the intermediate position of the for- 
ward aerofoil. The essential difference between the two mecha- 


nisms is evident. 


While the example has been taken of a two-link mechanism, 
the means whereby the slot may be made to move automatically 
are not limited to this type. Fig. 27 shows the way in which the 
forward aerofoil may be made to move on a sliding bar guided 
by rollers, the line of motion being at right angles to the line of 
action of the resultant forces on the forward aerofoil at the 
angle at which a change-over from closed to open slot is to take 
place. Similarly, in Fig. 28 the forward aerofoil is shown hinged 
and swinging forward to open the slot, the hinge line being 
parallel to the line of action of the resultant forces on the forward 
aerofoil at the angle of incidence at which the change is to take 
place. 

In the pressure diagrams which have been shown the pressures 
were taken over the upper surface only, on the assumption that 
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the forward aerofoil, when the slot was closed, fitted snugly 
against the main wing section, and that there was no pressure 
exerted between the inner surfaces of the forward aerofoil and 
the main wing. In actual practice, however, it is impossible 
to insure that both leading and trailing edges of the aerofoil 
shall fit exactly on the main wing. In Fig. 29 the wing section is 
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shown diagrammatically with the forward aerofoil either fitting 
tight on its front edge or at the rear edge. In the first case the 
forward aerofoil has an additional suction exerted upon its inner 
surface which tends to retard the opening, and in the latter case 
it receives a positive pressure, tending to accelerate the opening. 
In consequence with the addition of the pressures or suctions 
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s on the inner surface there is a considerable change in the direction venting is again very evident, the change in magnitude as well as 
pose of the resultant pressures on the forward aerofoil. Fig. 30 the direction of the forces being very marked. It is noteworthy, 
ik shows the difference due to taking these added forces into ac- too, that the magnitude of the forces on the unvented leading 
“i count. aerofoil is practically as great as that of the forces acting upon 
- At an angle of incidence of 2 deg. the resultant force acting the aerofoil in the open position. 
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upon the forward aerofoil changes round through practically To fit the automatic slot to a given section, data are essential 

a 90 deg. when venting is taken into account. as to the pressure distribution over the forward aerofoil, detailed 
ae As the resultant pressures are such that, if no venting is taken in the manner shown, so that from such information correct 
into account, there is as a rule a tendency for the slot to open too mechanism can be designed to permit the forward aerofoil to 
early, it is preferable that the slot be vented at the rear to insure start moving forward at the correct angle and to move to the 
correct opening. correct position, and so to insure that there results an adequate 
If instead of taking the position and direction of these resultant increase of lift and an adequate angular range through which 
forces on the forward aerofoil they be plotted as acting through _lift is obtained. It is not sufficient to insure that in full scale the 
a fixed pole, the magnitude and direction of the resultant forces slot opens at the correct angle or to what appears to be a sufficient 
lie on a smooth curve, as shown in Fig. 31. The change due to distance forward. It is essential that a slot shall be formed 
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when the aerofoil moves forward, so that the requisite lift con- 
ditions are present at the wing tips when the rest of the wing 
is stalled. 

In the application of the automatic slot for control purposes 
the forward aerofoil is used for a portion of the wing span only. 
It need also be fitted to the upper plane only in a biplane arrange- 
ment. 
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high angles of incidence will be reached at which the lower plane 
stalls, the use of the slot on the lower plane does not appear to 
be warranted in the ordinary type of biplane arrangement. 

As with the fitting of the slot to a portion only of the wing span, 
it by no means follows that what is correct for an auxiliary aero- 
foil of length equal to the wing span is correct when only a portion 
is used. Questions are immediately raised in designers’ minds 
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Figs. 44-49 


It is well known that the lower plane continues lifting to a 
Considerably larger angle than the top plane, particularly in the 
case of a biplane with forward stagger or where there is a sesqui- 
Plane arrangement. Thus in Fig. 32? the difference in the stalling 
angle of a wing section is shown to be greatly different according 
to whether it is the upper or lower plane that is under consider- 
ation. As it is improbable that even in an involuntary stall the 
™N.A.C.A. Report No. 279, Figs. 6 and 7. 


as to the proper chord, span, and position of the forward aerofoil 
for best results. 

To obtain some data on these problems a series of tests were 
carried out in our wind tunnel on a model 36 by 6 in. of R.A.F 28 
section. For the purposes of this test, three sets of forward 
aerofoils were taken, as follows (Fig. 33): 

1 Chord of aerofoil '/, of main plane chord; span of aero- 
foil '/. of the span 
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2 Chord of aerofoil '/; of the main chord; span of aerofoil 
1/4.5 of the main span 

3 Chord of aerofoil '/; of the main chord; span of aerofoil 
1/4.5 of the main span. 

With the first two arrangements, rolling and yawing moments 

were measured with the ailerons set at +10 deg. and +20 deg., 


Yawing Moment Coefficient Yawing Moment Coefficient 
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slot closed, the last case being that in which a controlled type of 
forward aerofoil is used. 

The object of these tests was to determine whether improved 
results would follow from a larger size forward aerofoil than 
that now used, whether and how much increased control would 
be obtained from a controlled slot, and further whether by 
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and these moments were measured for three positions of the 
forward aerofoil as follows: 

(a) At the wing tips 

(b) With the outer edge 2'/, in. from the wing tips 

(c) With the outer edge 5 in. from the wing tips. 

These arrangements of forward aerofoil are shown diagram- 
matically in Fig. 33. 

Measurements of lift coefficient gave little indication of the 
relative value of the different arrangements (Fig. 34), but there 
were great differences in the values of rolling and yawing moments 
with different aileron settings. 

In the case of the large-span, large-chord forward aerofoil, the 
rolling and yawing moments were measured only at the midway 
position; namely, with the outer end of the forward aerofoil 
2'/. in. from the wing tip. In each case, measurements were 
taken (1) with slots closed, (2) both slots open, and (3) with one 


Figs. 54-56 


placing the aerofoil more toward the center of the wing improved 
control would result. It may be argued that as the breakdown 
of air flow starts at the central portion of the wing and proceeds 
outward to the tips, an aerofoil placed inboard from the tips 
would prevent the breakdown of the flow over a larger area of 
wing. 

The results of these tests are shown diagrammatically in Figs. 
25 to 56. 

Full details of each set of measurements are given in the 
curves, and these have been collected for comparison purposes in 
Figs. 49 to 56. 

The test results in detail are in Table 1. 

If we compare the results of Figs. 35 to 37 and Figs. 41 to 48 
we see that as forward aerofoil is moved inboard from the tips 8° 
do the rolling and yawing movements improve from a control 
point of view and show at the 5-in. inboard position almost 4s 
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AILERON NORMAL 


AILERON DOWN 


AILERON UP 


Fic. 57 Stor AILERON INTERCONNECTION 
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Fie. 58 AILERON AND INTERCEPTOR CoNNECTION, SLtoT OPEN 


TABLE 1 RESULTS OF TESTS 


Aerofoil span 
1/g wing span 


Fig. Position of aerofoil 
35 At extreme tips 


Aerofoil chord Aileron setting 
wing chord +10 


Comparison between 


Aerofoil position 


Slot position 


Aileron setting 


36 2'/2” inboard from wing tips 1/g wing span 1/s wing chord +10 
37 5” inboard from wing tips 1/¢ wing span 1/s wing chord +10 
38 At extreme tips 1/45 wing span 1/3 wing chord +10 
39 2'/2” inboard from wing tips \/«5 wing span 1/s wing chord +10 
40 5” inboard from wing tips 1/4.5 wing span 1/s wing chord +10 
41 At extreme tips 1/¢ wing span 1/s wing chord +20 
2 2'/2” inboard from wing tips 1/6 wing span 1/s wing chord +20 
43 5” inboard from wing tips 1/6 wing span 1/, wing chord +20 
44 At extreme tips 1/4.6 wing span 1/s wing chord +20 
45 2'/2” inboard from wing tips 1/45 wing span 1/s wing chord +20 
46 5” inboard from wing tips 1/45 wing span 1/s wing chord +20 
47 2'/” inboard from wing tips 1/45 wing span 1/6 wing chord +10 
48 2'/2” inboard from wing tips 1/45 wing span 1/6 wing chord 2 


49 Short and long span aerofoils of small chord At wing tips Both open +10° & +20° 
50 Short and long span aerofoils of small chord 2'!/2” inboard from wing tips Both open 10° & +20° 
51 Short and long span aerofoils of small chord 5” inboard from wing tips Both open +10° & +20° 
52 Short and long span aerofoils of small chord At wing tips Starboard slot open only +10° & +20° 
53 Short and long span aerofoils of small chord 21/2” inboard from wing tips Starboard slot open only +10° & +20° 
54 Short and long span aerofoils of small chord 5” inboard from wing tips Starboard slot open only +10° & +20° 
55 Small and large chord aerofoils of long span 2'/2” inboard from wing tips Both open +10° & +20° 
56 Small and large chord aerofoils of long span 2!/2” inboard from wing tips Starboard slot open only +10° & +20° 
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viously, a machine which has much quicker 


+002 controls and can be put into a much smaller 


circle will require more slot effect than one 


in which the machine can only be moved 


slowly. The foregoing curves show the 


magnitude of the variations which will be 
obtained by change in size and position of 


the forward aerofoil. 


The main feature of these tests with both 
slots open is the improvement which results 


from fitting the forward aerofoil inboard 


from the main wing tips and in this position 


the remarkable increase in rolling moment 
as compared with the unslotted section. 


It is obvious that the best improvement 


in control will in all cases be obtained with 
the arrangement in which the slot is closed 


or its effect neutralized on one side of the 


wings by the upward movement of the 
aileron. Such an arrangement gives at large 


angles of incidence a yawing moment of the 


right sign. 


An arrangement for interlinking the slot 
and aileron is shown in Fig. 57, but many 


variations are possible, notably by the 


movement of the link hinge point so that 


a closing torque is brought into action on 
= the forward aerofoil. 
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The objections to moving the forward 


Fic. 59 Interceptor Tests, CoMPARISON OF ROLLING aND YawinG MoMENTsS aerofoil by hand and the complication of 


(Interceptor length = 1/, of span = 4” depth = 0.045 X main chord. 


from part tip.) 


good a result as the mechanically operated auto slot control 
where the one slot is closed by the upward movement of the aile- 


ron, Particularly is this the case in Fig. 
43, where the results are given for ailerons 
at +20 deg. with the tip of the forward 
aerofoil 5 in. or, say, '/; span inboard from 
the main wing tips. 

With the long span front aerofoil the 
same comparison does not hold good (see 
Figs. 38 to 40 and 44 to 46), the controlled 
slot showing a marked advantage. 

When the long span aerofoils are directly 
compared with those of the short span (Figs. 
49 to 54) the control seems worse with the 
larger span with both slots open, and there 
seems little to recommend the longer span 
with the mechanically operated auto slot 
with one slot closed (see Figs. 52 to 54). 

With the larger chord aerofoil there is, as 
was to be expected, again an increase in roll- 
ing moment with the ailerons at +20 deg., 
but none with ailerons at +10 deg. Fig. 
55 shows the comparison between the small 
and large chord aerofoil results. The im- 
provement in yawing moment at high angles 
of incidence is particularly to be noted with 
the controlled slot. Here again the com- 
parison must be qualified by referring to 
the changed conditions which occur in a 
roll. 

The actual size of aerofoil chord decided 
upon, for any given design, will depend very 
largely upon the tail controls of the aero- 
plane for which the slot is required. Ob- 


(see Fig. 58). 
burbling in the same manner as if the slot were closed. 


Position = 4 in. jnterconnected mechanism can be overcome 


by the use of an “interceptor” or “spoiler” 
The action of this small vertical plate is to cause 


Yawing Moment Coefficient 


-0,02 - 0.01 +00! +0.02 
<o-oWith Interceptor | — 
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Control Slot. (0.02 
Without 
Interceptor 8 608 
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VE “8 5° 
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Fig. 60 IntTeRcertoR Tests, SHowina INcREASE IN ROLLING MoMENT 


(Ailerons, port, —5'!/2°; starboard, +26°.) 
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A comparison is given in Fig. 59 of the rolling and yawing 
moments on a R.A.F. 28 section for (a) both wing tip slots open 
without interceptor, (b) both wing tip slots open with an inter- 
ceptor fitted on one side, and (c) one wing tip slot closed and no 
interceptor fitted. 

The dimensions of the interceptor are given in the illustration. 
The moments were measured 
for the ailerons at +10 and 
+ 20. 

There is with the interceptor 
a great improvement in con- 
trol over the case of both slots 
open and at the smaller angles 
(say up to 20 deg. angle of in- 
cidence) over the case of one 
slot closed. Beyond this angle 
the rolling moments are not 
quite so large as with the one 
slot closed. 

A similar arrangement of in- 
Fic. 61 Mutti-Storrep Agroroit terceptor has been tested for 
a complete model 
biplane fitted with 
slots along its 
whole span. The 
increase in rolling 
moment by its 
use is shown in 
Fig. 60. Tested 
in full seale in free 
flight the model 
results are fully 
borne out in prac- 
tice, and the con- 
trol is no different 
in feel to the or- 
dinary aileron and 
no heavier’ to 
operate. 

In the tests 
which have been 
described and the 
results which have 
been given the 
forward  aerofoil 
has been shown 
as part of the 
original wing sec- 
tion when the slot 
It is somewhat easier in construction to fit an addi- 
tional forward aerofoil on the top of a normal section, in the 
way in which a plaster is fitted. Such a slot is somewhat 
easier to construct for a wing section already in being, and it 
is easier to adapt wings that are already -made to this type. 
This variation has been developed by Mr. Bruce of the West- 
land Company and has been shown to be equally advantageous 
to the type of forward aerofoil forming part of the wing itself. 

From an aesthetic point of view it would appear preferable 


i~ 


‘ 


Fic. 62 Arr on Mutti-Stotrep AERO- 
FOIL, AT +42° INCIDENCE 


is closed. 
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to adhere to the same wing section throughout the plane, which 
has been chosen for its aerodynamic qualities, but if practical 
use shows that the same results can be obtained in a cheaper 
manner by varying the wing section, it only shows how little we 
know about wing sections, and the remark sometimes made may 
be true that any one wing section is almost as good as another. 
Perhaps this may be so when the section is slotted. 

In the research work detailed certain salient features may be 
summarized: 

1 With thick wing sections an increase in lift coefficient can 
be obtained by the use of the slot equal in magnitude to that 
with thin wings. 

2 As the use of the slot for control purposes is dependent on 
the lift increase obtained a similar result in stalled flight can be 
obtained with both thick and thin sections. 

3 Where the aerofoil is used for a portion of the span only 
the best result for control is obtained when the auxiliary aerofoil 
is fitted in an intermediate position between the tip and the 
center of the wing. 

4 With a correctly designed and positioned auxiliary aerofoil 
opening and closing automatically a very good control at and 
beyond the stall can be obtained without the added complication 
of control by the forward aerofoil. 

5 If increased control is required at and beyond the stall 
particularly at very high angle of incidence the controlled slot 
or interceptor should be used. 

In making a survey of the results it must be remembered that 
these tests show rolling and yawing moments on an aerofoil 
proceeding on a level keel and do not show righting moments in 
aroll. It is obvious that it would be impossible to use the un- 
slotted control in free flight at the large angles measured without 
setting up auto rotation, whereas the damping in roll with the 
slotted tips permits of the use of the controls in the normal 
way. 

In the perfecting of the slotted wing, a wide field is open to 
those who delight in the exploration of new avenues of scientific 
research and engineering development. To such the multi- 
slotted aerofoil (Fig. 61) with its steady air flow up to large 
angles of incidence (Fig. 62) offers every inducement and every 
possibility. 

The test results which have been given in this lecture have 
been prepared mainly to aid in the best application of the slotted 
wing for_control purposes, so that with the extension of the 
angular range in which it is safe to fly and the provision of ade- 
quate control throughout, the main source of air accidents and 
the chief bar to the wider use of flying may be removed. 

It is particularly fitting that we should deal with such problems 
of control for in so doing we continue to develop that branch of 
the flying art of which the foundations were so well and truly 
laid by the pioneer work of Orville and Wilbur Wright. 

I would express my grateful thanks to my assistant, Mr. 
Russell, under whose direction in my company’s wind channel 
the results here given and where not otherwise indicated were 
obtained and by whom the arrangements were made for and the 
photos taken of the stream flow around the wing section. I 
would also once again refer to the many contributions to this 
subject by Mr. McKinnon Wood, the staff of the R.A.E., and by 
Mr. Irving and others of the N.P.L. 
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Heavy-Oil Engines for Aircraft 


By D. R. PYE,1 LONDON, ENGLAND 


In this paper the author first points out that the heavy-oil engine 
will probably provide a satisfactory practical power unit for air- 
ships long before it reaches the airplane stage. He then briefly de- 
scribes early experimental work with a single-cylinder research unit 
to explore the possibilities of compression-ignition operation. Fol- 
lowing this he discusses alternative designs which offer possible solu- 
tions of the main problem, and then gives results obtained in single- 
cylinder experiments showing the effect of maximum cylinder 
pressure upon brake m.e.p. and fuel consumption. Fuel-valoe and 
nozzle design are then taken up, followed by sections dealing briefly 
with air swirl, valve mechanism, possibilities of the two-stroke cycle, 
and performance at altitude. 


HE two main reasons why the heavy-oil engine is not in 
| some use for aircraft today are the difficulties of build- 

ing a reliable engine at a weight per horsepower to compete 
with the gasoline engine, and the difficulties of starting. As 
regards the weight-per-hp. limitation, it may be as well to note 
here that since the effective weight of a power plant for any air- 
craft, which has to leave the ground fully equipped with fuel, is 
the total weight of engine and fuel, any reduction in the fuel 
weight necessary for a given journey may be set off against an 
increase of weight in the engine itself: the longer the journey the 
more will high fuel economy compensate for a heavier engine. 


Ear.ier Use or Heavy-O1n ENGINES IN AIRSHIPS PROBABLE 


It must be generally accepted that as a means of transport 
the lighter-than-air craft, which for brevity will be referred to 
as the airship, is at a less advanced stage than the airplane. It 
is still an experiment, the success of which will turn very largely 
on its being provided with a power unit of very high economy and 
safety from fire risk. Owing to its great range of flight, fuel 
economy in an airship becomes of greater importance than it is for 
an airplane. In other words, provided really high fuel economy 
is maintained, the airship designer is much more ready to put up 
with a relatively heavy engine than the airplane builder. Fur- 
thermore, every advantage of the heavy-oil engine in regard to the 
airplane is equally important in regard to the airship. The al- 
most complete elimination of fire hazard with the use of the heavy- 
oil engine is doubly important in a vessel depending upon hydro- 
gen for its bouyaney. 

It is the airship, therefore, which stands to benefit most by the 
successful development of the heavy-oil engine, and fortunately 
it is in a position to benefit from the new power unit at an earlier 
stage of the latter’s development. We are led to the conclusion, 
therefore, that although the airship is at present itself an experi- 
ment, from the point of view of the heavy-oil engine it may be of 
enormous value as a laboratory. It is fairly certain that the 
heavy-oil engine will provide a satisfactory practical power unit 
for airships long before it reaches the airplane stage, and its 
application in this way will provide the necessary conditions for 
developing and trying it out, under other than ground-level con- 
ditions, until the more exacting requirements of heavier-than-air 
craft can be met. 


Earty ExpERIMENTAL WorkK 


_ This prior utility of the heavy-oil engine for airships has 
influenced the lines along which experimental work in England 
' Deputy Director of Scientific Research, British Air Ministry. 


_Presented at a meeting of the Metropolitan Section of the A.S.M.E., 
New Y ork, November 22, 1927. 
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has been carried on. Soon after the war, the question was 
discussed of building a large-cylindered, comparatively slow- 
running engine of the simplest possible design, for airship work. 
The intention was that such an engine should be so designed 
that it could be modified later to work with heavy oil and com- 
pression ignition, if this proved to be practicable. In 1921 
all airship development was suspended on the ground of economy. 
It was recognized, however, that the needs of the airship today 
are the airplane needs of the future, so that although the building 
of a complete engine was postponed, single-cylinder engines were 
built for research purposes, to explore the possibilities of com- 
pression-ignition working. Deriving as it did from the plans for a 
slow-speed engine, the first single-cylinder research unit was 
of fairly large size: 8 in. bore X 11 in. stroke, i.e., of a size to de- 
velop about 100 b.hp. per cylinder at 1000 r.p.m. with a brake 
mean effective pressure of 100 lb. per sq. in. With this unit a 
cupped piston and central fuel-injection valve were employed. 
The admission of fuel to the cylinder was controlled by the open- 
ing and closing of this valve by a cam and spring in the usual 
manner. A great deal of successful experimental work was 
carried out with this unit at the Royal Aircraft Establishment, 
Farnborough, employing different compression ratios, different 
types of fuel nozzle, and at speeds from 600 to 1200 r.p.m. 


ALTERNATIVE CYLINDER DESIGNS 


Before giving the results of this particular line of work, it will be 
well to consider the various alternative designs of cylinder which 
offer possible solutions of the main problem of compression- 
ignition operation; that is, of the problem of burning the whole 
of the injected fuel in an exceedingly short time by bringing it, 
in a finely divided condition, into intimate association with its 
proper quantity of oxygen. At the same time adequate control 
of the fuel injection must be maintained to prevent the formation 
of excessive peak pressures before expansion begins. For the 
proper mixing of the fuel and air we may rely upon either 


a Direct penetration of the fuel jet throughout the com- 
bustion space in an adequately ‘“‘pulverized”’ condition 

b An organized air swirl in the cylinder which will bring 
all the air into association with the fuel, which in this 
case need not be fully distributed nor very finely divided 

c A form of cylinder head incorporating a small “‘precom- 
bustion” chamber into which the fuel is injected in a 
partially atomized condition and from which a mixture 
of burning and unburnt fuel is projected violently into 
the remainder of the combustion space through a num- 
ber of small holes. 


The actual injection of fuel into the cylinder may, in any of 
these three types, be controlled either by mechanically operated 
valves or by a system in which the mechanically operated valve 
is replaced by one which is opened automatically by the pressure 
of the fuel oil delivered by the jerk pump. In the work carried 
out in England for the Air Ministry both methods have been 
employed for engines of type a, but only the jerk pump on the 
several engines of type b. In the latter it has been found 
possible, when adequate air swirl is combined with successful 
jerk-pump operation, to dispense with the automatic spring- 
loaded valve at the cylinder head and to inject direct from the 
pump in the form of a coarse spray through a single orifice. 
Experience with the dual-combustion engine (type c) has been 
neither extensive nor particularly encouraging. A single-cylinder 
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unit 120 mm. X 180 mm., tested at the Air Ministry Laboratory, 
South Kensington, gave a maximum b.hp. of 9.1 at 700 r.p.m. 
(b.m.e.p. 80 Ib. sq. in.) with a fuel consumption of 0.62 lb. per 
b.hp-hr. This comparatively poor performance is no doubt 
largely accounted for by the low mechanical efficiency (estimated 
at 66 per cent) of the unit, but on the whole it seems probable that 
this combustion system necessarily involves a heavy heat loss 
in the passages connecting the ignition chamber to the cylinder. 
This system, although it may have certain advantages from the 
point of view of ease of starting and of control, in the applica- 
tion of the heavy-oil engine in small sizes to road transport when 
extreme lightness and high efficiency are not required, cannot 
be regarded as more than a temporary expedient in the pro- 
duction of a heavy-oil engine of high efficiency. 


EXPERIMENTAL Resu.tts WITH SINGLE CYLINDERS 


All the single-cylinder experiments have been aimed at securing 
the best possible.power output and economy which can be com- 
bined with such a limitation of the maximum cylinder pressure as 
will allow of nearly as light construction as in the gasoline engine. 
Both power output and economy are increased if the maximum 
pressure is raised by injecting the fuel earlier, but this would en- 
tail an undesirable increase in weight to get the necessary strength. 

With the 8-in. X 11-in. cylinder and mechanically operated 
fuel valve—type a—the maximum speed at which satisfactory 
burning and good economy have been obtained is 1200 r.p.m., 
corresponding with a mean piston speed at 2200 ft. per min. 
The main results are summarized in the following table, from 
which the dependence of b.m.e.p. and economy upon the maxi- 
mum cylinder pressure allowed can be clearly seen: 


Errect oF Maximum Pressure Upon B.M.£.P. AND 
CONSUMPTION 


Maximum Corresponding 
cylinder fuel 
pressure, consumption, 
R.p.m. Ib. per sq. in. B.m.e.p. Ib. per b.hp-hr. 
800 800 123.2 0.392 
800 650 117.0 0.415 
1200 S00 114.8 0.421 
1200 650 107.0 0.45 


For light-load running a considerable advantage is to be gained 
by injecting the fuel earlier in proportion as the amount of fuel 
injected is decreased. Under these circumstances, of course, 
an earlier injection is possible without increasing the maximum 
pressure, and a continuous increase of thermal efficiency is ob- 
tained down to approximately half torque. The highest recorded 
efficiency with the maximum pressure limited to 800 lb. per sq. 
in. was obtained at 1000 r.p.m., when the b.m.e.p. was 78 lb. 
per sq. in. and the fuel consumption 0.358 lb. per b.hp-hr., which 
corresponds to a brake thermal efficiency of 38.8 per cent. 

The success with which complete mixing and combustion of 
the fuel and air have been achieved can be gaged by the fraction 
of the total air in the cylinder which is burned when the engine is 
giving its maximum torque. It was found that under these 
conditions, and therefore with maximum fuel charge, the air 
in the cylinder was approximately 30 per cent in excess of that 
required for complete combustion. As the load was reduced 
at constant speed by reduction of fuel, this excess air was increased 
to about 150 per cent at the point of maximum economy. 


Fuet-VaLvE DESIGN 


In the four-cylinder engines built by Messrs. Beardmore as a 
rail-car power unit and the six- and eight-cylinder types designed 
for airships, a cylinder of about the same size is employed as in 
these experiments at the Royal Aircraft Establishment. The 
cylinders also employ a similarly placed central injection valve, 
but this valve, instead of being mechanically operated, is only 
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spring controlled and is opened and allowed to close by the ris» 
and fall of pressure in the fuel system. A very sharp rise of pres- 
sure is produced in the oil by the sudden closing of a bypass valve 
at the moment when the fuel-pump plunger is moving at or near 
its maximum velocity. The instant of reopening the bypass, 
which is adjustable, controls the duration of the lift of the fuc! 
valve and the quantity of fuel injected. 

From the point of view of satisfactory jet formation, the mo- 
chanically operated valve appears to offer advantages over the 
jerk-pump system. The constancy of fuel pressure and positive 
control of admission might be expected to afford better contro] 
of what happens inside the cylinder. A great deal of further 
research with the jerk pump is needed to place the designer in a 
position to know what are the characteristics of the jet he is pro- 
ducing. He may set his fuel valve to lift when the pressure 
in the fuel oil is 2000 lb. per sq. in., but how does the pressure, 
and so his jet form, vary thereafter? Is the pressure which avc- 
tually forces the oil through the fine holes of the spraying nozzle 
higher or lower than that at which the fuel valve lifts? The tim 
ing, again, is fixed by the closing of a bypass valve at the pump, 
and this for design reasons, may be some distance from the 
cylinder head and fuel valve. When the bypass valve closes, 
a pressure wave will travel along the oil delivery pipe, and will 
open the fuel valve when it reaches the far end. The actual tim- 
ing of the fuel injection will lag behind the closing and opening 
of the bypass by a certain amount, depending upon circumstances. 
The sharpness of the pressure rise in the system will depend on the 
compressibility of the oil and the elasticity of the delivery pipes 
The form and penetration of the jet will depend upon the un- 
known pressure-time relation for the fuel immediately behind the 
spraying nozzle. There are therefore a variety of problems 
involved in the jerk-pump injection, which only long and careful 
research can solve sufficiently to place the designer on firm ground 
in judging the characteristics of his jet. 

At the time when the foregoing results were obtained with 
a mechanically operated fuel valve, no results approaching 
these had been obtained with a jerk pump. Research was then 
started to see whether equally good results could not be obtained 
with the latter, and quite recently, in spite of large gaps which 
still exist in our knowledge of the details of what happens when a 
jerk pump is used, results in regard to power output and economy 
have been achieved probably as good as any with the mechani 
cally operated valve. 


Nozz_eE DEsIGN 


Suecess or failure will always depend mainly upon details 
of design in the fuel pump, bypass arrangement, and automatic 
valve, for upon these will depend the degree of control over timing 
and jet formation, but there are a few general conclusions which 
have been arrived at as a result of this work upon cylinders 
with poppet-valves and normal air turbulence: 


1 The best fuel nozzle is one of the “pepper-caster’’ type 
with round holes drilled radially in a hollow spherical 
nipple. Any attempt to obtain a flat jet like a fishtail is 
a mistake as it is impossible to get: sufficient penetration. 

2 The best size of hole is about 0.012 in. in diameter. 

3 Combustion-space shape and nozzle drilling must be 
coordinated so as to distribute the fuel as evenly 48 
possible throughout the space without the jets impinging 
on piston or cylinder walls. } 

4 Designs which aim at directing the fuel jet by making !t 
impinge on a surface after leaving the nozzle are a mis 
take. 


Arr Swiru 
The foregoing observations apply to cylinders employing 
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poppet valves for air inlet and exhaust, in which air turbulence 
will be similar to that in a normal gasoline engine. It is possible 
either by using a sleeve valve or by adding air deflectors to the 
poppet valves, to generate an organized air “‘swirl,”’ or rotatory 
turbulence, in the cylinder which persists during the compression 
stroke. When this is done the necessary mixing of fuel and 
air is not dependent wholly, or even mainly, upon the distri- 
bution of fuel by the jet; the swirl serves to bring the air to the 
fuel instead of the fuel having to seek out the air. 

Most of the experiments employing an air swirl have been made 
with a smaller cylinder, 5'/, in. X 7in. The maximum b.m.e.p. 
obtained has been 113 lb. per sq. in., but to get this, economy 
had to be sacrificed. It was found that up to a b.m.e.p. of 90 
lb. per sq. in., which could be held with a fuel consumption of 
0.375 lb. per b.hp-hr., the engine ran with a perfectly clean ex- 
haust; but at higher torque values the exhaust became rather 
suddenly black and the economy fell off so that at 105 lb. per sq. 
in. in b.m.e.p., it had risen to 0.55 lb. per b.hp-hr. These 
mean pressures were obtained up to a speed of 1400 r.p.m., cor- 
responding to a mean piston speed of 1650 ft. permin. Maximum 
cylinder pressures throughout were limited to 800 Ib. per sq. in. 


LarGe CyLinpERS More PROMISING 


Single-cylinder work has shown that it is possible to obtain a 
cylinder output expressed as b.m.e.p. X piston speed, or, in 
other words, as horsepower per square inch of piston area, nearly 
on a level with that of a high-duty gasoline engine, and this 
can be done without going more than a little beyond the maxi- 
mum pressures customarily allowed for, and with a considerably 
lower fuel consumption. The best results have been obtained 
hitherto on large cylinders, and it is probable that with smaller 
sizes and higher revolutions all the difficulties of maintaining 
high economy will be increased. Large cylinders will involve 
some increase of weight in crankshaft and crankcase construction. 
But even allowing for this it should be possible, if the perform- 
ance obtained with a single cylinder could be reproduced on a com- 
plete engine, to keep the weight /power ratio within the limit of 
3 lb. per hp. 


VALVE MECHANISM 


For a multi-cylinder engine, the jerk-pump system has great 
advantages from a designer’s point of view, and from that of 
maintenance. The difficulties inherent in the otherwise ad- 
vantageous alternative, of opening and closing a valve which 
admits fuel under approximately constant pressure, arise from the 
necessarily very small and very rapid movement of a necessarily 
robust valve spindle. Since the normal lift of the valve is only 
about 0.020 in. and the period of opening corresponds to 15 deg. 
of camshaft rotation, it is clear that the cam is very small, and 
great rigidity of construction is essential. For this reason it is 
doubtful whether any method of operation, other than by an 
overhead camshaft acting direct on the valve spindle, would be 
48 successful as the experiments so far made with this design have 
been. Less-direct methods of lifting the fuel valve, more easily 
incorporated on a multi-cylinder engine, have so far failed to pro- 
Vide the necessary exactitude in the very small movement of the 
valve. Although the research engine has done many hours of 
Successful running without overhaul, the problem of maintaining 
all the fuel valves of a multi-cylinder engine, each with its 0.020 in. 
iif, in proper adjustment, is a very serious one; and it seems 
fairly certain that it will prove more difficult to reproduce the 
results obtained from the single-cylinder research unit on a multi- 
cylinder engine than it would if the jerk-pump system were 
‘mployed. With the latter the difficulties of maintaining the 
necessary adjustment will be less, and the points where this 
Will be required can be made more easily accessible. 


PossIBILITIES OF THE Two-STROKE CYCLE 


A possibility of future weight reduction lies in the develop- 
ment of the two-stroke cycle. Although the full advantage of 
having two working strokes instead of one at the samie speed 
are not easy of realization, this is an advance which must surely 
come and seems to offer the most promising line of development. 
For aircraft work, an engine of the fixed radial type offers peculiar 
advantages for compression-ignition working, if this is combined 
with a two-stroke cycle. The reason is that the chief limiting 
factor in the design of radial engines is the heavy loading on the 
crank pin, due to piston and connecting-rod inertia at high 
speeds. With a two-stroke cycle, the inertia forces of the pistons 
would be counterbalanced every stroke, and, at the same time, 
the danger to the big ends from the possibility of exceptional 
peak pressures at the beginning of the stroke would be minimized 
by the inertia forces. 


PERFORMANCE AT ALTITUDE 


With the approach of the heavy-oil engine toward utility as 
an aircraft power unit, comes the necessity for investigating 
performance with reduced air density and temperatures. These 
points have so far scarcely been touched upon, but research hence- 
forward will have to concern itself with establishing the necessary 
conditions for successful operation at altitude, as well as upon 
attempts to improve the attainable power/weight ratio by em- 
ploying a two-stroke cycle. Closely linked with the investigation 
of performance at altitude will be that of employing some degree 
of supercharging. In considering the utility of supercharging 
engines of this type it must be remembered that the chief practical 
difficulty in the way of reducing the weight of a compression- 
ignition engine is its unfavorable ratio of maximum to mean 
cylinder pressures. Anything like supercharging, which increases 
the maximum pressure, will be of no value from the point of 
view of improving the power/weight ratio near the ground, unless 
by its use the mean pressures can be increased in a substantially 
greater ratio. For the maintenance of steady combustion con- 
ditions at altitude it is probable that some degree of supercharging 
will be essential; and it is satisfactory to reflect that the inevitable 
warming of the air as it passes the superchargers, although it 
reduces volumetric efficiency, will have compensating advantages 
for engines of the compression-ignition type. 


Discussion 


Ropertson Matuews.? For those interested in the develop- 
ment of compression-ignition engines for such r.p.m. as com- 
monly occur in aircraft and automotive service, there are two 
statements by the author that arrest attention. One of these 
statements refers to present work being carried on to meet the 
less exacting of aircraft-engine requirements. The other state- 
ment refers to the introduction of a “‘precombustion’’ chamber 
as having so far proved somewhat unsatisfactory regarding the 
capacity and fuel consumption obtained. 

Since some form of auxiliary chamber has been and seems still 
to be the resort of many heavy-oil-engine developers, and since 
we hear considerable from Germany of supposed successes with 
compression-ignition engines, the statements from a scientific 
worker of the author’s standing deserve careful consideration. 
Statements reputed to him, but not given in this paper, lead us 
to believe that some day he will have some exact information 
available for engineers concerning the limitations of such com- 
bustion as has heretofore been provided for in compression- 
ignition engines. He may rest assured that when the time 


2 Research Development Engineer, Detroit, Mich. 
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comes for him to release such information we in this country shall 
welcome it wholeheartedly. 

It would have been of great interest could the author have felt 
at liberty to add to this paper representative indicator cards, 
taken with what he perhaps calls the Farnborough indicator, 
showing variations in the form of the pressure-volume card with 
such excellent operation as 107 to 123.2 b.m.e.p. and with the 
corresponding r.p.m. and economy as given in his paper. Com- 
prehensive data such as the author gives have been rare in printed 
statements regarding compression-ignition development. The 
b.m.e.p. quoted would suggest, unless the compression was lower 
than expected, that there had been at least some slight success in 
achieving dual combustion. Once again, the excellence of his 
data makes us wish for still more of it. 

Regarding fuel-valve design and jerk-pump operation, the 


‘writer’s experience prompts the question, why is the initial 


pressure rise supposed to require the closing of a valve? Is 
this chiefly of benefit at starting speeds? For a 5-in. X 7-in. 
engine a plunger 17/32 in. in diameter can show, both on paper 
targets and under observation by a modified Elverson oscillo- 
scope, such abrupt starting of injection as probably to satisfy 
the author. With this large plunger but a small rise on the 
pump cam was required. The length of stroke was adjustable 
with considerable refinement, and only one valve was used 
between the plunger and the combustion chamber. This valve 
was in the nozzle. ¥ 

Abrupt cessation of discharge is another matter. Here the 
fuel tends to adhere to the nozzle surfaces, to say nothing of 
rebounds in the line. The modified Elverson oscilloscope as 
developed at the Langley Memorial Aeronautical Laboratory 
will, to new acquaintances, prove a rather inexpensive yet ex- 
cellent means for observing spray characteristics when informa- 
tion on the exact performance within the engine is not demanded. 

The objection which the author raises against the fishtail or 
lipped nozzle might be modified. It is a bad offender in pro- 
viding surfaces to which the last portion of the jet tends to cling. 
As regards penetration of fuel from it, this can sometimes be 
made widely variable. Two conditions control this variation: 
the permissible angle of the lip with respect to the nozzle axis; 
and the obtainable angle between thelip and the axis of the orifice. 
As with other types of nozzle, fineness of atomization and ex- 
tent of penetration call for compromise. 

It would be of interest to learn by what means it was assured 
that a chosen maximum combustion pressure was not exceeded. 


P. H. Scuweirzer.* The writer will not try to present a sys- 
tematic discussion of the paper, but only give his opinions on a 
few of the problems involved in the high-speed aeronautical type 
of heavy-oil engine. 

The writer agrees with the author that the precombustion 
chamber is not very promising in high-speed engines—it cuts 
down the speed of flame propagation. But the alternative, 
direct spray injection, requires for good atomization and dis- 
tribution very small spray orifices and correspondingly very high 
injection pressures. To handle pressures as high as 10,000 lb. 
per sq. in. and orifices as small as 0.010 in. is a hard proposition. 
Yet it is in this direction that the writer looks for the solu- 
tion. 

Good and poor results have been obtained with both necks 
and unified combustion space. Combustion-chamber con- 
structions with a restricted neck are not so sensitive to poorer 
atomization and imperfect distribution, but the best engines 
will probably be built with unified combustion space. 

The advantage which can be obtained by directing the intake 

* Associate Professor of Engineering Research, Pennsylvania State 
College, State College, Pa. ‘ 


air by deflector shields is sufficiently established, and ignoring it 
in new construction is a grave mistake. 

The author asserts that any attempt to obtain a flat “fishtail 
jet” is a mistake, as it is impossible to get sufficient penetration. 
What does he consider sufficient penetration, how many inches? 
What is insufficient in the 8-in. X 11-in. cylinder the British Air 
Ministry was experimenting with might be sufficient in the 
5-in. X 7-in. cylinders tried at Langley Field, and more than 
sufficient in still smaller cylinders. A frequent trouble with 
very small cylinders is that the penetration is too great, and the 
spray hits the piston or cylinder walls. With a 5'/:-in. stroke, 
which corresponds to the Wright whirlwind engine, and a 14 to 
1 compression ratio the height of the cylindrical combustion 
space is less than 7/,. in. For such small.cylinders fishtail jets 
or multi-jets might be just the thing. 

The writer favors the two-stroke principle not because of the 
increased number of power impulses but because of the fewer 
moving parts which makes a simpler cylinder head and simpler 
engine. I do not believe that the scavenging problem at high 
speed cannot be properly solved. Research will teach us how to 
scavenge and charge at 2000 r.p.m. The complication of an 
extra charging mechanism cannot be held against the two- 
stroke engine if we believe that the successful aero engine of the 
future will be supercharged, no matter whether it is of two stroke 
or four stroke. I believe in charging or supercharging with 
small high-speed turbo blowers. 

It is the ambition of designers to obtain mean indicated pres- 
sures of 150 lb. or more by cutting down the amount of excess 
air. I believe this is a mistake. Theoretically one can get as 
high as 185 lb. mean indicated pressure in a Diesel engine with 
14 to 1 compression ratio, and also a fuel consumption as low as 
0.25 lb. per hp-hr., but even theoretically not get both together. 
Having 185 lb. mean effective pressure the theoretically lowest 
fuel consumption is about 0.41 lb. Having 0.25 lb. consumption 
per hp-hr. the theoretically highest m.e.p. is 104 lb. The theory 
referred to considers the variation of the specific heats, cisso- 
ciation and unavoidable after-burning, and shows that if we cut 
down the excess air below, say, 100 per cent, we sacrifice too much 
in efficiency. This is confirmed by the experience at Farnborough 
and Langley Field by observing the best thermal efficiency at 
half and quarter loads. With 100 per cent excess air the theo- 
retical limits for a non-supercharged engine are 145 lb. in m.e.p. 
and 0.266 lb. in fuel consumption, and the practical limits per- 
haps 25 per cent worse, i.e., 109 Ib. m.e.p. and 0.33 lb. oil consump- 
tion. Since in aircraft application the weight of the fuel is as 
important as the weight of the engine, the attempt to get high 
mean effective pressures by cutting the excess air would be 4 
failure even if we could burn all of the fuel with no, or very 
little, excess air. Less objectionable ways for increasing the out- 
put are increasing the speed and supercharging. 

Good fuel economy demands sharp-top (constant-volume) 
combustion; low engine weight demands, as the author pointed 
out, a high ratio of m.e.p. to maximum pressure, which means 
flat-top (constant-pressure) combustion. However, the safe 
thing is to design an aero engine for such high pressures as might 
occur by a sudden explosion with maximum fuel charge in the 
cylinder, which might take place after several misses or during 
starting, therefore the writer favors the use of high maximum 
pressures in the normal cycle also and selection of a design and 
materials able to withstand such high pressures. 

We all know of the troubles that go with the direct pump 
jection. Pre-dripping and after-dripping, misses caused by 4 
bubbles, secondary discharges, destructive jerks of the pump 
plunger, water-hammer action of the liquid in the line, injectio 
lags, etc., due to the “breathing” of the pipes, etc. The constant- 
pressure system is free from all of these troubles, but there ar 
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two things very undesirable in the constant pressure system: 
(1) To be effective the injection control has to be in the spray 
nozzle and a mechanically operated nozzle is always complicated. 
(2) The metering is not positive, therefore more or less erratic. 
Metering of minute quantities by time offers great difficulties. 
This is felt more in multi-cylinder engines where distribution 
becomes uneven as soon as the nozzle orifices of 
some cylinders become partly clogged or some others 
scored and widened. 

The predicted solution is either a direct pump- | 
injection system in which both the beginning and the | 
end of injection are controlled and the injection is | 
limited to the period of maximum pressures in the | 
line, or an intermediate system in which the injec- 
tion pressure is accumulated but the metering is 
positive. 

The writer agrees with the author that “a great 
deal of further research with the jerk pump is needed 
to place the designer in a position to know what 
are the characteristics of the jet he is producing.” 
One of the most important phases of such an in- 
vestigation is to ascertain the pressure variations | 
in the nozzle during the injection. At the Engi- | 
neering Experiment Station of The Pennsylvania | 
State College an indicator has been developed which 
is capable of recording oil-pressure variations up to~ & 
10,000 lb. per sq. in. in a few thousandths of second. 
The assembly of the indicator is shown in Fig. 1 and 
its main part A is visible in the middle foreground. 

The main principle of the indicator is the use of a number of 
pressure-registering elements instead of a single one. Each of 
the six diaphragms is set for a different pressure, and at the 
instant the pressure reaches a predetermined pressure, electric 
contact is made which is recorded on a rotating drum. The con- 
tact is maintained as long as the pressure exceeds the pressure for 
which the diaphragm is set and during that time the corresponding 
spark needle on the drum punctures the paper at each spark, 
producing a row of holes. In this way a number of lines are 
produced, the length of each corresponding to the time interval 
during which the pressure exceeds the pressure for which 
the respective diaphragm is set. Using six diaphragms, 
which deflect at, say, 200, 400, 750, 1200, 2000, and 3000 Ib. 
per sq. in. pressure, respectively, we obtain 12 points, 6 for the 
ascending and 6 for the descending curve, indicating the time 
at which these pressures were passed during the injection. The 
connection of these twelve points into a continuous curve, giving 
& time-pressure diagram, offers no difficulty. The electrical 
recording is practically instantaneous, and since the movement 
of the diaphragm is but a few thousandths of an inch, the inertia 
effect is negligible. 7 

With this indicator, pressure variations of several thousand 
pounds have been recorded within less than one-hundredth of a 
second, and time-pressure diagrams obtained. 

The writer considers the question of water cooling vs. air cool- 
ing unimportant as long as major problems regarding fuel in- 
jection are unsolved. 


AvTHOR’s CLOSURE 


The author will endeavor to deal briefly with a few of the 
_ interesting points raised in this discussion. Mr. Robertson 
Mathews regrets the absence of representative indicator cards. 
Such cards are of doubtful value unless reproduced on a large 
seale, and this was the reason for their omission. The author, 
however, is herein including two cards taken from the 8 in. X 
ll in. research unit which are typical of these when maximum 
pressures were limited to 800 to 600 Ib. per sq. in. respectively 
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(Fig. 2). These are exactly as recorded by the Farnborough 
indicator and are given to a crank angle base, since this shows 
more clearly the sequence of events in the cylinder. Limita- 
tion of the maximum pressure was assured by the taking of dia- 
grams such as this or by a simplified form of maximum-pressure 
indicator employing a similar principle. 


Fig. 1 Recorpine O11-Pressure InpIcaTor Usep aT ENGINEERING EXPERIMENT 


STaTION oF THE PENNSYLVANIA STATE COLLEGE 


As regards the value of the fishtail jet and the lipped nozzle, 
this is a matter which each designer and experimenter must 


settle for himself. The author quite agrees with Professor 


Schweitzer that for small cylinders one might at first sight ex- 
pect the fishtail jet to be the more suitable. In his paper, how- 
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Fie. 2 Two Representative Carps TAKEN BY THE FARNBOROUGH 
InpicaTor From THe Researcn Unit 


(A_ R.p.m., 1000; b.hp., 79.8: b.m.e.p., 114 lb. per sq. in.; fuel consump- 
tion, 0.426 lb. per b.hp-hr.; maximum cylinder pressure, 640 Ib. per sq. in.; 
fuel-injection pressure, 6270 Ib. per sq. in.) 

( R.p.m., 1000; b.hp., 84.5; b.m.e.p., 120.9 Ib. per sq. in.; fuel con- 
sumption, 0.401 Ib. per b.hp-hr.; maximum cylinder pressure, 800 Ib. per 
sq. in.; fuel-injection pressure, 6720 Ib. per sq. in.) 


| 
% 
180 120 300 240 
Crank Angle, Deg. 
| 
| 
1 
180 
~ 
| 


50 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ever, the author confined himself to recording his experience in 
attempts to obtain good combustion with this type of jet, and 
these have been always less successful than with jets from a 
plain round nozzle. Any attempt to distribute the fuel by de- 
flecting the jet from a lip is always likely, in the author’s view, to 
suffer from clinging of the fuel to the lip surface and inefficient 
combustion. 

Referring to lack of enthusiasm for the ‘“pre-combustion”’ 
type of cylinder, Mr. Mathews points to the extensive develop- 
ment of this type as reported from Germany. The author 
recognizes that many designers prefer this type of combustion 
head, but the significance of this can only be gaged by reference 
to what is aimed at. If we are to be content with anything 
but the highest possible economy and mean pressure, then it 
may very well be that the “pre-combustion” type of cylinder 
will prove the best solution. For the very highest economy, 
however, the author believes there are fundamental reasons why 
it will always be at a disadvantage compared with the direct- 
injection type, and since nothing but the very highest economy 
is worth pursuing for aircraft work, it seems that research hav- 
ing for its aim an aero engine burning heavy oil will do well to 
concentrate on direct injection and leave the development of the 
“‘pre-combustion”’ type of cylinder to those whose aim is ground 
or sea transport. 


The great mechanical simplicity of the two-stroke cycle engine 
is of course an immense point in its favor, but the crucial thing, 
after all, if a compression-ignition engine is to fly, is that it should 
be light enough and economical enough. No amount of sim- 
plicity per se will do away with this necessity, and although the 
scavenging problem is no doubt not unsolvable, nevertheless 
the difficulty of replacing a burned charge by fresh air in the 
comparatively few degrees of crank angle available will always 
be great, if it is to be done without uncomfortably high air pres- 
sure and the power wastage which this involves. The author 
notices in this connection that Professor Schweitzer advocates 
the use of a small high-speed turbo blower and would ask the 
latter whether a positive displacement blower would not be more 
satisfactory for the purpose of scavenging, which necessitates 
an adequate displacement of air through the cylinder ports, 
even at the lowest speeds. 

In the development of his indicator for measuring oil-pressure 
variation during the injection period, Professor Schweitzer has 
put a powerful instrument into the hands of the investigator. 
Research upon these lines appears to be needed more than any- 
thing else at the present time, and all interested in the success 
of the direct-injection heavy-oil engine will look forward with the 
greatest interest to the results of the research which he fore- 
shadows. 
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Items From Aeronautics Classification 


AERIAL PHOTOGRAPHY 


Power-Plant Surveys. 
in the Power Plant Industry. Power Plant Eng., 
vol. 32, no. 22, Nov. 15, 1928, pp 1188-1191, 7 
figs. Successfully applied to preliminary surveys 
of power-plant sites and transmission line loca- 
tion. cameras have been developed for this ser- 
vice) map as small as 1 in. equal 2000 ft. are 
possible; uneven country causes some distortion 
on flat plate 


AERODYNAMICS 

Research. Present Problems of Aerodynam- 
ics (Gegenwartsfragen der Aerodynamik), H. 
Blenk. V.D.I. Zeit. (Berlin), vol. 72, no. 40, 
Oct. 6, 1928, pp. 1395-1401, 14 figs. Author re- 
views results of recent research on airfoils; dis- 
tribution of pressure on wings; aerodynamics of 
airfoils at speeds greater than velocity of sound; 
vibration phenomena, such as wing flutter, etc. 
Bibliographic lists of works in German and in 
English 
AIRCRAFT ENGINES 

Air Cooling. Designs and Experimental 
Studies for Controlling the Heat and Increasing 
the Efficiency of Air-Cooled Aircraft Engines 
(Rechnerische und experimentelle Untersuchun- 
gen ueber Waermebeherrschung und Leisteungs- 
steigerung in luftgekuehlten Flugmotorenzylind- 
ern), F. Gosslau. Zeit. fuer Flugtechnik und 
Motorluftschiffahrt (Berlin), vol. 19, no. 19-20, 
Oct. 7, 1928, pp. 461-466, 26 figs. Results of 
theoretical and experimental studies at Siemens 
and Halske aeronautical research laboratory, in- 
dicating defects in design of aircraft-engine cyl- 
inders 

Air Cooling of. Air Cooling of Aircraft En- 
gines (Luftkuehlung bei Flugmotoren), F. Gos- 
slau. V.D.I. Zeit. (Berlin), vol. 72, no. 38, Sept. 
22, 1928, pp. 1335-1340, 26 figs. Paper read at 
1928 annual meeting of Society of German Engi- 
neers (V.D.L.), reporting experiments made at 
Siemens and Halske laboratories; obtained quan- 
titative relationship between wind velocity, cyl- 
inder-wall temperature, and construction type 
and dimensions of cylinders, aiding in design of 
air-cooling system for engines; critical review of 
various types of cylinder construction. 


Berlin Exhibition. New German Aero En- 
gines, E. P. A Heinze. Aero Digest, vol. 13, no. 
6, Dec. 1928, pp. 1168, 1170, and 1172, 8 figs. 
New German engines exhibited at International 
Aircraft Show in Berlin are described; B.M.W. 
leading with Junkers second, and Siemens and 
Halske third. Details of one new water-cooled 
l2-cylinder and two 6-cylinder B.M.W. engines, 
‘-cylinder and 12-cylinder V water-cooled Junkers 
engines, Siemens-Halske air-cooled radial engines, 
Daimler-Benz 12-cylinder V water-cooled and 3- 
cylinder water-cooled engines, and Argus two 12- 
cylinder inverted V engines 


Aerial Photography 


Compression-Ignition Research. High- 
Speed Compression-Ignition Engine Research, 
H. B. Taylor. Royal Aeronautical Soc.—Jl. 


(Lond.), vol. 32, no. 211, July 1928, pp. 555-570 
and (discussion) 571-595, 18 figs. Tests of high- 
speed compression-ignition engines at Royal Air- 
craft Establishment described and prospects of 
such engines for aeronautical use shown; main 
problem in development was that of fuel-injection 
system; tests of various sprayers; as torque is re- 
duced so is specific fuel consumption; utilization 
of cheap fuels having high flash point. Paper 
presented at joint meeting of Inst. of Automo- 
bile Engrs. and Royal Aeronautical Soc. 
Cowling. Drag and Cooling With Various 
Forms of Cowling for a “Whirlwind” Engine in a 
Cabin Fuselage, F. E. Weick. Nat. Advisory 
Committee for Aeronautics—Tech. Notes, no. 
301, Nov 1928, 25 pp., 35 figs. on supp. plates. 
Results of investigation in 20-ft. propeller tunnel 
* On engines entirely exposed up to completely 
cowled types; cooling tests made and cowling 
modified; drag tests; great drag in uncowled en- 
gine; effect on airplane performance; cowling 
entirely covering engine reduces drag 2.6 times 
©onventional cowling; careful design for proper 
cooling with cabin fuselage its use should sub- 
Stantially increase high speed. 
want New N.A.C.A. Low Drag Cowling, F. E. 
tick. Aviation, vol. 25, no. 21, Nov. 17, 1928, 


pp. 1556-1557, 1586, 1588, and 1590, 6 figs. 
Wind-tunnel tests undertaken by National Ad- 
visory Committee for Aeronautics on different 
designs of cowling on air-cooled engines; enor- 
mous drag due to uncowled engine; conventional 
cowlings covering only central portion of engine 
only slightly reduced drag; new cowling of N.A.- 
C.A. design completely enclosed engine but pro- 
vided for cooling; great reduction in drag in wind- 
tunnel and flight tests; substantial increase in 
high speed and all-round performance. 


Cylinders—-Nitridation. Nitralloy -A New 
Steel. Aero Digest, vol. 13, no. 3, Sept. 1928, pp. 
458 and 460. Manufacturing process developed 
by L. Gullet, employed for making aircraft-engine 
cylinders of nitrided steel is described; hardness 
of nitrided special steels can produce very remark- 
able polisn which changes entirely friction condi- 
tions. Process was described before French 
Academy of Sciences. 


Design and Construction. Aircraft Engines 
(Flugmotoren), F. Gosslau. V.D.I. Zeit. (Ber- 
lin), vol. 72, no. 40, Oct. 6, 1928, pp. 1417-1425, 
25 figs. General review of progress in design and 
construction since 1903; modern types of radial, 
V and W 9-cylinder, 12-cylinder, and 18-cylinder 
engines up to 1000 hp.; water cooling being suc- 
cessfully superseded by air cooling. 


Exhaust Silencers. Engine Exhaust Silen- 
cers. U. S. Naval Inst.—Proc., vol. 54, no. 8, 
Aug. 1928, pp. 701-706, 9 figs. Most American 
engine manufacturers do not supply exhaust 
manifolds; noises can be eliminated from engine 
exhaust by slowly reducing velocity of burned 
gases; standard on Fairchila planes; bayonet or 
cone type of exhaust-pipe opening developed by 
Curtiss Aeroplane and Motor Co.; tests made on 
Liberty engine; another type of muffler is whirl 
type; ultimate muffler will be of veaturi type or 
tong exhaust-pipe fitted with special ends. 

Ignition. Airplane Engine Ignition, A. H. 
Packer. Aviation, vol. 25, no. 19, Nov. 3, 1928, 
pp. 1408 and 1432 and 1434, 3 figs. Advantages 
of both battery and magneto ignition systems for 
airplane engines; high-tension magneto superior 
as regards reliability; battery ignition has advan- 
tage from standpoint of locating trouble on plane; 
magneto cannot be readily tested without remov- 
ing from engine; battery ignition has easy start- 
ing without auxiliary devices; drawbacks of 
starting; question of cost; even with supercharg- 
ers it is doubtful it higher spark voltages will be 
needed 

Oil Engines. i! Engines for Aircraft and 

Railways, A. E. IL. Chorlton Engineering 
(Lond.), vol. 126, no. 3273, Oct. 5, 1928, pp 
440-443, 15 figs. Application of quick-running 
oil engine to railway service; it is used as power 
unit for rail cars, motor trains, and full-sized loco- 
motives; fundamental problems in multi-cylinder, 
high-pressure, quick-running oil-engine design; 
supercharging, or two-stage compression, is re- 
ceiving more attention, and scavenging is being 
re-introduced. Paper read before Brit. Assn. 
- The Determination of Several Spray Character- 
istics of a High-Speed Oil Engine Injection System 
With an Oscilloscope, C. W. Hicks and C. S. 
Moore. Nat. Advisory Committee for Aeronaut- 
ics—Technical Note, no. 298, Sept. 1928, 11 pp., 
5 figs. Investigation to determine injection lag, 
duration of injection, and spray start and cut-off 
characteristics of fuel-injection system operated 
on engine and injecting fuel into atmosphere; in- 
jection lag in crank degrees decreased with in- 
crease of engine speed at constant fuel quantity 
but remained constant for variable fuel quantities 
injected at constant speed. 

Oil Engines for Aircraft and Railways, A. E. 
L. Chorlton. Engineering (Lond.), vol. 126, 
no. 3271, Sept. 21, 1928, pp. 375-378 and 
(discussion) 369, 10 figs. Review of what has 
been accomplished in this field; main attraction 
of oil engine for aeronautical purposes is its safety; 
problems of successful design of quick-running oil 
engines are principally concerned with injection 
and combustion of fuel. Paper read before Brit. 
Assn. 

Manufacturers’ Specifications. Manufac- 
turers’ Specifications on Engines Available for 
Commercial Use as Compiled by Aviation. Avia- 
tion, vol. 25, no. 2, July 9, 1928, p. 122. One- 
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page table of manufacturers’ specifications for 
aircraft engines. 

Problems. Problems of Aircraft Engines 
(Flygmotorproblemet), E. Hubendick. Ingen- 
ioers Vetenskaps Akademien (Stockholm), no. 84, 
1928, 34 pp., 29 figs. Account of problems of air- 
craft engines; J. E. Cederblom’s research work 
on ideal aircraft engine; climatic conditions of 
Seandinavia call for special measures for cooling 
and starting; adaptation of Diesel engine for air- 
craft; possibilities in design conditioned by new 
materials, etc. 

Reduction Gear. Lorrain Develops Own Re- 
ducing Gear for Aircraft Engines. Automotive 
Industries, vol. 59, no. 12, Sept. 22, 1928, pp 
418-419, 1 fig. Description of reducing gear of 
planetary type for aircraft engines which has been 
developed by Société Lorraine of Argenteuil, 
France, and which, in addition to being used on 
aircraft engines of that company, is also fitted by 
Armstrong-Siddeley Co. in England; with reduc- 
tion of 1.545:1, engine speed of 1900 r.p.m. corre- 
sponds to propeller speed of 1230 r.p.m. 

Supercharging. Aircraft Engine Superchar- 
gers, A. L. Berger. Aero Digest, vol. 13, no. 1, 
July 1928, pp. 98 and 100, 7 figs. Purpose of 
supercharger as applied to aircraft engines is to 
fully or partially restore sea level density before 
air enters engine cylinders; remarkable improve- 
ment in engine performance obtained; details of 
centrifugal type and Roots or rotary displace- 
ment type superchargers investigated and de- 
veloped by Army Air Corps; pressure ana suction 
methods of supercharging; controlling output; 
adapting supercharger to airplane. 

Testing (Wright). The Drag of A J-5 Air- 
Cooled Engine, F. E. Weick. Nat. Advisory 
Committee for Aeronautics—Tech. Notes, no. 
292, July 1928, 4 pp., 5 figs. Tests of drag due 
to Wright Whirlwind engine, mounted on cabin- 
type airplane, made in 20-ft. N.A.C.A. Propeller 
Research Tunnel; drag obtained with three differ- 
ent types of exhaust stacks; drag due to engine 
found to be 85 Ib. at 100 m_p.h. with individual 
stacks, and 83 Ib. at 100 m.p.h. with each of col- 
lector rings. 


AIRCRAFT PROPELLERS 


Efficiency. Considerations on Propeller Efii- 
ciency, A. Betz. Nat. Advisory Committee for 
Aeronautics—Tech. Memorandum, no. 481, Sept. 
1928, 20 pp., 12 figs. Mention is made of diffi- 
culties encountered in defining propeller efficiency 
when propeller is affected by mutual interference 
with vehicle and especially with wing; different 
ways of overcoming these difficulties to some 
degree, at least for practical requirements, are 
indicated, but none of these ways is found to 
be entirely satisfactory. Translated from Zeit. 
fuer Flugtechnik u. Motorluftschiffahrt. April 
28, 1928 


Thrust Calculation. Airplane Propeller 
Thrust, C. W. Rauch. Aviation Eng., vol. 1, no. 
1, Oct. 1928, pp. 13 and 19, 1 fig. Selection of 
ball thrust bearings for aircraft engines; thrust 
formulas derived from those used in _ boat- 
peller calculations of great aid; formula for pro- 
peller thrust in climb; tentative table of ball bear- 
ings to be used with different horse-power motors. 


Variable-Pitch. The Hele-Shaw-Beacham 
Variable Pitch Airscrew. Aeroplane (Lond.), 
vol. 35, no. 15, Oct. 10, 1928, p. 602. Results of 


tests with variable-pitch propeller on Gloster 
Grebe with Bristol Jupiter VI engine; under fly- 
ing conditions control gear showed no noticeable 
time lag. and engine r.p.m. varied with movement 
of control practically instantaneously. 


AIRFOILS 


Lift Curves. Preliminary Report on the Flat- 
Top Lift Curve as a Factor in Control at Low 
Speed. M. Knight and M. J. Bamber. Nat. 
Advisory Committee for Aeronautics—Tech. 
Notes, no. 297, Sept. 1928, 10 pp., 5 figs. Im- 
portance of flat-top lift curve as contributing to 
safety and control at low speed; analysis of exist- 
ing airfoil data indicated definite relation between 
shape of lift curve and certain section dimensions; 
airfoil with this lift curve has reduced tendency 
to spin; owing to high moment coefficient and 
low aerodynamic efficiency, N.A.C.A. 84 section 
is not considered satisfactory. 
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AIRPLANES 

Autogiro. The Autogiros of Cierva (L’auto- 
gire de la Cierva), M. Ducout. Aérophile (Paris), 
vol. 36, no. 19-20, Oct. 1928, pp. 295-298, 7 figs. 
Cierva autogiro has carrying surface of 11 sq. m.; 
total weight 1120 kg.; motor 220 hp.; theory of 
design; rotation of lifting screw; speed of air rela- 
tive to blade and forces applied; speed of auto- 
giro. 

The Cierva Autogiro, W. H. Sayers. Aviation, 
vol. 25, no. 18, Oct. 27, 1928, pp. 1320-1321, 
1340-1342, 1344, and 1350, 8 figs. Aerodynamic 
principles involved in design and operation of this 
craft are discussed; all autogiros so far have 
standard airplane fuselage, landing gear and tail 
unit; rotating system of supporting surfaces in 
place of wings; ailerons are separate organs car- 
ried on each side of fuselage; blades in addition 
to rotating, move up and down; speed of vane 
system constant; auxiliary drive being developed 
will allow spinning up of rotating wings directly 
by main engine. 

The Cierva Type C, 17 Autogiro, Aeroplane 
(Lond.), vol. 35, no. 18, Oct. 31, 1928, p. 746. 
Few details of Autogiro which is Avro Avian fitted 
with four-bladed Autogiro 33-ft. 3!/«-in. diam. 
windmill, undercarriage of widened track, and 
small lower wing carrying ailerons. 

Biplanes, Lift Calculation. On the Lift of 
Biplanes, T. Moriya. Tokyo Imperial Univer- 
sity—Jl. (Tokyo), vol. 17, no. 10, Aug. 1928, pp. 
191-200, 12 figs. Amount of interference on lift 
of staggered biplanes is computed by Munk’s 
theory, considering motion of air to be two- 
dimensional; using Prandtl’s theoretical correc- 
tion, simple and accurate method of prediction of 
biplane lift from monoplane experiments has been 
developed; comparison between some biplane ex- 
perimental curves and corrected ones from mono- 
plane experiments. (In English.) - 

Control. Research on the Control of Air- 

lanes, B. M. Jones. Nat. Advisory Committee 
or Aeronautics—Tech. Memorandum, no. 485, 
Oct. 1928, 23 pp., 9 figs. on supp. plates. Con- 
troversy between theory of airplane with control 
organs and uncontrolled stable airplane; pro- 
vision of good control qualities is more a question 
of proportioning airplane and adjusting its load 
than of new control organs; motions of stalled 
airplanes studied by Cambridge University Air 
Squadron; great influence of yaw.aing motions on 
rolling couples; ailerons positive source of danger; 
rudder provides control difficult to use; solutions 
offered. From Nature (Lond.), May 12, 1928. 
Lecture delivered at Royal Inst. 

Design Stresses. Design Stresses, C. D. Hol- 
land, Flight (Lond.), vol. 20, no. 43, Oct. 25, 
1928, (Aircraft Engr.), pp. 936f-936g, 3 figs. 
Design stress defined as maximum stress material 
will be subjected to when structure is loaded to 
amount of load factor times normal load; deter- 
mining tension, pure compression, compression 
for long struts, shear, bearing, Young’s modulus, 
modulus of rigidity, and Poisson’s ratio; effect of 
workshop processes on normal design stresses of 
materials; effect on design-stress value due to 
different types of loading. 

Design Stresses, C. D. Holland. Flight (Lond.), 
vol. 20, no. 39, Sept. 27, 1928 (Aircraft Eng. 
Supp.), pp. 834d-834e. Load factor and design 
stresses of materials of construction are defined 
and discussed; reliability of material; disadvan- 
tages in use of yield-point stress as suitable design 
stress; stiess produced under normal maneuvers 
shall not exceed yield (or proof) stress. 

Frames, Design of. Design of Three-Dimen- 
sional Lattice Systems of Airplane Frames (Ueber 
raeumliche Flugzeugfachwerke-Die Laegnsstab- 
kraftmethode), i. Wagner. Zeit. fuer Flugtech- 
nik und Motorluftschiffahrt (Muenchen), vol. 19, 
no. 15, Aug. 14, 1928, pp. 337-347, 17 figs. 
Methods of design of statically determinate and 
statically indeterminate three-dimensional lattice 
work for frames of various types with straight and 
buckled cross beams. 

Giant, Design of. The Cells of Giant Air- 
a. E. Offermann. Nat. Advisory Committee 
or Aeronautics—Tech. Memorandum, no. 478, 
Sept. 1928, 16 pp., 4 figs. Factors to be consid- 
ered in increasing size of airplanes; enlarging is 
probably limited by fact that empty weight in- 
creases disproportionately with enlargement; 
views of Lanchester and Everling are taken up; 
in Rohrbach enlargement method no geometric 
enlargement can properly be assumed, and due to 
increased wing loading, wing area does not in- 


crease in ion to full load. From Offer- 
mann’s “‘Riesenflugzeuge’’ (1927) pp. 184-193. 

Magnus Effect. Magnus Force Applied to 
Airplanes, A. A. Kucher. Aviation Eng., vol. 1, 
no. 1, Oct. 1928, pp. 7-8, 5 figs. Principles and 
factors of forces created by relatively cylindrical 
rotating members in path of fluid flow are dis- 
cussed; applications of Flettner and Savonius 
rotors to aircraft; number of wings giving great- 
est torsional power and Magnus pressure found 
to be two; wing rotors compared with airplane 
wing; lift reactions. 

Maneuverability. The Span as a Fundamen- 
tal Factor in Airplane Design, G. Lachmann. 
Nat. Advisory Committee for Aeronautics—Tech. 
Memorandum, no. 479, Sept. 1928, 40 pp., 21 figs. 
Effect of span on climbing ability of biplanes; 
study of maneuverability of airplane of great im- 
portance for judging combat, sport, and stunt- 
flying planes; for given wing area monoplane is 
inferior to biplane as regards maneuverability; 
speed of rotation is reduced by “‘good"’ aspect 
ratio; airplane with smallest span requires short- 
est time to accomplish complete turn of 180 deg. 
Bibliography. Translated from Zeit. fuer Flug- 
technik u. Motorluftschiffahrt, May 14, 1928. 


Metal, Manufacture of. Problems of Metal 
Construction. Soc. Automotive Engrs.—Jl., vol. 
23, no. 4, Oct. 1928, pp. 342-344. Review of 
Production Session of Los Angeles meeting with 
brief abstracts of paper; corrosion of aluminum 
alloys greatest difficulty; determinate materials, 
indeterminate forms favored; maintenance of 
duralumin for Naval aircraft structure discussed 
by L. B. Richardson; plane should be designed to 
avoid corrosion; all-duralumin airplane as now 
constructed in United States is quite unsuitable 
for seaplane service; H. V. Thaden set forth de- 
velopments in and his idea of metal construction. 


Performance Testing. The Reduction or 
Performance Tests, H. L. Stevens. Roy Aero- 
nautical Soc.—J1. (Lond.), vol. 32, no. 215, Nov. 
1928, pp. 934-957, 11 figs. and (discussion) 957—- 
958. Computing work necessary between re- 
ceipt of performance figures from pilots and issue 
of complete report; method adopted for all but 
supercharged engines assumes power depends on 
pressure only; affects of atmospheric tempera 
ture on altimeters and air-speed indicators; cor- 
rection of air-s readings for propeller- 
efficiency correction; density method for cor- 
recting performance tests of supercharged en- 
gines; pressure methods explained. 

Polar Diagrams. Experimental Determina- 
tion of the Polar Diagram of an Airplane and of 
a Bird in Flight (Sur une détermination expéri- 
mentale de la polaire d’um avion et d’un oiseau 
en vol), E. Huguenard, A. Magnan and A. Sainte- 
Lague. Académie des Sciences—Comptes Ren- 
dus (Paris), vol. 187, no. 14, Oct. 1, 1928, pp. 
559-561, 2 figs. Describes method of obtaining 
polar diagram for pursuit plane from various tra- 
jectories of varying slope without wind and pro- 
peller at rest; use of moving film. 

(Gates-Day). The New Stand- 
ard, L. E. Neville. Aviation, vol. 25, no. 12, 
Sept. 15, 1928, pp. 864-865, 892, 894, 896, and 
898, 9 figs. open-cockpit sesqui- 
plane powered with 180-hp. Wright Hispano en- 
gine; wing span 45 ft.; maximum speed 115 
m.p.h. plane characterized by its large gap, great 
stagger and tapered wings; fuselage entirely of 
heat-treated duralumin members of standard sec- 
tion riveted or bolted together; V-type landing 
gear has 8-ft. tread; wood wings. 

Spinning Characteristics. The Spinning of 
Airplane, M. Watter. Aero Digest, vol. 13, no. 
5, Nov. 1928, pp. 912, 914, and 916, 2 figs. Spin- 
ning and efforts directed toward explaining it; 
spinning sometimes considered desirable man- 
euver in combat; aerodynamical and dynamical 
causes of spinning; mastery lies in reliable means 
of recovery and not in prevention; increase in 
size of stabilizing and controlling surfaces only 
temporary remedy; possibility of using automatic 
leading edge slots on horizontal tail surfaces; 
rudder action is of utmost importance in spinning 
and efforts should be directed to increase its effi- 
ciency by preventing its shielding; inclination of 
rudder axis suggested. 

Structural - Recent Problems in 
Structural Design of Airplanes (Neuere Festig- 
keitsfragen im Flugzeugbau), K. H. Ruehl. 
V.D.I. Zeit. (Berlin), vol. 72, no. 40, Oct. 6, 1928, 
pp. 1403-1408, 17 figs. Review of recent prog- 
ress, discussing load factors, calculations of vi- 
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brations and air-propeller stresses, statics of me- 
tallic parts, factors of safety, and materials o/ 
construction. 

_ Wings. Measurements of Airfoil Resistance 
in Flight (Profilwiderstandmessungen im Fluge) 
M. Schrenk. V.D.I. Zeit. (Berlin), vol. 72, no 
40, Oct. 6, 1928, p. 1402, 3 figs. Abstract of paper 
“Ueber Profilwiderstands-Messung in luge 
Nach dem Impulsverfahren,”’ published in report 
of German aeronautic experiment station; re- 
sistance of plywood wings of Junkers plane 
treated with various coatings. 

Wings, Movable. The Movable-Wing Bi 
plane, A. Merrill. West. Flying, vol. 3, no. 10), 
Oct. 1928, pp. 49 and 64, 2 figs. Merrill CIT) 
biplane is described by its designer; pitch contro! 
is obtained by altering angle of biplane cellule 
relative to fuselage; opinion expressed that ele 
vator-control ship is properly designed for acro 
batic work but badly designed for safe comme; 
cial flying; absence of stabilizer; fallacy of idea 
that longitudinal stability is dependent on lony 
fuselage and stabilizer; height of tail from 
grouna. 

Wing Design. A New Method of Stress Ca! 
culation of Monoplane Wings, S. Kaneko. Tokyo 
Imperial Univ.— Jl. (Tokyo), vol. 17, no. 12, Oct 
1928, pp. 213-244, 22 figs. General equations 
for deflection and torsion of wing and expressions 
for stresses in its structure; actual strength of 
monoplane wing is widely different from resu|ts 
obtained by conventional method of stress calcu 
lation; it must be calculated from combined con- 
siderations of deflection and torsion of wing as 
whole; problems solved for special cases; com 
parison of numerical results obtained by present 
method and by conventional one. (In English.) 

Stall-Proof. The Merrill Airplane. Science, 
vol. 68, no. 1760, Sept. 21, 1928 (Supp.) p.x. De 
tails of new airplane which differs radically from 
previous models and completely eliminates possi- 
bility of stalling; product of newly organized 
Daniel Guggenheim School of Aeronautics at 
California Inst. of Technology; short stubby tail, 
no stabilizer but large vertical rudder; angle. of 
wings with fuselage controlled by pilot; shorter 
landing space. 

AIRCRAFT 

Ornithopters. Is the Ornithopter Possi!)\c? 
W. O. Manning. Airways (Lond.), vol. 4, no 11, 
July 1928, pp. 397-398, 3 figs. Helicopters, 
Autogiro, and ornithopter are compared with 
airplanes; opinion expressed that exact copies of 
nature are nearly always failures; as no flapping- 
wing machine has ever yet been produced which 
can be compared as to efficiency with airplane. 
conclusion is that man-power flight on former 
type is possible. 

Protective Coatings. Finishing Modern Air- 
craft, R. C. Martin. Chem. and Met. Eng., vol 
35, no. 7, July 1928, pp. 404-405, 3 figs. Two 
distinct types of materials used on wings and 
fuselage of airplanes are known as acetate and 
nitrate dope; word, dope, generally refers to 
combination of cellulose derivative blended with 
common esters and solvents such as acetone and 
benzol; on all-metal plane ultimate type of pro- 
tective coating will = be compounded on 
nitrocellulose base; dopes for gas bags and air 
ships. 

AIRSHIPS 

Rigid. AirshipR. 101. viet (Lond.), vol. 
20, no. 47, Nov. 22, 1928, pp. 997-998. Single- 
line diagrams stressed by Royal Airship Works 
and geometry and load used by Boulton and Paul 
to convert line diagram into actual structure; 
airship is compromise between ect aerody- 
namic shape and practical manufacturing possi- 
bilities; very fundamental differences between 
R. 101 form of construction and that of Zeppelin; 
accuracies to which manufacturers had to work; 
some dimensions show magnitude of task. 

Zeppelin. The ‘Graf Zeppelin.” Aviation, 
vol. 25, no. 17, Oct. 20, 1928, pp. 1261 and 1275- 
1276, 3 figs. New German dirigible is largest 
ever constructed, having overall length of 775 {t. 
and maximum diameter of 100 ft.; hull structure 
described; accommodations for passengers and 
navigating and control cabins are provided in 
main, or forward gondola, which is rigidly at- 
tached to keel framing; radio equipment; five 
specially developed Maybach-Zeppelin 12- 
cylinder water-cooled Vee-type engines, each de- 
veloping 550 hp.; gaseous fuel and fue! |ines 
discussed 
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Preparation of an Airline for Commercial 
Operations 


Selection of Line, Equipment, and Personnel—Operating Divisions—Equipment of Division 
Points—Test Flying of Line—Training of Pilots 
By J. G. RAY,' PHILADELPHIA, PA. 


prepare an airway for operation between the operator, 

Department of Commerce, and the cities along the line. 
For the purpose of this paper it will not be necessary to discuss 
in detail the preparatory work that has to be done by the De- 
partment of Commerce along the airway or by the cities in 
providing suitable terminals. Instead a few of the problems 
encountered by the operating company will be considered. 
However, many of these problems have to be worked out jointly 
with the Department of Commerce or with the cities. 

In the original selection of a line, the determining factor is 
the volume of possible business. This volume is proportional 
to the actual service rendered. A very careful survey should 
be made to determine the amount of this service. 


‘= Air Commerce Act has divided the work necessary to 


PROCEDURE IN SELECTION OF A LINE 


The usual method of procedure is to visit each city that 
is to be a stop on the proposed airline. From the local Chambers 
of Commerce information can be obtained about the general 
business conditions, the various kinds of business transacted, 
and the extent of trade between that city and other cities along 
the line. The postmaster can give the volume of first-class 
mail going to the other cities, which is a good index of trade. 
This information, together with the amount of time actually 
saved over rail connections, will indicate the amount of service. 
Of course, any estimate based on enthusiasm or local patriotism 
is false and cannot be depended upon. 

At the time of original contact with the cities, this local 
enthusiasm should be directed toward the promotion of extra 
traffic. Generally the cities will express a willingness to do 
many things to cooperate with the operator. Often a guarantee 
is suggested. However, guarantees generally do not work out 
advantageously for the operator and should be avoided. Their 
offers of assistance should usually be turned down with the idea 
of saving this desire to be of service until the line is operating 
and there is something that they can do that will be of real value. 

It will be necessary to advise and direct the cities in the 
preparation of their airports. They know very little about what 
they should have, and there will often be a number of vexatious 
local political problems to work out. If any one city wastes 
too much time, the opening of the airline will probably be 
delayed. 

A desirable thing to do as an early preliminary preparation 
is to fly over the proposed line with a camera, making a picture 
every five or ten miles. These obliques will show the general 
terrain and will be of assistance in determining the exact route 
of the airway, as well as be of value to the operations manager 
after operations are begun. 

The determination of the course the airway will take, as well 
a8 the selection of the emergency fields, is attended to by the 
Department of Commerce. Because of the Department’s 
efficiency it is not necessary for the operator to give much time 


‘ Operations Manager, Pitcairn Aviations, Inc. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 


53 


to this work. The route should follow a straight line where 
possible, but should detour around areas of bad flying country 
if this can be done without too great an increase in mileage. 
Also, where possible, main lines of ground transportation should 
be followed. 


SELECTION OF EQUIPMENT AND PERSONNEL 


The selection of equipment is a matter of great importance, 
and possibly operating companies have made more mistakes 
by selecting the wrong type of ship than they have in regard to 
any other detail of this preparation. The selection of the 
equipment should be based on the results of the preliminary 
business survey and should be influenced but little by optimism. 
If the work is carrying mail and the estimated load is 200 lb., 
a 500-lb. capacity is enough to start with. Using a 1000-lb.- 
capacity ship to carry such a small load increases the operating 
costs unnecessarily. This increase is not only in the extra cost 
of the ship and the extra amount of gasoline and oil necessary 
to pull it through the air, for the handling facilities and per- 
sonnel will all be more expensive. 

The flying characteristics of the plane should be considered 
as well as its general adaptability, and if the line is to be flown 
at night a very stable ship should be selected. An airplane today, 
a properly designed airplane, should be able to fly “blind” and to 
right itself from any position to which it might be turned. 
For ‘‘blind”’ flying a pilot needs this inherent stability to supple- 
ment his feel and his instruments. For ordinary good-weather 
flying a pilot should be relieved of the necessity of continually 
operating his controls to maintain balance. 

It has been determined that an airline will need a pilot for 
approximately every hundred miles where a single schedule is 
maintained. If the schedule can be arranged so that every pilot 
can have his own ship, this is very desirable. Every airplane 
feels different, and every set of instruments will function differ- 
ently. After a pilot becomes familiar with a particular plane 
and set of instruments he can do better flying than he can in 
another one. However, where large planes are used it becomes 
very expensive to assign each pilot to his own craft because 
normally the present-day airplane can be flown more miles per 
day than the pilot can stand. 

The size of the operating organization depends upon the 
number of stops to be made along the line, the size of the equip- 
ment to be flown, and, inversely, on the number of ships available 
per hundred miles of airline. If there is very little reserve 
equipment then the regular equipment must be ready to go on 
schedule, and to do this will require a large reserve of personnel 
to take care of the emergencies that will arise. 

If small planes are operated it is cheaper to provide this 
reserve strength in airplanes than in personnel, but as the cost 
of the craft increases it becomes more feasible to carry the 
reserve strength in personnel. 


OpERATING Divisions oF LINE 


An airline should be divided into operating divisions which 
are between 300 and 500 miles long. Two divisions can be 
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grouped under an operating superintendent who will be sta- 
tioned at the connecting terminal. Inspection and maintenance 
work, if possible, should be concentrated at this station. Pilots 
should be changed and, if each pilot has his own craft, planes 
will be changed at this station. 

The other division points are not so important, especially 
if they are the ends of the line. The personnel needed there, if 
small planes are operated, comprises only a field manager and a 
mechanical crew consisting of an expert and an assistant me- 
chanic. The intermediate stops ordinarily require only a field 
manager. At the operating base a much larger personnel will 
be needed. The operations crew will probably consist of two 
expert mechanics with two or three assistants, a parachute 
man, an instrument man, a clerk, and an overhaul crew of 
approximately three men. This will vary, of course, with the 
size and type of planes operated and with the schedule to be 
maintained. If it is a night schedule, a night crew of two or 
three men will be needed. The foregoing estimate is all based 
on a single schedule of operation. 

At the intermediate stops very little fixed equipment is needed. 
A small office of some kind to house the field manager and his 
telephone is all that is required. Servicing of the planes should 
not be necessary at these stops. At the ends of the division 
other than the operating base a hangar is necessary, with a 
certain amount of office space for the field manager and shop 
space for such mechanical work as is done. Gasoline and oil 
storage will be needed, as well as a stock room for supplies. 

At the operating base approximately twice as much storage 
space is needed as at the other two division terminals. The 
shops and office will be much larger. A parachute loft should 
be provided, as well as an instrument room completely equipped 
to test all instruments. The overhaul shop should be very 
complete and should include a stand for testing motors after 
overhaul. An adequate supply of spares should be carried, 
with trucks to haul them to the location of such ships as need 
repairs; or, if necessary, to haul the ‘‘crack-ups” into the operat- 
ing base to be rebuilt. 

The instrument repair room is a very important part of the 
operating base. It should not only be equipped to repair in- 
struments but should have the necessary apparatus for testing 
each type of instrument used against a master instrument that 
is known to be, accurate. Especially should the navigating 
instruments, the bank and turn, and air speed and compass, 
be checked often and kept in perfect condition. The altimeters 
and tachometers should also be tested periodically. 

A most vital part of an airline is its communication system. 
This is provided by the Department of Commerce by its radio 
system. Arrivals and departures must be reported all along 
the line, as well as any delays or troubles causing the schedule 
to vary from normal. Also the Weather Bureau’s information 
regarding weather must be transmitted where and when needed, 
as speed in transmission is a chief essential. Where radio is 
not provided a system of telephone and telegraph transmission 
must be worked out. The telephone is generally used because 


of its speed. 
Test Fiyine 


After the layout of the organization is completed and the 
personnel have been employed, everything should be assembled 
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in its place for test flying. This flying will give a good check-up 
on whether or not the organization is ready to function. During 
this time the pilots will become familiar with their planes and 
with the geography of the country over which they are to fly, 
as well as with the weather they will encounter. The ground 
personnel will beeome familiar with their jobs and the com- 
municating system will be tried out. 

For a daytime run about a month of test flying should be 
completed before regular scheduled operations are attempted. 
For a night run two months of flying is not too much, about six 
weeks of which should be in the daytime and the other two 
weeks at night. This of course will vary on different lines in 
proportion to the natural difficulties that will be encountered. 


TRAINING OF PILoTs 


The pilots’ training is exceptionally important because at 
the present time there is not available a sufficient supply of 
pilots capable of scheduled flying. Those pilots who are quali- 
fied are already employed, and it is necessary to fill one’s organi- 
zation with new men and train them for their jobs. A pilot 
should have something like a thousand hours of experience to 
begin with. Then he should fly the type of plane to be operated 
enough to become thoroughly familiar with its feel. He should 
practice “blind” flying with instruments for many hours when 
there is a ceiling several thousand feet from the ground until 
he is capable of flying “blind” indefinitely and of navigating 
a course while so flying. He should become familiar with thie 
geography of his course, not only along the route itself but for 
from twenty-five or thirty miles on each side of his course. 
He should also familiarize himself with all of the emergency fiel is 
by landing on them and taxiing around over them several times. 

The qualification in which the average available pilot is 
most deficient is his ability to judge weather and read weather 
maps. He should know about what changes to expect during 
the time he is in the air between stations, and if a storm area is 
encountered he should know which way this area is probally 
moving and how best to get around it. In case he should 
get caught above a very low ceiling, he should know which part 
of the country within his cruising radius will be most likely 
to have better weather. 

This training is very hard to give pilots, and is generally 
obtained by their maintaining a very close liaison with the 
weather men along the lirie. 

Schedules have to be worked out to meet the needs of each 
line, and are arrived at by considering the fastest schedule 
time possible with the type of plane used in relation to the service 
to be rendered. The scheduled airspeed should generally 
not be faster than 80 per cent of the maximum speed. Very 
often it is desirable to have a much faster schedule on the first 
part of the run than on the latter part in order to allow the plane 
to run ahead of what would normally be its schedule. 

As with everything else, the problems of preparing an airline 
for operation are becoming more complicated as time goes on. 
In the very near future radio will have to be provided as an 
additional aid. It will be one more thing that must be provided 
for, and one more thing that the pilots will have to learn how 
to use. However, these additional aids will make scheduled 
operations much easier after the preliminary preparations are 
completed. 
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Technical Development of the Reed Metal 
Propeller 


By 8. ALBERT REED,' NEW YORK, N. Y. 


HE Reed propeller is an aircraft propeller with solid, thin, 
‘i almost knifelike blades of forged or rolled duralumin or 

other aluminum alloys of similar type, which, as is well 
known, has about the same lightness as aluminum and the 
strength of mild steel. 


DEVELOPMENT OF THE METAL PROPELLER 


With the exception of an English propeller, which has hollow 
blades with overlapping steel sheets, and which is much used 
abroad, propellers of the Reed type are the only metal ones in 
general use, all others being made of laminated wooden boards 
glued together and carved into shape. There are also some 
Micarta propellers in successful use in the United States. 

Propellers with blades of the Reed type, usually in a single 
piece, have been made in the United States since 1921 by the 
author and his licensee, the Curtiss Aeroplane and Motor Co., 
Inc., also since 1923 propellers of the same type have been made 
by two other manufacturers in a style having detachable blades 
anchored in a steel hub. 

The effective part of a propeller is the outer four-fifths of blade 
length, the inner one-fifth having only a minor share in the 
performance, and this central part is often covered by a cone or 
spinner. Therefore, as the blades of all the three makers above 
named are essentially the same in the outer four-fifths of blade 
radius, they may be technically bracketed as the representatives 
of this new type, and as such will be so considered in this paper. 

Since 1923, Reed propellers have been made by five aircraft 
and metal concerns in Europe, where also the detachable-blade 
style is beginning to be used. 

In the United States this type of propeller, in both styles, has 
almost entirely displaced the wooden type, and abroad it is stead- 
ily making progress in that direction, in spite of the fact that the 
cost is several times greater than that of the wooden propeller. 
At this date there are probably more than 7000 propellers of this 
type in service; many have been flown more than 1000 hours and 
some more than 1500 hours. All the straight speed records since 
1923 have been won by planes using propellers of this type, and 
many of the famous planes used in long-distance and transatlantic 
flights have been equipped with them. 

The propellers used by the Wright Brothers in 1909 were of 
wood. In 1910 the favorite propellers were those used by Blériot 
and Voisin, made of sheets of metal riveted to, steel stems radiat- 
ing from a steel hub. In 1912, however, the wooden propeller 
came in and these early metal propellers disappeared, so that no 
other metal propellers were found in regular service again until 
1921 and 1922, when the Reed type and the English steel type 
previously mentioned appeared. The advantage of metal over 
wood was obvious, and many unsuccessful attempts at metal pro- 
pellers were made. Thrust-loads which propeller blades were 
called upon to sustain had increased from about 50 to 500 Ib. per 
blade, so that the Blériot type was out of the question. On 
August 30, 1921, the first full-scale Reed propeller was flown with 
complete success at Curtiss Field by Casey Jones. The first 
flight of the detachable-blade style of this type was in June, 1923. 

The outstanding achievement was not merely the substitution 


' The Reed Propeller Company. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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of metal for wood, but a substantial improvement in aerodynamic 
efficiency. The problem was to make a propeller with blades 
with thin sections which would not change their pitch, either 
permanently or in the character of oscillatory change or flutter, 
and this was worked out in 1920 after several years of experi- 
ments with models. 

For engineers not familiar with aircraft data the following 
elementary figures are given. 


Tue PROPELLER AND ITs FUNCTION 


The purpose of an aircraft propeller is to pull or push the air- 
craft through the air; in the first case it is a tractor, in the second 
a pusher. Most modern propellers are tractors, but a consider- 
able number of modern seaplanes use pushers. 

Airplane propellers are generally from 8 to 10 ft. in diameter, 
although still greater diameters are now being used and occasion- 
ally some less than 8 ft. They are usually designed to run at 
speeds from 1500 to 2400 r.p.m. (25 to 40 r.p.s.). Blade weight 
from, say, one-fifth radius to tip of blade is from 15 to 30 lb., and 
the entire propeller weighs from 35 to 90 lb. A 10-ft. propeller 
at 1800 r.p.m. has a tip speed of about 1000 ft. per sec., a mid- 
blade speed of 500 ft. per sec., and a speed at one-fifth radius of 
200 ft. per sec. A tip speed of 950 ft. per sec. is considered high, 
except for straight speed racers, which fly at upward of 300 miles 
per hr., with propeller tip speeds up to 1200 ft. per sec., i.e., above 
the velocity of sound. Ordinary cruising speeds are 100 to 150 
miles per hr., and fast-flying planes make 150 to 200 miles per hr. 

The centrifugal force of each blade of a 10-ft. propeller at 1800 
r.p.m. is roughly about 15 tons at the hub. The thrust or pull of 
such a propeller driven by a 400-hp. engine is about 1000 lb. 
(i.e., 500 lb. for each blade). On account of the inherent rigidity, 
together with the restoring component of centrifugal force, the 
forward tip deflection in flight, due to thrust, is usually less 
than one inch, either with a wood or a metal propeller. 

The distribution of useful thrust in a blade is such that most 
of the thrust is delivered by the outer three-fifths of blade length. 
The blade at one-fifth radius does less than 5 per cent, mainly 
because of its slow peripheral speed. In other words, the por- 
peller consists essentially of the blades beyond one-fifth of the 
radius, and therefore the central or hub portion may be varied in 
many ways, provided it has the necessary strength and stiffness. 
The pitch of the propeller is the advance in the direction of flight 
for one revolution, plus a figure calculated to give every element 
of the blade an angle of incidence or attack of about 2 deg. The 
angles to the plane of rotation at each part of the blade for a 
certain pitch decrease of course for each increase in radius of the 
part considered. 

The efficiency of a propeller is the relation of the amount of 
thrust or pull which it delivers to the impressed horsepower. 
This is figured by considering that a thrust of 100 per cent is that 
which would be due to a propeller operating like a frictionless 
screw in a nut, with no slip, and this obviously would be 


Hp. X 33,000 
Flight speed in ft. per min. 


Therefore, for 120 miles per hr. and 400 hp. the thrust at 100 
per cent efficiency would be 1250 lb. If the actual thrust is 1000 
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lb. the efficiency is 80 per cent. Actual efficiencies are from 75 to 
89 per cent. 

The thinness of the Reed type blade will vary with the intended 
duty of the propeller, but a typical case will be a thickness of 
about three-quarters of an inch at one-fifth blade radius tapering 
to '/s in. thickness at the tip. 

The aerodynamics of a propeller are based upon the blade- 
element formula of Dzrwiecki, in which the blade is divided from 
root to tip into short elements and each is regarded as a wing. 
This introduces the aerodynamics of wings, based upon the relative 
lift properties of airfoils or wing cross-sections of various shapes 
at various angles of incidence or attack. These have been thor- 
oughly investigated and standardized and the lift and drag co- 
efficients have been tabulated for reference. 

Aircraft engines are expected to be run on open throttle in 
level flight at sea level, and are then expected to develop their 
rated horsepower at a stated number of revolutions per minute. 
The propeller is relied upon to hold down the engine to this speed 
under the designated conditions. 

Designers of airchaft figure on a certain flight speed, with a 
certain weight, and provide an engine of a certain horsepower. 
They also determine the maximum permissible weight for the 
propeller and the maximum permissible diameter to assure proper 
clearance above the ground or above the floats of a seaplane. 
Therefore, the propeller designer has given to him five factors— 
horsepower, flight speed, propeller speed, maximum weight, and 
maximum diameter. It may also be necesary for him to con- 
sider the varying elements incident to take-off, climb, and alti- 
tude flight. 

The normal propeller has two blades. When three- and four- 
blade propellers are used it is usually because, figuring on the 
five factors given to him, the designer cannot provide a propeller 
which will absorb the engine power with two blades without 
exceeding the permitted diameter, or giving to the blades an 
unfavorable aspect ratio, i.e., ratio of width to length. 

Propellers are usually directly driven, but in some cases re- 
duction gears are used to allow a higher speed to the engine than 
is thought best for the propeller. 

An increase in propeller efficiency may be utilized to gain (a) 
flight speed, or (6) lifting qualities to permit increase of weight, 
or (c) fuel economy, or combinations of the three. Suppose 
a propeller of 82 per cent efficiency replaces one of 75 per cent 
efficiency on the same plane. Then, broadly speaking, if the 
only gain desired is to gain flight speed the designer will merely 
increase the pitch of the blades. If the only gain desired is to 
improve lifting qualities, no change is made. If the only gain 
desired is in full economy, no change is made, but the engine 
will maintain the desired flight speed while running on less than 
full throttle. 

The advantage of the Reed type over the wooden propeller 
is obviously its superior endurance and its ability to bend instead 
of break in bad landings. There is no gain in lightness, but 
a very material gain in efficiency, estimated at from 2 to 15 per 
cent. Previously an efficiency of 75 per cent was considered 
good. The new type gives from 75 to 89 per cent. 

This brings us now to the interesting feature of the develop- 
ment of the metal propeller. What aerodynamically unexplored 
field existed in 1921 which was invaded by this new type of 
blade? 


DEVELOPMENT OF THE METAL PROPELLER 


The retarded development of propellers up to 1921 was due 
to overlooking the advantage of thinner sections in those parts 
of the blade where the peripheral speeds exceeded about 600 ft. 
per sec., and overlooking also the fact that duralumin, although 
known and used for ten years past, provided just the combination 


of physical properties needed to make a solid thin blade prac- 
ticable. 

Tables for lift and drag of various airfoils had long since shown 
a superiority of low camber ratios at most angles of attack, but 
the literature of the art nowhere indicates the development of 
this element of superiority as a prime object. But what most 
attracted the author’s attention and induced him to direct re- 
searches to this unappreciated feature was the conviction, on 
investigation of the experimental bases of these tabulations 
of airfoil qualities, that too much had been taken for granted 
in scaling up. It was found that while the actual peripheral 
speeds of the parts of blades giving at least 50 per cent of the 
thrust were from 600 to 950 ft. per sec., no reliable airfoil de- 
terminations had ever been made at speeds greater than 250 ft. 
per sec. Furthermore, although very complete propeller re- 
searches had been conducted in wind tunnels with 3-ft. models, 
none had ever exceeded a tip speed of 250 ft. persec. Finally, 
these model tests had never undertaken to try camber ratios 
below those customary in wooden propellers, where the lowest 
camber ratio was mainly about 0.08. Various considerations 
induced the author to doubt the conclusiveness of these ex- 
perimental data when scaled up to actual peripheral speed. 
Foremost was experience with high-speed rotation in a problem 
in sound which had been under his investigation for some time 
previous and where the impression was formed that smooth 
flow of air around a fair-shaped moving object fell off rapidly 
above a speed of 700 ft. per sec., and air compression rapidly 
became the prominent phenomenon. An interesting analogy 
was found in the various government experiments made on 
moving projectiles, and especially also in the classic work of 
Mach and Boys, who visualized and photographed the spreading 
compression wave generated by a bullet in flight as one which 
spread in all directions at the velocity of sound, irrespective of 
the velocity of the bullet. 

This does not mean that the aim was to copy the bullet sections 
in blade sections. However, it showed that data of air flow de- 
termined at 250 ft. per sec. could not be directly scaled up to 
950 ft. per sec., and that the reaction at 950 ft. per sec. was of a 
different type than that at 250 ft. per sec., not merely in degree 
but also in character. 

A striking illustration of this is shown when one explodes a 
charge of gunpowder on the open face of a rock. There is a 
flash, but the rock is not fractured. If instead of gunpowder one 
uses nitroglycerin, the rock is shattered; the air acts as a solid 
tamping to the high-velocity explosion but not the low-velocity 
explosion. 

The author has been quoted as claiming higher efficiencies for 
the superspeed propeller blade. This is an error. What he has 
said is that there need be no important depreciation in efficiency 
at superspeeds provided one uses the correct type of blade. 

Racing propellers of the Reed type demonstrated a gain in 
efficiency, but it was soon evident that if the new type of blade 
were to be introduced only in the field of superspeeds it might be 
used on a few racers, but it would have a limited general applica- 
tion. However, a material gain in efficiency was also obtained 
at blade speeds of from 500 to 950 ft. per sec. and justified the 
development of a propeller for ordinary speeds, one in which 
there was a gain of 2 to 5 per cent in efficiency. 

It is, however, the true superspeed propeller of the Reed type 
which will afford the most attractive field for further research. 
Encouragement to this idea is given by the latest and most re- 
markable speed demonstration ever made, that of di Bernardi’ 
3-kilometer world’s record at Venice in March, 1927, at 318 miles 
per hr. A few months ago it was hoped by several aspirants 
here and abroad that 300 miles per hr. might be reached and per- 
haps exceeded, but the famous Italian pilot suddenly shot up te 
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over 318 miles per hr. This flight was made on direct drive with 
a Reed propeller made in the United States by the Curtiss 
Company and remodeled in February last on a design by the 
Italian engineer Castoldi. 

Early in 1921, while the author was making the last of a series 
of researches with models, a 90-hp. OX engine was geared up to 
1 to 4 and a 4ft. propeller was used with a wind stream from 
another propeller in front (Fig. 1). The figures were probably 
within a 5 per cent margin of error, and this propeller model 
reached a tip speed of 1500 ft. per sec. and gave a thrust of 180 
lb. with about 100 hp. The principal working part of this 
propeller had a width tapering from 1 in. to 1/2 in. at the tip, 
and a thickness from '/, in. to '/2x in. and with sharp edges, 
and yet this very slender blade delivered a 90-Ib. thrust with only 
a slight forward deflection. Of course centrifugal force was the 
main factor in holding the blade up to its work, but the inherent 
rigidity of the metal was the only thing which maintained the pitch 
angles constant. This appears to be the only experiment on 
record giving quantitative data at these speeds with really thin 
sections. 

Noted engineers now on propeller research indicate, however, a 
growing appreciation of undeveloped factors in this field. Refer- 
ence is especially made to the following papers and reports: 

For the National Advisory Committee for Aeronautics (United 
States): Wieck, Technical Notes 235 and 244. Jacobs, Tech- 
nical Notes 259. Briggs, Hull, and Dryden, at Lynn, in 1925 
made preliminary tests with a high-velocity air stream from an 
air compressor, but did not use the thin section of the Reed type 
of metal propeller. 

Zahm, for the United States Navy, Report No. 247. 

Ackeret, at Goettingen, 1925. See N.A.C.A. translation. 

The fundamental formula for dynamic similitude was given in 
N.A.C.A. report No. 14 by Dr. Durand, as follows: 


in which 
U = velocity of sound in the medium 
u = viscosity of medium 
A = density of medium 


A’ = density of blade material 

T = force (thrust) 

D = diameter 

N = revolutions 

¢ = function 

E = coefficient of elasticity of blade material 
V = velocity of advance. 


In the practical development of the blades of the Reed pro- 
peller the cross-sections were made of the minimum camber ratio 
which would afford torsional stability of pitch against angle 
change or flutter. With duralumin these sections always re- 
sulted in unit stresses having a very large margin of safety 
against fracture stresses. Stress analyses usually show not over 
one-tenth of the breaking strength, one-seventh of the elastic 
limit, and one-half of the fatigue limit. The blade outline or 
plan form which was arrived at early in 1922 is shown in Fig. 2, 
which shows a propeller designed and sent to England, where it 
Successfully passed the ground and flight tests of the British Air 
Ministry. This general blade plan is now practically standard- 
wed for all styles of Reed propeller blades. Therefore, the line 
of technical development for six years past has been concerned 
mainly with central and hub details and with production methods. 


Types or ReEep METAL PROPELLERS 
The first style was type D, Fig. 3, which has gone into extensive 
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use here and abroad, but in the United States is now being super- 
seded by type R, Fig. 4. The advantage of type D in the early 


stages was very great for rapid and cheap production of a variety 
of specifications. In the first place, it replaced the wooden pro- 


Figs. 2, 3, 4, anv 5 
(Reading from top to bottom: Fig. 2—A 9-Ft. 5'/2In. Metal Propeller 


Made Early in 1922. Fig. 3—Type D Metal Propeller. Fig. 4—Type R 
Propeller Now Standardized in the United States. Fig. 5—Type A Metal 
Propeller, Just Coming into Use.) 


peller on the same steel hub, so that the cost of the steel hub and 
all problems of fitting to the engine were removed. Second, the 
propeller was made from ordinary rolled plates */, to 1 in. thick, 
which could be bought in the open market and then cut and 
twisted and shaped to the many and different designs called for; 
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therefore no expensive dies were needed. Third, all the work 
was done cold, and the heat-treating was done on the nearly 


finished propeller by the manufacturer of the material. 


But it was intended that the simple type D should be only 


Fic. 6 Now 1n Propuction 


Fic. 7 Four-Biape AWAITING TEST 


provisional, and that as soon as possible it should be superseded 
by type A, Fig. 5, in which the main advantage was avoiding the 
circle of bolt holes, which might weaken the propeller at its 
most heavily stressed part, unless the designer supplied at that 
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region an ample surplus of cross-section to compensate for thsse 
holes. Type A, however, is only now beginning to come into 
use. This is largely due to the fact that from the earliest time 
in development it was the intention to make a single-piece pro- 
peller like type R, Fig. 4. This was introduced in 1926 and has 
made type A less important, though the latter has doubtless a 
future as it eliminates all the uncertainties of the die forging 
necessary in type R. 

Type A has also been further improved by making the central 
twist, while hot, between twisting dies, which need not be ex- 
pensive as in the case of forming dies. Even type A has five 
parts, whereas type R is in a single piece. The detachable- 
blade style now most in use has 14 parts. The author has always 


Fic. 8 Type K Tanpem DuraALuMIN PROPELLER 


Fic. 9 DeTACHABLE-BLADE PROPELLER ANCHORED IN STEEL 


Fic. 10 DetracHasLe-BLaDE PROPELLER WITH INTERHOOKED 
CONNECTIONS AND CHANGEABLE PitTcH 


felt that the single-piece style will in the long run be found supe- 
rior to any style with multiple parts. 

Three-blade and four-blade propellers are in demand for special 
cases, and examples of each are shown in Figs. 6 and 7. The 
three-blade propeller has passed the Government whirling test and 
is now in production. 

Type K (tandem) is shown in Fig. 8 and is particularly inter 
esting theoretically and may be of considerable practical im- 
portance. Wind-tunnel tests and trial flights on a Wright 
Whirlwind 200-hp. engine have shown it to have performance 
equivalent to that of the usual four-blade propeller with crossed 
blades. Anticipated blade interference seems not to occur, 8 
though the interspace is only 4 in. The Reed propeller has als 
been flown as a four-blade propeller by crossing two blades, and 
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there has recently been constructed a different type with four 
blades, shown in Fig. 7, which is a photograph of a model made 
in 1922. This plan affords some advantages in construction and 
perhaps in performance. 

The detachable-blade propeller previously referred to and 
shown in Fig. 9, and which has come into extensive use, was de- 
signed by the engineers of the U. S. Army Air Corps at McCook 
Field. The blades have cylindrical roots anchored in a split- 
steel hub. For resistance to 10 to 20 tons of centrifugal force it 
depends upon flanges machined on the blade roots. 

In 1922 and 1923 the author constructed a detachable-blade 
propeller shown in Fig. 10. This was flown with success on a 
JN plane with OX5 engine. The blades are directly connected 
by interhooked extensions, and there also is provision for changing 
the pitch. 


MATERIALS OF CONSTRUCTION 


The material used so far has been of the duralumin type. In 
1925 a propeller was made of magnesium alloy which passed the 
Government whirling test at McCook Field and went into flying 
service at Coney Island in constant passenger-carrying use for 
several months. This is the only magnesium-alloy propeller ever 
in practical service, so far as the author knows. 

The aluminum alloys used for Reed propellers are the following: 
Baush duralumin; Vickers duralumin; Diiren duralumin; Alum- 
inum Company of America, 25 8; Schneider & Co. (France), 
Alferium; and Metallbank und M.G. (Germany), Aeron. 

These alloys have different formulas for heat treatment and 
aging, but all have given satisfactory results in many propellers 
for long periods. Where the propellers have to undergo a twisting 
or distorting process while cold, this must be done while in the 
annealed condition and afterward heat-treated or aged. Die- 
forging methods require hot metal. But even in the finished 
condition, heat-treated or aged, the duralumin-type metal will 
stand considerable distortion to a new set without serious injury, 
and may also while in that condition be hammered to modify its 
form. Hundreds of Reed propellers which have been bent and 
distorted in bad landings have been restored to serviceable form. 
If the distortion is considerable, the propeller or its blades are 
annealed before straightening and are afterwards again heat- 
treated or aged. 

Several of the propellers which were made in 1922 before pro- 
duction methods were perfected were made from rolled plates of 
duralumin which, while in the annealed condition, were hammered 
out cold, tapering in thinness toward the blade tips, with a gain 
in length of 6to Sin. They were then formed, twisted, and heat- 
treated. At least three of these propellers have been in constant 
service ever since and appear to be perfectly good. 

The subject of metallurgical inspection of material has been 
seriously taken up in the last two years by manufacturers, 
under Government specifications, and all U. S. Army and 
Navy propellers of aluminum alloy are now periodically rein- 
spected. The author's personal view, not shared by some good 
authorities, is that with the very large excess section provided by 
good design at every point of the blade, longitudinal streaks may 
be safely overlooked and that it is only transverse faults which 
are of importance. Serious metallurgical deficiencies are less 
likely to occur than faults due to injury during the fabrication or 
to some carelessness in the heat-treating or aging. The failures in 
‘flight of all styles of this type have been a minute percentage of 
the total number in service, and all of these have been at or near 
the hub, and all with propellers of earlier design, which has since 
been improved. 

The fatigue limit is usually given by the manufacturers of the 
alloy at about 15,000 Ib. per sq. in. but propeller manufacturers 
use the figure about 10,000 Ib. per sq. in., and usually try to avoid 
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unit stresses over 5000 lb., thus affording a 50 per cent safety mar- 
gin for uncertainties of quality or of internal integrity. Therefore, 
single-piece propellers of present design should have unlimited 
life, even under considerable vibration. With detachable blades, 
so much depends upon the root anchorage that one cannof speak 
so confidently. Flange stresses involve calculations in which are 
some factors of uncertainty, and the workmanship must be 
exact in order to avoid dangerous concentration of load. 

In 1925 the propeller branch of the Engineering Division of 
U.S. Army Air Service for the Armament Section made tests on a 
Curtiss-Reed aluminum-alloy propeller, shot with 30-caliber 
machine-gun bullets. These tests are embodied in Report DWT 
708, and were made to determine the seriousness of the damage 


caused by a certain number of perforations. The report states 


Fig. 11 Test on ALUMINUM-ALLOY BLADE WITH NINE 30-CALIBER 


Macuine-Gun HoLes 


that in the condition shown in Fig. 11, with a line of nine shot 
holes across the blade, the propeller stood without failure a test 
of about 2'/, min. at an engine speed of 2400 r.p.m. and with an 
input of 1112 hp. The reduction of section by the holes is about 
80 per cent, which shows the very large margin of safety in the 
original blade. 

As an indication of the confidence in present designs of Reed 
propellers in the matter of endurance and safety, the Curtiss 
Aeroplane and Motor Company, Inc., has recently circularized 
a written guarantee of 1000 hours of service for Curtiss-Reed 
propellers. 

Stress analyses of Reed propellers, and others of that type of 
blade, as well as of wooden propellers, are based upon the blade- 
element theory, and in the United States the elements are taken 
at 6 in. radial intervals. The thrust and torque stresses are 
figured for each element, and integrated for the cumulative stress 
at any section of the blade, in order to get the bending moments, 
which are of course at maximum at the hub. The centrifugal- 
force stress for each element is then figured. In this calculation 
the weight of each element is taken from its dimensions, allowing 
about '/io lb. per cu. in. for duralumin. The peripheral velocity 
is figured from the number of revolutions and the radius of the 
element measured from the propeller axis, and the centrifugal 
stresses for each element are integrated for the centrifugal stress 
at any scetion. As previously stated, the cumulative centrifugal 
force at the hub for an ordinary propeller is from 10 to 30 tons. 
As the wooden propeller weighs only about 10 per cent less, the 
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TABLE 1 STRESS CALCULATIONS FOR PROPELLER Ex-33079 (SEE FIG. 12) 
(Horsepower, 425; miles per hour, 163; revolutions per minute, 1950) 
Station 6 12 18 24 30 36 42 48 51 
Blade angle... ... 90.0 68.6 51.9 40.4 32.5 27.0 23.0 20.0 17.7 16.7 
Thickness... ... 5.5 2.49 1.41 1.14 0.91 0.756 0.603 0.45 0.30 0.22 
Effective pitch... . dmaieaes warwae 49.5 38.0 30.4 25.1 21.3 18.5 16.3 15,4 
lee 6.87 6.92 7.32 7.82 8.00 7.74 6.98 5.76 4.12 3.04 
Angle of attack... ...... she 2.4 2.4 2.1 1 ey 1.6 4 1.3 
0.465 0.370 0.300 0.255 0.225 0.200 0.185 0.180 
Work absortred'. . eee pie oxidant 5900 8700 11,870 14,600 16,900 17,000 14,650 5920 
Efficiency... .. . re eer 0.874 0.890 0. 75 0.854 0.836 0.813 0.806 
5160 7740 10,500 12,780 14,450 14,200 11,900 4770 
26.4 39. 53. 65 74.4 72 61.0 24.5 
35.4 34.8 35.6 35.0 33.8 29.2 21.9 8.35 
Thrust moment.... 14,282 11,728 9220 6886 4778 3016 1654 712 192 62.0 
Torque moment. . 6990 5475 4085 2905 1923 1166 614 260 68 22 
Mi/Mg........ 2.045 2.14 2.26 2.37 2.485 59 2.69 2.74 2.82 2.82 
Angle Mr........ 64.0 65.0 66.2 67.1 68.1 68.9 69.6 70 70.5 70.5 
SS Seer 0.898 0.906 0.915 0.921 0.9 933 0.937 0.939 0.942 0.942 
Meicéckes-s2-s Se 12,950 10,100 7475 50 3230 1765 738 204 66 
Angle Mr (blade). 46.4 61.9 72.5 79.4 87.4 90.0 88 87.2 
Sin Mr (blade). —.......... 0.724 0.882 0.9537 0.9829 0.9947 0.999 1.000 0.999 0.9988 
Normal moment.. 7130 2 750 758 202 
RRS EE err 5.03 0.96 0.548 0.283 0.161 0.080 0.0248 0.0051 0.00156 
PORES SS ae 1.04 0.587 0.474 378 0.314 0.251 0.187 0.125 0.0915 
Sp=bending stress ...... 1940 5450 6160 760 6260 5490 5710 3870 
yi eae 15.0 14.30 7.75 6.48 5.3 4.06 2.80 .68 0.43 
PY Aree 0 85.8 93.0 117.0 127 122 101 70.6 39.9 20.7 
f ARdr.. 4623 4283 3759 3119 2393 1651 988 479 151 50 
og, 0.101/386 X (2" X 32.5)? = 10.9 
Cent. force....... 50,400 46,600 40,900 33,950 26,100 18,000 10,880 5220 1650 545 
Stress (C. F.)... 3360 3260 5280 5240 4940 4440 3880 3110 1990 1270 
a eee ee 5200 10,730 11,400 11,700 10,700 9370 8820 6940 5140 


! Work delivered = Elemental efficiency X work absorbed 


Horsepower absorbed = = 347 


Thrust and torque correction factor = sa = 1.225 


centrifugal-force stresses for a wooden propeller are about on the 
same order. 

Fig. 12 is reproduced from a drawing of a Curtiss-Reed type R 
propeller made in 1927 for U. 8S. Government service, and the 
official stress analysis for this propeller is given in Table 1. 

A wind-tunnel test was made by the National Advisory Com- 
mittee for Aeronautics, at the Aeronautical Laboratory at Stan- 
ford University, of a 3-ft. model of the Curtiss-Reed propeller type 
R, which was used on the winning plane in the Pulitzer Cup Race 
of 1925, flying 100 miles at 248.99 miles per hr. The efficiency 
was found to be 87.3 per cent, and a chart of the test is shown 
in Fig. 13. 

Mernops OF MANUFACTURE 

In the manufacture of metal propellers the detachable-blade 
style is made by stamping out the hot aluminum alloy between 
steel dies to the final shape, leaving only a little machining to be 
done principally on the blade roots. The hub is of steel and is 
split in halves, with a ring clamp. 
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Caart or Winv-TUNNEL Test on 3-Fr. Move. or Type R 


PROPELLER 


Fie. 14 Hanp-OperaTep Fietp MACHINE FoR CHANGING PiTCH 


The single-piece propellers of type R, made for the Curtiss 
Aeroplane and Motor Company, Inc., are stamped from the hot 
metal between steel dies, which, however, at present include only 
the hub portion and about one-quarter of the length of each blade, 
the remaining portions of the blades being left in the form of rough, 
flat slabs hammered out to a taper in thickness. At the propeller 
factory these blades are then sawed and machined into shape, 
and while in the annealed condition are twisted cold to the de- 
sired pitch angles, and are then heat-treated or aged. The 
twisting machine is on the same principle as that shown in Fig. 14, 
but is operated by a 2-hp. motor. The machine in Fig. 14 is a 
hand-operated field machine for changing pitch. 

U. S. Government tests of propellers are made at Dayton, 
Ohio, formerly on the whirling stand at McCook Field, but since 
a recent date, at Wright Field. For metal propellers the test 
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requires 10 hours of whirling at 100 per cent overload. After 
the tests the propellers are carefully remeasured to see if changes 
have occurred or defects developed. An official report with 
photographs is then issued under the denomination D.W.T., 
and large number of those are on file. 

A very live question now before propeller designers is that of 
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“body interference,” especially relating to the radial air-cooled 
engine which offers a larger frontal area than the V type. 
Another live question is that of overlap of blades, occurring 
in tri-motor planes, where the engines are rather closely spaced. 
The question of direct drive compared to geared drive is an 
old one, dating as far back as 1916, but is still a subject of debate. 
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Modern Airports and Airport Planning 


Early Landing Gear and Methods of Launching Planes—Development of Present Methods— 
Airport Development—Landing Surfaces—Drainage—Possible Future Launching 
Methods—Terminal Facilities—Illumination 


By B. RUSSELL SHAW,! ST. LOUIS, MO. 


for proper air terminals. In the early days of flying 

in this country, airplanes were launched by means 
of a catapult comprising a rail which was laid into what little 
wind was blowing, and the airplane was placed upon a small 
monorail car consisting of a horizontal timber supported on two 
double-flanged wheels resting upon the track. The skids of the 
plane were supported on each end of the horizontal timber. 
At the rear end of the track, at the starting point, was erected 
a tower with a pulley at the top. A rope extended from the 
plane to the forward end of the track, around a pulley at that 
point, back under the plane, and through pulleys to the top of 
the tower. At this point it passed over another pulley and 
carried a very heavy weight. The airplane itself was held fast 
to the rear end of the track by two pieces of piano wire. After 
the engine was started and warmed up, the pilot released a catch, 
and the plane was pulled forward along the monorail, and took 
the air just before the end of the track was reached. In order to 
keep the plane balanced laterally before flying speed was obtained, 
an assistant would run alongside, holding on to one wing tip 
until sufficient speed was attained for the pilot to balance the 
plane by warping the wings. As these early planes were not 
equipped with wheels, landings were made in a very short space, 
the plane coming down on the skids, which acted as brakes, and 
which therefore slowed the plane up very quickly. 

A little later on the dropping weight was abandoned, although 
the monorail was still used. Following that, wheels were placed 
on each side of the skids with very flexible rubber shock ab- 
sorbers so arranged as to allow the skids to scrape along the 
ground upon the first impact of landing. At the time of this 
later development, other planes were being built with wheel 
landing gears. With the addition of wheels to an airplane, there 
automatically came the increase in length of run necessary for 
landings and take-offs. In the early planes of the Curtiss type, 
having two wheels in the rear of the center of gravity and one 
considerably forward of this point, a steel-hook brake was added 
between the rear wheels, and this was dug into the ground upon 
landing to slow up the plane. 

The Blériot monoplane, which was really one of our first trac- 
tors, was equipped with two caster wheels, slightly forward of 
the center of gravity, and a third wheel mounted under the 
fuselage, just ahead of the horizontal stabilizer. It was im- 
possible to add brakes to this plane because of the position of the 
two forward wheels with relation to the center of gravity. If 
friction was applied to the wheels, the plane would somersault 
forward. The next step was to remove the rear wheel and re- 
place it with a skid constructed of two loops of rattan with sheet- 
iron shoes underneath. This slowed down the plane upon 
landing. From that time until recently the tail skids gradually 
changed, particularly on the smaller planes, until they formed 
& knife edge, or drag, and at the same time the front wheels 
were moved forward with increases in horsepower, thus adding 


' Aeronautic Construction Engineer. 
‘ Contributed by the Aeronautic Division and presented at the 
Summer Meeting, St. Paul-Minneapolis, Minn., August 27 to 30, 
1928, of Tue American Society oF MECHANICAL ENGINEERS. 


Wie the coming of air transportation, a need developed 
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additional weight at the tail when resting on the ground and, 
consequently, increasing the braking effect of the tail skid. 
This has been very detrimental to the surface of flying fields, 
particularly in wet weather, and the present trend is to place 
brakes on the two front wheels and replace the tail skid with a 
third wheel. 

The foregoing is for the purpose of enlightenment as to the de- 
velopment of the landing gear of an airplane, for primarily an 
airport is an area of sufficient size with suitable surroundings 
and equipment to provide the proper facilities for taking off and 
landing airplanes under all weather conditions. 


AIRPORT DEVELOPMENT 


As airplanes have increased in size and in load-carrying ability, 
so has it been necessary to increase the size of the airports to 
accommodate them. At this point it is well to differentiate 
between commercial air transportation and military aviation. 
The difference with which we are concerned with respect to com- 
mercial airports is that a military airplane sacrifices load-carrying 
ability for certain other military necessities, such as climb, 
maneuverability, and speed. In other words, the military 
craft is not financially concerned with the amount of pay load it 
can carry per horsepower. On the other hand, a commercial 
airplane is very much concerned with the amount of pay load it 
can carry per horsepower. The result is that military planes 
are designed to carry less load per horsepower than commercial 
aircraft. It therefore stands that military craft do not need 
as much space for take-off because of their surplus horsepower, 
whereas a commercial plane, having very little surplus horse- 
power, necessarily requires a greater take-off distance. 

In discussing airports the commercial problems will entirely 
be kept in mind. If these are solved the operation of military 
craft from these airports in times of war is automatically 
covered. 

Commercial airline operation requires that each plane carry 
its full capacity load under any and all weather and field con- 
ditions. This is greatly different from the commercial operation 
of small planes carrying passengers on short hops. 

In the operation of a commercial airline, if a plane will carry 
fourteen pay passengers and the seats are sold for this number of 
passengers, the airport from which the airplane operates must 
be of sufficient size and have the proper surface to allow the plane 
to take off safely with its entire load. On the other hand, the 
operator of a small plane may reduce his load, particularly on 
short flights, without inconveniencing passengers; provided it 
is necessary to do this because of improper field and weather 
conditions. Experience shows that a commercial airplane which 
may normally require 1000 or 1500 ft. for take-off, may at times 
require two or even three times this length of run under ab- 
normal conditions, such as hot, muggy weather when the atmos- 
pheric density is reduced. Also, the field may be soft, or in the 
wintertime when other conditions may be good the frost may 
be coming out of the ground or the field may be covered with 
snow. In any of these events the airport must be of sufficient 
size to allow the airline operator to take off with his full load on 
a definite schedule. 
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Small planes may be easily handled in side winds, but large 
airliners should take off and land as nearly as possible directly 
into the wind. This makes it necessary for an airport to be 
designed to allow take-offs and landings from all directions. 


LANDING SURFACES 


The proper surface for an airport has received a great amount 
of attention and criticism. There are those who argue that sod 
is the best, but others advocate cinders, gravel, crushed rock, or 
iron slag. The latest surface to be used is concrete. An airplane 
when rolling slowly on the ground may be treated as any other 
vehicle of similar weight presenting to the surface of the ground 
the flattened area of the tires. The surface must be sufficiently 
hard to withstand this weight under all conditions, and the 
author will touch upon some of the advantages and disadvantages 
of the various types of surfacing just mentioned. 

Grass or sod comes first, as it is the natural result of a properly 
maintained piece of ground. In dry weather, or even in mod- 
erately wet weather, a good sod with an adequate system of sub- 
surface drainage is quite satisfactory. In very wet weather, or 
in the spring when the frost is coming out of the ground, the 
surface condition is very bad, despite the fact that there is a 
heavy growth of grass. Wheels and tail skids of planes will cut 
deeply into the sod, causing furrows which are very injurious to 
landing gears, and therefore to the plane in general. In many 
instances where these furrows or ridges have frozen overnight, 
planes have been wrecked or wheels torn off or broken by be- 
coming caught in the furrows when taxiing or taking off. 

Cinders provide the next and seemingly best alternative to 
sod. They are dry even in wet weather, and may be easily 
underdrained. Cinders produce a sort of capillary action, so 
that when they are placed on loam or clay soils it will be found 
that the soil gradually works to the top and the cinders eventually 
disappear. One of the greatest drawbacks to cinders is the 
ease with which they are torn up by tail skids and picked up 
by the propellers, resulting in much damage to the tips of the 
blades and the sides of the fuselage and tail surfaces. 

Gravel and crushed rock have been tried. Gravel is naturally 
ball-bearing in its action, while crushed rock, on the other hand, 
keys itself together and is not so easily disturbed. Each of 
these, however, must have some type of binder to hold it in 
place. Clay cannot be used because it will wash away in rainy 
weather. Attempts have been made to treat the gravel or 
crushed rock with a bituminous compound, but when this is 
done we begin to approach a waterproof surface which, when 
constructed without sufficient base, easily breaks through; 
therefore it is necessary to build such a runway in the same 
manner as a macadam road. Disadvantages of this surface are 
the ease with which it may be cut by tail skids in landing and the 
fact that it is quite slippery in wet weather. Both gravel and 
crushed rock are easily picked up by the propellers, resulting in 
the same type of damage as that experienced with cinders, or even 
a worse one. 

Tron slag has been tried, but conditions similar to those ac- 
companying the use of crushed rock are encountered. 

Concrete is now being installed at the Ford Airport at Detroit 
as the first real experiment with this type of surfacing. Con- 
crete presents a surface not easily scratched by tail skids and is 
not slippery in wet tveather; however, the cost is almost pro- 
hibitive, except in the case of large municipal airports handling a 
considerable amount of traffic. 

With the return of three-wheel landing gears, it is becoming 
even more practical than before to use hard-surfaced runways. 
Planes not equipped with the third wheel may land on the grass 
near the runways. 

Summing up the foregoing, it appears that on flying fields and 
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airports having a relatively small amount of traffic, sod should 
be used with a very careful and extensive sub-surface drainage 
system. The only alternative to sod, in the author’s estimation, 
is concrete, and this is justified on very large airports only. 


DRAINAGE 


The use of hard-surfaced, waterproof runways also necessi- 
tates very complete drainage systems paralleling the sides of 
such runways. These drainage systems must be of such char- 
acter as to readily and quickly handle the run-off of water falling 
on the runways, in order to keep the sod at their edges from be- 
coming soggy, which would result in serious damage to planes 
should they run off the hard surface during a take-off or landing. 
The concrete runways at Ford Airport are proving beyond a 
question of a doubt that this is the most practical and logical 
solution to our problem in so far as we are acquainted with it at 
this stage of aviation development. 


CATAPULTS AND BRAKES 


It is the author’s prediction that later on, if our present design 
of airplanes continues—that is, if there are no radical departures, 
which does not at present seem possible—some system of cata- 
pults will be used for the starting of planes. This of course 
would not be as severe and abrupt as that now in use in the Navy; 
and a special type of arresting gear or very effective brakes 
would slow up the landings. In this way it may be possible in 
the future to reduce the size of the field required. 


TERMINAL FAcILiTiges 


Commercial airline operation requires proper terminal facili- 
ties not only with respect to the field area itself but also 
to the proper accommodations afforded passengers in the way 
of terminal buildings, passenger depots, etc. Passengers must 
not be allowed to ramble about on a flying field, for this is 
particularly dangerous, to say nothing of being an uncomfortable 
and careless method of handling travelers. Terminal buildings 
must be erected at our principal airports so that airplanes may be 
brought under cover before departure and after arrival. In 
this way passengers may be handled with dispatch and without 
inconvenience to them. 

Air travel is primarily one of speed. It is foolish to save 
an hour or so traveling between certain cities and then lose the 
time thus saved in transportation from the airport to the city of 
destination. At the present stage of development, with the 
large acreage needed as well as suitable surroundings and an ab- 
sence of obstructions, the airport must be located away from the 
built-up section of the city, or additional acreage must be pro- 
vided to make surrounding obstructions of no consequence. 
The ultimate airport will undoubtedly be constructed over the 
down-town section of the large city; however, with the areas 
necessary at present for take-offs and landings, such a structure 
would represent an immense expenditure. Furthermore, with 
the present development of the art, flying at low altitudes over 
the business section of a city is hazardous and landings on 4 
structure would be very difficult, due to the rising heat waves 
and the general air disturbances. 


ILLUMINATION 


The illumination of an airport is a problem that is far from be- 
ing solved. In most instances to date, merely the accepted means 
of illuminating large areas have been applied. These have beet 
improved upon by the use of certain lenses giving a sharp cut-off 
not higher than the light source and providing an even distribu 
tion over the entire landing area. The pilot, however, is always 
faced with the problem of descending through the darkness ané 
entering the lighted area at an altitude of approximately fiftees 


4 a 
i 
4 
3 3 


AERONAUTICS 


feet. With the pupils of the eyes dilated to a great extent, 
the pilot, due to reflection, or in some instances to tne direc- 
tion of landing, is more or less blinded when coming into the 
light. It seems to the author that there is a great field for the 
development of proper airport illuminating methods, not neces- 
sarily by the application of the present-day equipment, but by 
beginning at the ground and endeavoring to provide the proper 
type of light to illuminate the ground surface without making it 
necessary for the pilot at any time to face the source or to have 
reflections cast into his eyes from the wings or other parts of the 
plane. These lights must also be so designed and located that 
the shadow of the plane itself will not be an added interference 
to ground visibility. 
CoNcLUSION 


In conclusion, let it be remembered that an airport is a flying 
field, but that a flying field is not necessarily an airport. There 
are many flying fields throughout the country capable of handling 
local planes. In other words, they have docking facilities for 


small craft, or for military planes, but commercial air transporta- 
tion, in so far as airlines of any consequence are concerned, re- 
quires an airport with docking facilities capable of handling 
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large air transports under all weather and field conditions. Air- 
ports must be equipped with terminal facilities for the handling 
of passengers, suitable hangars, shops, pilots’ quarters, rest rooms, 
restaurants, and adequate night illumination. If flying fields 
are to be airports, they must have these things, all preperly 
located. 


* * 


In reply to questions asked, W. B. Stout,? who presented the 
paper in the author’s absence, said that a concrete runway was 
not suitable for the older type of plane with the skid in the rear, 
but with planes having the landing gear forward, such a runway, 
say, 75 ft. wide, was well adapted. As to large and small fields, 
he would consider one of 20 acres a small one. A real airport 
should have a radius of about 1500 ft., with possibly another 
100 ft. before wires or trees were encountered. In the case of 
large planes equipped with their own wing-tipped flood lights, 
a field would be better if it did not have flood lighting. For 
small planes, of course, flood lighting was advantageous, but it 
should be of a type that did not throw a disturbing shadow. 


2 President, Stout Metal Airplane Co., Dearborn, Mich. 
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Some Economic Features Affecting 
Commercial Aviation 


By CARL E. TRUBE,! NEW YORK, N. Y. 


This paper is a discussion of the value of speed in saving trans- 
portation time, the ideal and most desired range of airplanes, the 
earning abilities of different airplanes operating at different air- 
port-to-airport scheduled speeds, and the influence of power, size, 
and scheduled speed of airplanes on the profit-making possibilities 
of a passenger-transport enterprise. 


that its best commercial-service appeal so far has been in 

the direction of express and mail carrying instead of trans- 
portation of passengers. While the reasons for this are obvious 
to those who operate aircraft, the public naturally takes less 
cognizance of a vehicle which has not so far been designed for its 
individual, personal service at low rates than it would of a ve- 
hicle with which it can become acquainted individually as a user. 
All commercial aviation may be expected to grow by leaps and 
bounds as soon as passenger air transport becomes available to 
the public at economically justifiable rates. It is obvious that a 
transportation service grows not only by reason of the economic 
service which it renders, but also by the degree of prominence 
as a worth-while service which it receives in the minds of its 
prospective users. 


ike airplane is a singular transportation development in 


RELATIVE MAGNITUDES OF TRANSPORT SERVICES 


In addition to the psychological aspect of the advantages 
aceruing to commercial aviation from the inauguration of passen- 
ger air services, stands the fact that carrying passengers in this 
country is a much greater industry than carrying mail or express. 
Gross railroad statistics in this country show the following totals: 
The public paid the Class 1 railroads in 1925:? 

For freight transportation................. 
For passenger transportation. . 


For express transportation... 
For mail transportation 


$4,552,756,017 
1,057,704,681 

.....+ 145,377,429 

Thus it will be seen that the volume of business from passenger 
carrying is 1089 per cent of that from mail carrying only, and is 
436 per cent of that from mail and express carrying combined. 

While it may be argued that the railroads of the country did 
not carry all the mail and express transported, it is also true 
that they did not carry all the passengers transported either, so 
that the most reasonable conclusion would appear to be that the 
ratios of 1089 per cent and 436 per cent are conservative. Ob- 
viously, increasing an industry’s potential market from at least 3 
to nearly 10 times is a step worth considering. 

It is the purpose of this paper to bring to light the actual 
possibilities of business usefulness of passenger air transportation 
in the near future, and to indicate in a general way a trend of 
development which will enable such possibilities to be realized to 
economic advantage for the public and for the aircraft operators. 


Factors AFFECTING FEASIBILITY OF PASSENGER AIR TRANSPORT 


Two important factors which affect the feasibility of passenger 
4ir services at this time are the safety of the service in the public 


‘Consulting Engineer. Jun. A.S.M.E. 

? From a 1927 bulletin, ‘‘Where Freight Rates and Passenger Fares 
Go,” of the Committee on Public Relations of the Eastern Railroads. 

Presented at a meeting of the Metropolitan Section of the 
AS.M.E., November 22, 1928. Sponsored by the Aeronautic 
Division of the A.S.M.E. 
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mind, and the convenience and availability of the service to 
the traveling public. The safety of air transport has become 
apparent through the statistics compiled both here and abroad. 
It appears that continued good performance combined with 
continued engineering effort toward inherent safety, and the 
passage of time with public recognition of records achieved, offer 
the only methods of convincing the public that air transportation 
merits it widespread use. The matter of convenience of air 
service relates in a great measure to airport location. In so far 
as this matter affects the economic side of the industry of carrying 
passengers by air, it can be analyzed in detail, as will be shown. 

The primary advantage of air transport is speed beyond that of 
other means of transportation. At present, high speed and 
high cost are synonymous in the public mind. It can be shown 
that this relationship of ideas is subject to alteration. Air trans- 
port in this country must grow in a field already served by existing 
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rail and highway facilities. Since the foundation of most of the 
business of passenger air-transport service is speed and its re- 
lation to time saving, it will be interesting to investigate the 
relative values of speeds in saving transportation time and to 
evaluate the benefits of speed in terms of justified fare per 
passenger-mile. 


Tue Economic VALUE OF SPEED TO THE USER 


It is most convenient to determine the speed of existing facil- 
ities, and to consider the improvement due to higher speed in 
terms of time per unit distance, or in terms of justified fare per 
passenger-mile, by valuing the traveling public’s time in terms 
of dollars per hour saved by the use of air service. The difference 
in time consumed per mile (i.e., the time saving) by two trans- 
portation services is given by the expression 


Vi— Vo 
ViVo 
where 7’, = time saved in hours per mile 
Vo = average speed of existing service in miles per hour, 


and 
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V; = average speed of air service in miles per hour. 


Since time is valuable to the traveler, it is reasonable to charge 
him for the time made available to him by speed. In addition, 
a traveler has to pay for his transportation at the slower speed, 
so that it would appear that a proper basis for arriving at an idea 
of justifiable high-speed fare would be to add to the plain slow- 
speed transportation charge an extra fare based upon, but less 
than, the value to him of the time made available to him by 
speed. Railroads do this, and succeed in filling their extra-fare 
trains by valuing the traveler’s time at about a dollar an hour. 
With this plan, the justifiable high-speed fare is given by the 
expression 


F, = Fy + RT, [2] 
or 
V; J 0 
Fi =F R| I......--- 3 
where 
F, = justifiable high-speed fare, cents per passenger-mile 
F, = present slower-speed fare, cents per passenger-mile 
and 
R = value of time to the traveler, cents per hour 


In order to adjust expressions [2] and [3] for the disparity of 
airway and existing rail or highway distances between the popu- 
lation centers served, expression [3] may be written 
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Fie. 2. INFLUENCE or SCHEDULED SPEED ON FARES JUSTIFIED BY 
Net Time Savep Various VALUES OF TRAVELER'S TIME 


(171-mile airway; airports each 20 min. from each city; each airport- 
to-city fare 50 cents more than corresponding fare from railroad station to 
start or destination. Basis of comparison: 188.1-mile trip by rail at 40 
m.p.h. and 4 cents per passenger mile.) } 


where Dy, = distance between centers by slower service, in miles, 
and 
D, = airway distance between air ports of centers in miles. 


The matter of time consumed in getting to and from an airport 
as compared with that consumed in getting to and from a railroad 
or bus station is important in its effect upon justifiable fare per 
passenger-mile. The railroad, subway, street-car, or taxi fare 
should also be an item of consideration. These factors can be 
introduced as follows: 
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Evaluating the difference in times consumed in completing a 


trip by either service, 


where 7'.o = time consumed in completing trip by slow service 
in hours, and 
T- = time consumed in completing trip by air service 
in hours. 
Then expression [4] may be written 
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Fic. 3 INFLUENCE oF AIRPORT INACCESSIBILITY ON JUSTIFIABLE 
FARE PER PASSENGER-MILE 


(171-mile airway; airport-to-city transportation, 8 cents per mile. 183.1 
miles at 4 cents per mile by rail; average rail speed, 40 med 


The cost of transportation to complete a trip may be reflected 
in the justifiable fare to be charged per passenger-mile. That is, 
it is reasonable to spread the necessary reduction in passenger- 
mile fare over the cost of the entire trip. Thus, since the amount 
to be considered is 


where C, = transportation cost from center of city to airport 
in cents 


Cy) = transportation cost from center of city to slower 
service terminal in cents, and 
Ca = additional transportation cost due to location of 
airports in cents. 
Then 
Do ’ 
dD, Vio dD; 


Tue Most DestrRaBLeE AVERAGE BusingEss TRIP 


Expression [8] is complete for the economically justifiable 
fare in cents per passenger-mile for an air service. While it 
includes some factors which may appear negligible, it will be 
interesting to investigate the influence of average air-servite 
flying speed (V,) between stops and the value of the travelers 
time (R) on the justifiable fare (F;). 
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Since expression |8] takes account of all economic factors 
affecting justifiable rates of fare between any two cities, and since 
this can be only a general discussion of possibilities, it will be 
necessary to make some assumptions regarding the route to be 
flown in order to make an illustrative example. 

In the first place, air transportation must fit into the general 
scheme of business conduct in this country. With existing means 
of transportation it is usual to take trips longer than 4 hours by 
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Fic. 4 InFLUENCE oF ScHEDULED SPEED ON NUMBER OF Pay- 
PasseENGER Seats INSTALLABLE ON Basis oF WEIGHT-CARRYING 
ABILITY OF DIFFERENT AIRPLANES OPERATING ON 230-Mite Route 


(Average scheduled speed, 40 m.p.h. less than airplane maximum speed; 
200 Ib. per passenger.) 


night, but to make trips shorter than 4 hours by day or evening. 
Thus, until airplane ‘‘sleepers” are developed, there would seem 
to be a very limited use for an air trip requiring more than about 
4 working hours, as the distance to be covered in excess of such an 
air trip can be covered just as well without loss of more working 
hours by rail at night. There is no point in inaugurating an 
air service over a longer distance than that which the public 
most naturally wishes to travel. 

Probably the most accurate assumptions regarding average 
routes will be those derived from a study of the log of an airplane 
used exclusively for the business transportation of a business 
man,’ and from a consideration of the ideal range of an airplane. 


In the course of about 17,100 miles of business travel in 75 flights 


on 51 out of 180 days, 32 cities in 21 states were visited. The 
average length of the flight between business stops was 228 miles; 
only 17 per cent of the flights were over 300 miles non-stop. The 


_ 


, . The data set forth are compiled from the log of an airplane used 
or business transportation as published in the bulletin, ‘Six Months 
of Flying for Business,” A. W. Shaw Company, 1928. 


average point-to-point ground speed was 90 m.p.h. The average 
flying distance per traveling day was 335 miles. The average 
airport-to-city distance of 26 of the 32 cities visited for 
which such data are given, was 6.5 miles, corresponding roughly 
to an average further time requirement at each end of the trip 
of 20 minutes. Thus the total average time spent in travel 
from office to office was about 3.2 hours. The average total 
time spent in transportation per traveling day was 4.7 hours, 
but of these only about 3.14 hours were taken out of the con- 
ventional 9:00 a.m. to 5:00 p.m. working hours of the business 
day—the remaining 1.56 hours of travel being either before 
9:00 a.m. or after 5:00 p.m. 


Tue THEORETICALLY IDEAL RANGE OF AN AIRPLANE 


In order to determine the most effective average range of an 
airplane to be used commercially, it will be necessary to assume 
some simple unit by which to judge the commercial effectiveness 
of the various ranges, although naturally the proper unit of 
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effectiveness of operating characteristics is the earning ability 
of the airplane in cents per mile or per day. It may be assumed 
in a preliminary simple way that since it is the function of the 
airplane to carry pay weight at a certain speed, the unit of 
effectiveness may be taken as a pay-pound-mile per hour. If, 
then, the commercial object to be sought in airplane design and 
operation is roughly the delivery of the greatest number of pay- 
pound-miles per hour, it is possible to compute readily but 
roughly the ideal range of present airplanes. If one brake 
horsepower delivered will carry a disposable load D made up of 
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a pay load P and fuel at a cruising speed V. with a fuel and oil 
consumption A at that speed, then on a long trip requiring re- 
fueling stops of one-half hour each, the effectiveness E in pay- 
pound-miles per hour, average speed V;, and the range S are 
related by the expressions: 
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V. 

(D — P) + 0.5A 


Inserting constants in expressions [9], [10], and [11] yields the 
information shown graphically in Fig. 1, where A = 0.568 Ib. 
per hr. and D = 14.4 lb. with V. = 90 m.p.h., and D = 3.85 lb. 
with V. = 140 m.p.h. 

It will be seen from Fig. 1 that the theoretically ideal range of 
an airplane as a commercial carrier varies very little with the 
cruising speed for which the plane is designed, and it is signi- 
ficant that the effectiveness falls so greatly with higher cruising 
speeds. 


IpBAL RANGE AND PracricaBLy DEsIRED RANGE 
APPROXIMATELY COINCIDE 


It is indeed a fortunate coincidence that the ideal range of 
about 250 miles lies so close to the average distance between 


business stops desired by the traveling public. It is reasonable, 
then, to look forward to routes operated with more frequent 
stops than are at present generally considered, and to assume for 
further computations a route of the type indicated by the above 
investigations. 


Fare JUSTIFIED BY SPEED 


The assumptions which can then be justified in view of the 
foregoing data are an average route length of 228 miles to be 
covered during business working hours in as short a time as pos- 
sible consistent with economy, with one stop en route to take on or 
discharge passengers, and a time requirement of 20 minutes at 
each stop to allow a passenger to start or complete his trip to 
his destination in a city. 

The cost of transportation for the 20-minute average airport- 
to-city trip may be assumed to be 50 cents more than the cost of 
transportation from railroad station to destination. Assuming 
that one half of the traffic travels the full distance of the route 
and the other half travels half the route, and that the time lost to 
through passengers due to the stop is 10 minutes, then the average 
fare justified on the route can be based on an average distance 
traveled by passengers of 171 miles, with time lost en route 
amounting to 5 minutes. The average stopping time lost, that 
is, 0.0833 hr., can be lumped in with 7'.4 for the purposes of this . 
estimate. We may further assume that the rail distance is 10 
per cent greater than the airway distance. Two more general 
assumptions are necessary regarding the railroad average city-to- 
city speed (Vo) and fare (F,). For the purposes of this ex- 
ample Vy) may be assumed to be 40 m.p.h. and the rail fare F 
to be 4 cents per mile. 
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8-Hour Day 
(‘/z-hour stops to refuel every 230 miles.) 


Then we have for substitution in expression [8]: Do = 188.1; 
D, = 171; Vo = 40; To = 0.75; and Ca = 100; so that 


1.1 V, — 40 


40 


Fi = 44+ n| | [12] 

Under the above assumptions, the justifiable fares per pas 
enger-mile at different airplane airport-to-airport scheduled 
speeds and at different valuations of the public’s time are show?, 
as computed from expression [12], in Fig. 2. 


Tue Errect or INACCESSIBILITY OF AIRPORTS 


The effect of inaccessibility of airports on justifiable fares 
shown in Fig. 3, in which is plotted the justified fare to be 
charged in an airplane whose scheduled speed is 90 m.p.h., as it 
influenced by different airport-to-city times of travel at each end 


AERONAUTICS 


of the average 171-mile flying route. It is assumed that the 
airport-to-city transportation moves at 20 m.p.h. and costs 8 
cents per mile. 


CONSIDERATIONS AFFECTING THE PossIBILITY OF ACTUAL 
OPERATION AT JUSTIFIED Fares Per PASSENGER-MILE 


The fundamental question affecting passenger-carrying in com- 
mercial aviation is, ‘‘Will it pay?” The question can be decided 
only by comparing airplane earning ability and operating costs. 
The foregoing graphs indicate roughly what charges passenger 
traffic may be expected to bear. It is true that volume of 
traffic to be anticipated is not inversely proportional to the 
amount of fare charged. Thus a fare of 5 cents per passenger- 
mile will undoubtedly attract more than twice as many passengers 
as a fare of 10 cents per passenger-mile. It remains for the air- 
craft operator and equipment manufacturer to devise means of 
bringing costs down to a figure where the fares required will 
fall into some kind of line with what air service is really worth to 
some part of the general traveling public. It will be interesting 
to investigate what can be done toward this end by changes in 
equipment design and operation. 

In general, fuel and oil for a relatively short distance only 
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need be carried. It will be found that the load distribution for a 

_hon-refueling trip of about 230 miles, allowing for reserve fuel 
and oil and for weight of pilot, is such that the net pay load can 
be made equal to about 80 per cent of the total disposable load 
of the plane. Since modern airplanes of all sizes are surprisingly 
uniform in that their ratio of total disposable load to gross weight 
loaded lies quite close to 47.5 per cent, the total net pay load of 
4 transport plane operating on a 230-mile route may be assumed 
to be about 38 per cent of its gross weight loaded. 
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According to the paper presented at a meeting of the Metro- 
politan Section of The American Society of Mechanical Engineers 
on February 10, 1928, by Harris M. Hanshue, of the Western 
Air Express, it is feasible to anticipate a pay-load factor of about 
60 per cent. Thus the average net pay load of a transport 
airplane may be considered to average 22.8 per cent of the total 
weight of the airplane loaded, if it is operated on a relatively 
short run, as has been indicated. 
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AIRPLANE EARNING ABILITY FIXED BY ABRODYNAMIC 
RELATIONSHIPS UsED IN DESIGN 


Since determination of airplane earning ability depends upon 
net pay load and speed as reflected in the justified fare per pas- 
senger-mile computed by expression [8], it will be necessary to 
arrive at some idea of the relationships between the net pay- 
load capacity, power, and speed of different airplanes. Secretary 
Warner, in his book ‘Airplane Design,”’ gives some rough approxi- 
mations of overall characteristics. These are: 


W 


and 
3 [P 
(14) 
where Vunin = minimum speed of level flight, miles per hour 
W = gross weight in pounds 
S = wing area in square feet 
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= maximum speed of level flight, miles per hour, 
and 
= maximum engine horsepower (rated). 


If the minimum speed of flight be chosen to be 60 m.p.h., then 


Since a sufficient margin of speed to insure good maintenance 
of schedules should be chosen, a scheduled speed 40 m.p.h. less 
than the airplane high speed would appear reasonable. Then 


V, = airplane average airport-to-airport scheduled 
speed, miles per hour. 


where 


Rewriting [16] in terms of pay-passenger seats, allowing 200 lb. 
per passenger, and at a total net pay load equal to 38 per cent of 
the gross weight W, then 


N = total number of pay-passenger seats instal- 
lable on basis of pay-weight carrying ability. 


where 


The average revenue-earning ability of an airplane may then 
be computed by taking 60 per cent of the product of N and F,, 
at the speed V; computed from expression [18]. A more compre- 
hensive method of determining revenue-earning ability is to 
combine [8] and [18] in one expression, but it is usually simpler 
to work out graphs of sets of variables and to combine them 
step by step, than to use such a cumbersome expression as this 
combination would be. 

First taking airplane units of 220, 410, 660, and 1230 rated hp., 
the relationship between average airport-to-airport scheduled 
speed and total number of pay-passenger seats may be computed 
from expression [18], as shown graphically in Fig. 4. 

In order to get some idea of the adaptability of different air- 
planes to actual service, expression [18] may be applied to the 
hypothetical run previously discussed. It may be assumed that 
the graphs of Fig. 2 are fairly representative as regards length 
of run, airport accessibility, and so on. Combining data from 
Figs. 2 and 4 and introducing a load factor of 60 per cent yields 
the information shown graphically in Figs. 5 and 6. 


Datrty EARNING ABILITY 


The graphs of Figs. 5 and 6 do not, however, tell the whole 
story of scheduled speed and its relation to airplane earning 
ability. Costs of airplane operation fall into two groups, those 
dependent upon miles traversed, and those due to fixed and over- 
head charges which are computed on a time basis. It is therefore 
important to consider the number of trips per day which an 
airplane is capable of making at different scheduled speeds, since 
the margin built up each day between earning ability and mileage 
costs is the amount available for contribution to charges accumu- 
lating on a time basis. 

If it be assumed that the time required to refuel a plane at 
the end of its run is H hours, then the miles which may be tra- 
versed per working day of B hours on a run G miles long at differ- 
ent scheduled speeds V, are given by the expression 


where J = miles traveled per day. 
Substituting in expression [19] the following constants: 


B = 8; G = 228; H = 0.5 


yields the information shown graphically in Fig. 7. 

The costs of airplane operation depending upon miles traversed 
are those of fuel, oil, depreciation, maintenance material, pilot, 
and pilot’s compensation insurance. That is, of course, taking 
the arrangement of insurance matters as it stands at present. 
Fuel and oil costs per mile depend on power; depreciation and 
maintenance material costs per mile depend on engine and air- 
plane first costs and obsolescence values, and all depend also on 
speed. 

In order to get some idea of mere flying costs of the airplanes 
whose revenue-earning ability has so far been discussed, it is 
necessary to evaluate depreciation carefully. This is a difficult 
problem, as so little precedent of comparable equipment has been 
set. However, it is not difficult to get an approximation of the 
first cost of a new airplane from consideration of its power and the 
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number of pay-passenger seats installed in it. Airplane engines 
cost about $22 per rated hp. 

It has been found that the first cost of a modern airplane is 
given with surprising accuracy by the empirical expression 


where K = first cost of the airplane in dollars 
P = rated horsepower, and 
N = number of pay-passenger seats installed. 


Information derived from expression [20] is shown graphically in 
Fig. 8. 

Basing computations on Fig. 8 and on full depreciation of 
engines in 1500 hours, full depreciation of airplane without en- 
gine in 3000 hours, pilot pay and compensation insurance at 
$10 per flying hour, gasoline at 25 cents per gallon, oil at 30 cents 
per quart, and maintenance materials at 0.87 cent per rated hp- 
hr., information is secured which is shown graphically in the 
flying-cost graphs of Figs. 5 and 6. These cost curves represent 
only the costs of mere flying. The margin between revenue and 
flying cost per mile for each case is shown graphically in Figs. 9 
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and 10, and these latter curves represent the amount of revenue 
per mile which may be contributed by the airplane to the pay- 
ment of fixed and overhead charges. Combining the information 
of Figs. 9 and 10 with that of Fig. 7 yields information regarding 
the maximum contribution per day of 8 operating hours made 
possible by the specified airplane. This information is shown 
graphically in Figs. 11 and 12. 

It should be remembered that the daily contribution to over- 
head expense shown above is the most which each airplane can 
deliver for each day of 8 operating hours, while flying on the 
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hypothetical ideal average route chosen above, at passenger-mile 
fares justified by the indicated scheduled speeds and indicated 
value of the public’s time per hour. 

The ratio of maximum daily contribution to overhead at 75 
m.p.h. airport-to-airport scheduled speed to capital initially 
invested in airplanes of different powers, and the daily interest 
requirement at 8 per cent per year on the same corresponding 
capital, are shown graphically in Fig. 13. 


CoNCLUSIONS 

Certain conclusions become apparent from all the figures shown 
in the foregoing. 

1 Itis evident that the most desirable airport-to-airport sched- 
uled speed is not high—if it were, the air line would not pay 
while charging fares justified by the higher speed. 

2 It is evident that no great increase in scheduled speeds is 
desirable. It will better serve the industry to let speed alone 
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and improve the weight-carrying ability of aircraft at the desirable 
high speeds indicated in the neighborhood of 115 m.p.h. 

3 It is unfortunate that cheaper, lower-powered equipment 
must necessarily have a much higher passenger-mile fare in 
order to pay for its operation than is necessary for larger; more 
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costly equipment, and that the necessary low-powered fare to be 
charged must find excuse in a very high valuation of the public’s 
time. This situation is unfortunate because larger equipment is 
unwarranted until a volume of traffic exists, and the only traffic 
available to smaller equipment is the small volume of high-priced 
service. 

4 In general, since the investment in flying equipment itself 


| | 
~ 
Se, 
440 

Pi 

400 
ae 
360 
| 
\ 
240 
200 

q 
5P 
ne 
A 

: 


74 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


is only a fraction of the total investment necessary to inaugurate 
an air-transport passenger service, it would appear to be ad- 
visable to use larger planes rather than small, and to take advan- 
tage of the possibility of operating at a more reasonable and en- 
tirely justified fare per passenger-mile, with the attendant likeli- 
hood of building up substantial traffic quickly. 

5 With increasing size and power of equipment the ratio of 
overhead contribution per day (assuming sufficient traffic to 
warrant operating the same number of hours per day throughout) 
to capital invested in flying equipment rapidly increases, so that 
the service using proper, larger, more powerful equipment has 


the peculiar opportunity of making greater profits at a lower 
fare than its lower-powered competitor. 

It is to be borne in mind that the foregoing relates to a specific 
but average set of hypotheses, and that it is not intended to apply 
verbatim but to one particular case. It appears that much 
remains to be done by the aircraft operator or prospective oper- 
ator toward the indicating of desirable designs of aircraft which 
will properly and efficiently allow him to perform an economic 
service at a profit. It is possible to profitably operate certain as 
yet unbuilt aircraft at fares economically justified for a large part 
of our population. It will be done, and soon. 
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Applications of Balsa Wood in Aircraft 


By G. L. WEEKS, JR.,1 NEW YORK, N. Y. 


ALSA WOOD up to a few years ago was known only to 
B natives in tropical countries. During the Great War it 
was brought into this country in quantities, and the 
Government used it in making rafts that were placed on all the 
transports, and also to make life preservers, and that is when the 
Government began to test out balsa wood as to its different 
merits. 

Balsa wood grows in the West Indies and in Central and South 
America. The trees grow at a very rapid rate, records showing 
that they attain their height in one year, which is approximately 
36 ft., and that for the first five years there is an annual growth 
in diameter of 5 in., resulting in a tree at the end of the fifth year 
of 36 ft. height and 25 in. diameter. 

The tree in appearance resembles the North American cotton- 
wood, the bark being fairly smooth, but the wood looks quite 
like pine. The leaves are very large on a young plant, often 2 
and 3 ft. across, growing smaller as the tree grows older. The 
wood is made up of very thin barrel-shaped cells filled with air 
which are sealed by nature, giving it an extremely spongy texture. 
Two interesting and important properties are its flexibility and 
elasticity. The strength of the wood is derived from the cellular 
structure, as there is almost no lignification in the tissues, but 
the wood is practically cellulose. Approximately 92 per cent of 
the volume of the wood consists of these air-filled cells and the 
remainder, 8 per cent, of woody substance. 

All balsa wood used in airplane construction should be kiln- 
dried. This method is necessary, as air-drying is a very slow 
process, requiring about three months to remove the unnecessary 
moisture from the material and leave the 8 to 12 per cent water 
content which is desired for practical purposes. Kiln drying 
on the other hand obtains the same result in a more efficient and 
satisfactory manner in the much shorter time of ten days to 
two weeks. 

For some purposes, such as insulation and waterproofing, 
balsa wood can be and is very easily impregnated with paraffin. 
This is done to seal the air cells. Impregnation is the most 
efficient method of treating the wood and achieving the desired 
result, but it also may be coated with paraffin, as this process also 
does the work. 


Comparison With Orner Woops 


Balsa is a most interesting wood because of its extremely 
light weight. In fact, so far as known, there is but one other 
wood, the pond-apple (Anona), that weighs less, but this is of 
little value to the commercial world. In commercial use, balsa 
is the lightest wood, as the following comparison will show: 

Balsa, 7.3 Ib. per cu. ft.; cork, 13.7; Missouri corkwood, 18.1; 
white pine, 23.7; spruce, 25.5; poplar, 27.4; cypress, 28; maple, 
43; mahogany, 45; white oak, 46.8; lignum vitae, 71; ebony, 
73.6. 

Tests have shown that even though balsa is very light in weight, 
its strength is about one-half of that of spruce. Therefore balsa 
may be used in certain places where strength is not the all-im- 
portant factor, but where lightness is. A comparison with spruce 
8 given in the table in the adjoining column. 

The specific gravity of balsa when free from moisture is from 
0.11 to 0.12, 


' Fleischmann Transportation Co. 
Presented at the National Meeting of the A.S.M.E. Aeronautic 
Division, Detroit, Mich., June 28 and 29, 1928. 
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Use or Batsa Woop IN AIRPLANES 


The use of balsa wood in the construction of airplanes is 
beyond the experimental stage. The many severe tests, such 
as Colonel Lindbergh’s New York-to-Paris flight, Chamberlin’s 
New York-to-Germany flight, and many other exploits, as well 
as Army, Navy, and air-route machines, have proved beyond a 
doubt that balsa wood is used as efficiently as spruce or other 
woods where it is an important part of the machine and lightness 
as well as an average amount of strength is required. 

Balsa wood is used in all types of airplanes, in such parts as 
the outboard struts, fillets, fuselage for streamlining, wing ribs, 
wing tips, strut fairings, and shaping fuselage. From personal 
observation in various calls to the aero factories we have seen 
that balsa wood is used for all streamline purposes. 

To quote from Aviation of June 20, 1927, ‘‘The Spirit of 
St. Louis’ fuselage is exceptionally well streamlined, longitudinal 
sections of the fuselage in any direction giving smooth curves 
from the propeller spinner to the tail. There is a fillet stream- 
line between the bottom of the wing and the fuselage. An 
exceptional amount of balsa wood was used in the NYP in the 
outboard struts, fillets, and in the fuselage for streamlining.” 

Spruce: 
red, white, 
and Sitka Balsa 


Strength in bending —modulus of rupture, Ib. persq.in... 3850-5820 2357 


Maximum crushing strength in ernpeneeatl-oemeny to 


grain, lb. per sq. in... 1800-2920 2317 
Fiber stress at elastic limit—strength ‘in compression 
perpendicular to grain, lb. per sq. in. 279-368 202 


Stiffmess, modulus of elasticity in bending, * thousands 

of pounds per sq. in. , 798-1215 510 
Shearing strength parallel to grain, ‘Ib. per sq. ea aaa 569-777 351 

Where steel tubing is used on landing gear, balsa is used suc- 
cessfully. It is machined easily, thus a material saving in spruce 
is obtained. By using balsa as fairing, the saving in spruce is 
equivalent to the amount required to make three wing spars. 
It is therefore worthy of consideration by the designers and 
engineers when constructing new types of airplanes to give serious 
thought to balsa wood. 

Another feature may be considered, and that is balsa wood 
veneered. Wing braces so constructed and cut as to forma lattice 
web are now used in planes. Floor boards of balsa veneered 
with thin layers of composition material are also used in the 
construction of present-day planes. In the wing-rib construc- 
tion of the Bellanca planes balsa wood is used as a filler. On 
the wing tips a strip of balsa is fixed to give the wing a rounded tip. 

On the landing gear, the “pants part”’ is all balsa fairing around 
the metal construction in a graceful streamlined fashion. In the 
fuselage where steel tubing is the main structure, balsa wood is 
faired and taped to the cross-members to give shape and stream- 
line. The best method of treating balsa wood for fairing and 
other exposed parts is taping and then using about five coats of 
dope. 

To the non-technical man it is easy to realize that the saving 
of 20 to 50 Ib. in weight in an airplane is quite a vital factor and 
that the comparative strength and extreme light weight of balsa 
wood will make it an ideal material in the construction of air- 
planes. 

Use or Basa AS AN INSULATOR 
Balsa wood is now used in many industries as an insulator, 


both as to sound-proofing and an insulator against heat or cold. 
In view of the fact that airplanes are becoming more and more 
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a part of the daily problems of transportation and having in 
mind the sections of a passenger or freight plane that need some 
material for insulation, balsa should be seriously considered. 
In the passenger plane it may be used as a sound-deadening par- 
tition to eliminate the hum of the motors, and in the freight- 
carrying type it may also be used to protect perishables from 
the elements. 


Future Prospecrs or Batsa IN TRANSPORTATION VIA AIR 


The commercial use of planes is increasing at a more rapid 
rate than was ever thought of a year ago. Is it not fair to 
assume that with the greater activities of the airplane in the 
industrial and transportation field the demand for improved 
service will increase. The airplane will be used for transporting 
the class of freight that requires the fastest service possible. 

One type of freight is perishable products, and in order to 
transport and deliver them, it is necessary to protect such 
products as butter, meats, and ice cream from sudden and extreme 
changes in temperature. By the use of balsa boxes weighing much 
less than any other container the products may be precooled 
before packing and delivered by air routes to any part of the 
United States within 48 to 60 hours with little increase in the 
temperature of the product so shipped. 

Some grades of balsa wood received in this country are very 
wet, and if put in a kiln with 100 lb. pressure the water oozes 
out of the wood. 

We mentioned balsa wood at 7.3 lb. per cu. ft., and one can 
get balsa wood that weighs as light as 6 lb. per cu. ft., but the 
average is around 7.5 lb. Some of it does weigh about 18 lb. 
per cu. ft. Cork is shown in the table as 13.7, but that is in 
commercial use. For cork to be used in the same way as balsa, 
for insulation and walls, there would have to be a binder of 
granulated cork, and that adds weight to the cork board. 

As for wood with metal glued on it, 1-in. balsa wood is now 
made into panels with an aluminum or a steel surface of 22 gage, 
and one can get just as good a panel with the metal glued to the 
balsa wood as can be had by gluing '/s or '/i. in. of metal to the 
balsa wood. The method of doing that is to take a very thin 
fabric and use it between the metal and the wood, and that will 
give the same surface as glued wood to wood. 


* AuTHOR’s CLOSURE 


Answering the question of J. B. Stinson, of Detroit, as 
to how the insulation characteristics of balsa wood in large ice- 
boxes in refrigeration plants compares with cork, we have re- 
cently found that balsa wood in some cases is better than cork. 
As to this new refrigerant that is on the market known as Dry- 
Ice, which is compressed carbon dioxide having a temperature 
of 140 deg. below zero, in its shipping operations the Dry-Ice 
Corporation of America has approved balsa-wood boxes in prefer- 
ence to cork. 

Mr. Stinson asks also regarding the commercial possibilities 
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of balsa in comparison with cork in the manufacture of large ice 
boxes. We have not gone very far into the manufacture of 
refrigerators as yet, but we are increasing every month the 
manufacture of balsa-wood panels for perishable products. 
The Horton Ice Cream Company and the Reid Ice Cream Com- 
pany are shipping ice cream by boat from New York to Cuba, 
and they are using a small quantity of Dry-Ice, all inside a balsa- 
wood container. As to the insulation qualities of balsa, in a 
General Electric refrigerator the balsa wood is used between 
the motor and the compartment where the food is kept. 

Mr. Stinson asks if the balsa wood is made into a wool, there 
being a product that is frequently referred to as “‘balsam wool.” 
That is a product obtained from a tree in this country. Balsa 
wood is a tropical tree which grows in another country. They 
are not the same thing. ‘That wool is made out of a pulpy wood. 
This balsa wood is not pulpy; it is not a fibrous wood; it is more 
or less dead air, sealed up by nature. In fact, the balsa wood is 
8 per cent substance and 92 per cent air by weight. 

Replying to Mr. Stinson’s question if for an insulator, both as 
to heat and sound, we would use boards of balsa wood, we re- 
cently constructed four large refrigerator boxes for the Southern 
Bureau of Washington, D. C., made out of 4-in. material. One 
could get inside the box and hammer on it, and hardly any sound 
could be heard out in the room. It is one of the best insulators 
known because it is a natural growth. This air as sealed up by 
nature would of course be better than anything one might at- 
tempt to do in sealing up dead air. 

B. H. Taylor, of the Taylor Airport, Detroit, asks if the 
value of the insulator is in inverse proportion to the specific 
gravity. That is true. Balsa is used to quite an extent in the 
manufacture of automobile-truck bodies. The Sharpless Cheese 
Company of Philadelphia has eight trucks in operation whose 
panels are made up of balsa wood with hardwood veneer. ‘The 
Maryland Ice Cream Company in Baltimore uses a dozen trucks 
made up that way. The Eskimo Pie Corporation has in service 
600 boxes of balsa wood, some of them veneered on the outside 
with hardwood from */; to 7/s in. 

A peculiar thing about it is that one cannot use any hardware, 
any nails or screws, as the balsa wood will not hold it. The 

Fleischmann Company has 10,000 boxes in use in the trans- 
portation of yeast, and all those are tongued and grooved; and 
also where the wood is not wide enough to make a panel, the 
boards are put through a machine where the panels are tongued 
and grooved and glued together. 

We have boxes of 2-in. material without any outside protection 
that have been in service three years, making anywhere from 100 
to 150 round trips. The distance they would go would be from 
24 to 48 hours on the road. They carry a load of 50 Ib. And 
we have a 3-in.-thick balsa box that carries 80 lb. Some of these 
have lasted four years in service, say, between Chicago and Dallas, 
Chicago and Denver, San Francisco and Los Angeles, Peekskill 
and Washington, being 24 to 48 hours on the road. 
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An Investigation of 


APM-50-1 
the Performance of 


Waste-Packed Armature Bearings | 


By G. B. KARELITZ,! EAST PITTSBURGH, PA. 


Some of the observations made while experimenting with full-size 
armature bearings are recorded in this paper. The importance 
of taking care in the packing of bearings is brought forth. The 
advantages of a constant oil lift are pointed out, while the effect of 
grooving is discussed. Bearing-shell temperatures for varying 
loads and speeds are given. The data collected may be of interest 
to designers as well as to engineers in charge of maintenance of 
railway motors. 


Tt Is A FACT that during recent years an undue amount of 

trouble has been caused by bearing failures in railway motors. 

The cause of this is not well known; in some cases new motors 
which duplicated previous orders have had bearings fail in 
service, while previous lots have proved to be a complete success. 
Nevertheless the workmanship and care in assembly are 
now superior to what they used to be. The explanation of the 
bearing troubles may be found probably in the fact that the equip- 
ment on railroads is now worked considerably harder than several 
years ago; inspection periods are made longer; and the waste 
and oil used in the motors have gradually deteriorated in quality. 
On the other hand, the size and power of motors continue to 
grow at a rapid rate, the space available on cars and locomotives 
being naturally limited by the track gage; consequently the 
pressures on the armature bearings reach high limits, and the 
rubbing speed is increased to figures which would very recently 
have been considered prohibitive. This development is in line 
with the general trend met with in machine construction to 
work with smaller factors of safety, as a result of the better 
understanding of mechanical phenomena and a better knowl- 
edge of the danger lines. 

To obtain this information, the Westinghouse Electric and 
Manufacturing Company undertook an investigation of the 
operation of armature bearings. The following is a description 
of tests made on full-size bearings of this type. The conclusions 
obtained support those made during the test on axle bearings 
which were reported in 1926 before the Society.2. There may be 
occasional repetitions in the present notes of points discussed in 
the said paper on waste-packed bearings, but these are included 
for the sake of continuity. 


Forces AcTING ON ARMATURE BEARINGS OF RAILWAY 
Morors 


Waste-packed armature bearings consist as a rule of a tubular 
shell pressed into the motor housing. The shell has a window 
of nearly rectangular shape which matches with a corresponding 
opening in the housing. This window opens into a waste cham- 
ber into which the waste is packed (Fig. 1). This packing rubs 
against the journal, and, since the waste extends to the bottom 
of the housing which is in connection with the oil chamber, 
vil is lifted to the window by eapillarity of the waste, thereby 
lubricating the journal. The shells are provided on the inside 


C ‘Research Department, Westinghouse Electric & Manufacturing 
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* Lubrication of Waste-Packed Bearings, G. B. Karelitz, Trans. 
AS.M.E., vol. 48 (1926), p. 1165, or Mechanical Engineering, 
June, 1926, p. 663. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, December 5 to 8, 1927, of Tue 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 


ends with collars which take up the thrust of the armature 
against the housing on curves or on uneven track, as well as 
the axial load on the pinion when helical gears are used. The 
location of the window in the shell is dictated by the direction 
of the forces acting on the journal, the window being placed al- 
ways on the unloaded side of the bearing. 

With few exceptions the wheels of electric cars or locomotives 
are driven by the motors through reduction gearing, the motor 
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shafts having pinions either on one or on both ends. The arm- 
ature bearings are therefore loaded by forces which result from 
the composition of the weight of the armature and of the tooth 
load. Since the tooth load is generally considerably larger than 
the weight of the armature, it is natural that in single-geared 
motors the bearing nearest to the pinion, the so-called “pinion 
end” bearing, works under conditions more severe than the 
other bearing. Experience shows that in the single-geared 


Fig. 2 Loapinc DiacramM For Pinion-END BEARING 


units bearing failures occur invariably on the pinion end of the 
armature. 

A loading diagram for a pinion-end bearing is shown in Fig. 2, 
for both power and regenerative service of the motor. The tooth 
load acts at an angle to the tangent NN to the pitch circles 
at M. The bearing-load components are: OB, caused by the 
weight of the armature, and OA, or OA, due to the tooth load, 
depending on the direction of motion. The resultants OC; 
and OC, are therefore acting, under any conditions of service, 
in a direction away from the gear. The window being located as 
a rule toward the gear as shown in Fig. 2, there is always an ample 
angle between the “entering” edge of the window and the load 


line. This angle is of the order of 180 deg. when the motor 
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is driving the car, and of 45 to 60 deg. under regenerative service. 
This is important for the upbuilding of a load-carrying oil film, 
as will be shown in the discussion of the test results. 


Test EQUIPMENT 


The conditions of loading as discussed above were used in 
the test, the bearing testing machine previously described being 
used. A 4,000-in. journal sleeve was mounted on the tapered 
end of the test shaft and was held in place by a cap washer and 
bolt as shown in Fig. 4. Four-inch by seven-inch standard shells 
were used for test; these were pressed into a partly machined 
motor housing and mounted on the journal in the position shown 
in Fig. 3, the housing being at an angle of about 30 deg. to its 
normal position on the motor. The load was applied vertically 
downward by means of a loading bar and dynamometer, as shown 
in Fig. 5. The total load on the bearing was equal to the double 
reading of the dynamometer plus the weight of the housing with 
bearing. The direction of the load with respect to the shell 
corresponded to the direction of the load line in service. 
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Temperatures were measured by means of thermometers 
placed against the shell in micarta-lined wells drilled into 
the housing, and by means of thermocouples introduced into 
3/y-in. holes drilled half-length into the shell itself. A ther- 
mometer was also placed in a well drilled in the shaft (Fig. 3), 
the bottom of this well being in the geometrical center of the 
bearing. The oil lifts were measured by a gage through the 
filling hole, while the oil consumption was measured by col- 
lecting the oil leaking out from both ends of the shell into con- 
tainers and weighing this periodically. The friction in the bear- 


ing was measured and graphically recorded by the torsiometer 
through which the test journal was driven. 

The loading bar (Fig. 5) transferred the load to the housing 
through a 1'/; X 1'/:-in. shoe placed at the midlength of the 
bearing. This almost completely eliminated any misalignment 
effects from the tests. 

The bearing shells were of bronze lined with babbitt, the 
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thickness of the lining being from '/j¢ in. to '/s in. Westing- 
house alloy No. 14 (85 per cent tin, 10 per cent antimony, 
5 per cent copper) was used in the bearing, the journal being 
made of chrome-nickel steel. A long-strand waste of mixed 
cotton and wool and a summer grade electric car oil were 
used in these tests. 
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Pressure gages were installed while testing one of the shiells 
at points A and B in the middle plane of the bearing as shown 
in Fig. 4. Small holes were drilled through the shell and tubes 
tapped into them. The hydrostatic pressures of the oi! film 
observed on the gages mounted on the tubes showed a slight 
increase with load and speed. The hole A registered from § 
to 12 lb. per sq. in., and the pressure at hole B varied from 
20 to 40 Ib. per sq. in. These pressures were far below the ones 
observed during the previous tests on bronze axle bearings, when 
pressures as high as several hundred pounds per square inch were 
recorded. 

The difference is easily explained by the fact that the present 
measurements were made on a bearing run in very thoroughly, 
the contact area covering nearly 90 deg. of the circumference 
of the bearing, as shown by the heavy line in Fig. 4. 

Fig. 6 illustrates, in exaggerated form, the difference betwee! 
the conditions of the two tests. Case I, with slightly wort 
bronze shell, can be compared with Case I, when two planes, 
one immovable and the other moving at high velocity, form 
a small angle; the shoes and collar of a Kingsbury thrust bearing 
form such planes. The oil adhering tightly to the metal sur 
faces of both planes suffers, due to its viscosity, high shearing 
stresses between layers shifting over each other, and high pre 
sures are thereby caused in the wedge-shaped film. The appro* 
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imate pressure distribution in this case is shown in the curve Ia. 
The intensity of the hydrostatic pressure increases with the 
viscosity of the oil, with the relative velocity v, and with the 
decrease of the clearance between the planes. 

Case II, a worn-in shell, such as was used in the present 
series of tests, is analogous to IIa. The oil film is wedge shaped 
in the first half of the thrust shoe, and the surfaces of the metal 
are parallel in the other half. Pressure is created in the wedge- 
shaped film as shown in the pressure curve II,; at the outlet 
from the wedge the pressure is not zero as in Ig, but has a 
definite value, falling off along a straight line toward the end 
of the shoe. The pressures in the worn-in zone are therefore 
quite moderate. 

It should be noted that a distinct difference exists between 
waste-packed bearings and bearings with a large supply of oil, 
such as oil-ring lubrication or forced-feed types. In these bear- 
ings at high speed a comparatively thick oil film is maintained, 
completely separating the surfaces of journal and_ bearing; 
the journal really rides on an oil film, and only liquid friction 
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in the oil is present. The maintenance of such an oil film 
requires a definite minimum amount of oil to be passed through 
the bearing, which itself acts asa pump. In a waste-packed bear- 
ing, however, the flow of oil through the shell is very small, and 
. the journal and the bearing shell are therefore in contact, bound- 
ary lubrication existing in the contact area.* 

Yet, since there is radial clearance and since the oil film has 
4 wedge shape, hydrostatic pressure is created, carrying part 
of the load. Friction is considerably higher under conditions 
of boundary lubrication than in a load-carrying oil film. It 


* Loc. cit., p. 1176. 
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is therefore essential for the proper operation of a railway- 
motor bearing that the oil film should not be destroyed. 
When properly operating, the clearance is fairly full of oil. 
Numerous observations have shown that vigorous squeezing 
of the waste with a packing tool while running the Journal 
did not change materially the friction in the bearing, although 
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oil was pressed out at the bearing ends. Were the clearance not 
full before this experiment, a considerable increase in viscous 
friction would be observed. 

The hydrostatic pressure in the oil film causes endward flow 
of oil in the pressure zone. However, very little oil actually 
leaks out of the bearing. Instances were recorded of bearings 
running for hours with only several drops of oil discharged. This 
is partly caused by the fact that the pressure gradient at the ends 
of the bearing is nearly zero, and partly to the slight vacuum 
created on the unloaded side of the bearing. This vacuum holds 
the oil in the clearance, which will also be seen later from the 
discussion of oil-flow experiments. 

It appears that the vacuum zone is the most vulnerable area 
of the oil film. Penetration of air into it through the window 
is liable to partly break the load-carrying oil film, with the result 
that more load will be carried than necessary on the metal-to- 
metal contact area. This will bring higher friction and in- 
creased wear. It is therefore important that the window 
should be reasonably sealed with oil-saturated waste. In gen- 
eral, the method of application of waste and oil to waste-packed 
bearings is of extreme importance for their successful operation. 


PACKING AND OILING 


There seems to be a current misunderstanding in comparing 
the mechanism of operation of a waste-packed motor bearing 
with that of a car-axle bearing. It is true that both types 
rely upon the capillarity of waste for the oil supply, but they 
differ radically. The oil passed through a brass of a car-axle 
bearing remains practically in the box, falling back on the waste; 
the main requirement for the waste is therefore that it should 
keep the oil efficiently in suspension, i.e., that the waste in 
contact with the journal should be wet. On the other hand, 
the oil passed once through a motor bearing is lost, and lubri- 
cation of the bearing depends on the ability of the waste pack- 
ing to deliver oil from the oil well to the journal. It should be 
remembered that a waste able to hold a given oil in suspension 
better than another waste will not necessarily siphon over more 
oil. The question of interaction of oil and waste is very compli- 
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cated, and an investigation of it is now in progress. At present, 
long experience has worked out certain standards of waste and 
oil which will give satisfactory service in railway-motor bearings. 

The waste used in motor bearings should be of long-fiber 
wool or of a mixture of wool and cotton. It was mentioned that 
the packing must seal the window. This necessarily requires 
a degree of resilience in the packing, in order that it will not be 
shaken down from the journal by the jarring of the car on the 
track. Cotton itself carries over oil more efficiently than wool, 
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but it has no resilience and therefore is not suitable in itself for 
packing bearings. 

The method of packing the waste has much to do with proper 
operation of bearings. The window must be completely filled 
with waste. This practically cannot be done when a long 
skein of waste about three inches in diameter and several feet 
long is gradually fed and rammed down into the waste chamber, 
as is often the practice. A skein of long, straight strands should 
be introduced carefully into the waste chamber, extending to 
the bottom and spread over the whole width of the window. 
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Balls of waste of medium size should be packed behind it, form- 
ing a resilient cushion pressing the skein against the journal. 
To insure a continuous tight seal of the window the packing 
should be made as tight as possible, not only at the top of the 
chamber but also on the bottom, where there is danger of shak- 
ing down the waste from the journal. In fact, tests have shown 
that it is impossible to pack a bearing too tightly when human 
force is applied, since no signs of impairing the oil flow by the 
tight packing could be detected. 

The necessity of a tight seal can be seen from the follow- 
ing experiment. During the series of laboratory tests, the 
waste in a perfectly operating bearing was disturbed and the 
upper corner of the window exposed at the end opposite the 
collar. Fig. 7 shows a graphic record of friction torque against 
time of the bearing after starting it. Normally, the friction 
drops gradually with increase of temperature as the bearing 
warms up, as shown by the dotted lines. Curve C-C is the 
temperature at the center of the bearing recorded by the rotat- 
ing thermometer (Fig. 3). With the window corner exposed, 
the friction became unstable, the chart showing sudden increases 
in friction. Vigorous shaking of the housing along the journal 
with a total motion of one inch approximately, brought the 
friction back to the normal level temporarily, as shown in 4-4, 
Fig. 7. The thermometer against the shell at the end near the 
exposed corner registered an excessive temperature rise, show- 
ing thereby that the disturbance was on this end. The oil 
film could not be maintained with the window unsealed, and 
the bearing was “lame.” Shaking the housing temporarily 
established the oil film. At B the packing was restored and the 
housing was shaken as at A. The film was reestablished and 
no further disturbance was noticed. 

It does not follow from this experiment that imperfect packing 
leads necessarily to bearing failure. Increased friction merely 
causes higher running temperatures and increased wear. The 
probability of failure, however, is naturally higher, and in the 
case of heavily loaded high-speed bearings failure is invited. 

The importance of good packing brings forth the conclusion 
that the common practice of “pulling’’ the packing during inspe¢- 
tion, i.e., extracting it from the waste chamber and placing it back, 
while the truck is under the car cannot be recommended. It 
seems to be best not to disturb the waste until it is possible 
in the car shops to have easy access to the motor bearings: 
Moreover, it has been found that when the packing is carefully 
made and properly lubricated, waste may remain in the bearing 
for very long periods of time without injury. 
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height to the upper part of the 

bearing window becomes too great, and the saturation of the waste 
is then insufficient to provide a seal for the window. The oil film 
ruptures and increased friction occurs. It is therefore important 
to maintain an oil lift inside the critical value. Fig. 8 shows a 
sketch of a so-called ‘“‘oil sealed’? housing for a railway motor 
where a predetermined oil level is kept constant in the waste 
chamber. The operation of the housing is illustrated by the 
sketch at (a). Lowering of the oil in the waste chamber B 
admits some air into the housing A, and a quantity of oil runs 
out into B till the level of C is reached again. 

The oil to be used for railway armature bearings must have 
both high viscosity and good oiliness conforming to the de- 
scribed mechanism of operation of such bearings, in order to form 
an efficient load-carrying oil film and to decrease the friction 
and wear in the contact area. The oil manufacturers employ 
two ways to obtain oiliness: they either prepare straight mineral 
oils using high fractions in mixing the car-motor oils, which frac- 
tions possess the oiliness property, or they admix a filler pro- 
viding the oiliness, mostly soap.’ Oils of both types have proved 
to give good service. The straight mineral oils have generally 
a higher viscosity due to the content of high fractions. It 
is common practice to change the grade of oil used from summer 
to winter, the summer grade being heavier. Some manufac- 

turers recommend three grades—summer, winter, and an inter- 

mediate oil. The change of grade is dictated by the necessity 
of insuring a flow of oil through the packing at low winter tem- 
peratures, this flow depending greatly on the viscosity of the 
oil, as will be discussed later. Fig. 9 gives the range of viscos- 
ities of oils successfully used in armature bearings.* With 
the present standard design of armature bearings and mainte- 
hance practice, large deviations from the limits may result in an 
excessive amount of failures. Winter-grade oils of viscosity lower 
_than the indicated limit should be especially avoided. 
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It has been mentioned above that the successful performance 
* Loc. cit., Fig. 15. 
. Attempts to use mineral fillers proved to be unsuccessful. 

— obtained by Mr. W. C. Wilharm, W. E. & M. Co., Research 


of a waste-packed bearing depends largely on the maintenance 
of an efficient oil film. Its load-carrying capacity does not de- 
pend on the flow of oil through the bearing; since the velocities 
of the oil in the longitudinal direction are so insignificant in 
comparison with the peripheral speed that the effect of the axial 
velocities may be neglected, provided the clearance is full of 
oil. This explains why the friction and temperatures of bear- 
ings do not depend on the oil lift within its critical value, although 
the amount of oil leaking out from the ends varies considerably. 

In an ideal waste-packed bearing the supply of oil through 
the wick could be regulated in such a way that it would just 
compensate the unavoidable very slow loss of oil from the clear- 
ance due to leakage and evaporation. This, if accomplished, 
would provide a considerable saving of oil without harm to the 
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bearings. But ability of the wick to deliver oil is affected by 
the conditions in the bearing, namely, by the oil lift and the 
temperature of the oil. 

The relation between oil consumption and the oil lift for 
armature bearings has been found to be of the same character 
as previously shown.? The oil leaks out of the bearing ends at 
a rapid rate immediately after oiling, and slows down with increase 
of oil lift. It is clear that much oil is wasted during the first 
period and that the oil film is in danger when the oil level in the 
oil well is low, at the end of the oiling period. One step toward 
this ideal obtains the previously described oil-sealed housing where 
the oil lift is practically constant during the whole oiling period. 
Service observations on the performance of such housings on 


7 Loc. cit., Fig. 8. 
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the several railway properties where they are installed have 
shown to date that the average oil consumption with the oil- 
sealed housing, as designed, is about the same as with the stand- 
ard type, about 1 gill per 1000 miles for the pinion end and !/, 
gill per 1000 miles for the other end. It is felt, however, that 
the bearings could be successfully lubricated with less oil than is 
fed to the journals with the present oil lift. 

Another experiment in the same direction was made on one 
property where an auxiliary oil chamber was installed on top 
of the pinion end housing of the motor, a small wick siphoning 
over the oil into the waste chamber on to the top of the waste 
packing. The dimensions of this auxiliary dripper were chosen 
to maintain a fairly uniform oil level in the oil well. The diagram 
of Fig. 10 shows the variation of oil level with time from one 
oiling to another, for motors with and without the auxiliary oiler. 
The data plotted are averages from observations on a number 


of motors. The oil consumption was cut down considerably 
when a constant level was maintained, the performance of the 
bearings being quite satisfactory. With a constant level the 
bearings used 0.99 gill per 1000 miles, while without the auxy- 
iliary oiler a consumption of 1.8 gills per 1000 miles was regis 
tered.* 

However, the temperature of the oil in the bearing is the most 
important factor in defining the oil flow. The quantities of oil 
siphoned over by a waste wick depend on several factors: the oil 
lift, the density of the oil, the size of the wick, the material 
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of the wick, the size of the capillary channels, the length of 
separate fibers, and the surface tension of the oil and its vis- 
cosity. A combination of a given waste and oil being considered, 
the viscosity of the oil decreases greatly with increase in tem- 


8’ This information was submitted by G. H. Koch, W. E. & M. o., 
East Pittsburgh. 
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perature, while the surface tension remains fairly constant, and 
the flow of oil through the wick grows correspondingly. The 
surface tension is the property which determines the up-suction 
produced on the oil by the waste, and the viscosity defines the 
frictional resistance of the oil to flow through the minute 
channels in the waste. Fig. 11 shows flow rates for various com- 
binations of oil and waste at different temperatures with round 
wicks '/2 in. in diameter. No particulars are given here 
about the materials used, since the data were collected from 
single samples of oil and waste; only an average of several 
tests with the same oil and waste could be reliable for quanti- 
tative information. The viscosities of the oils for various 
temperatures being known, Fig. 12 shows the rate of flow plotted 
against the corresponding viscosity. The diagram is drawn 
on log paper, and the points fall on straight lines inclined at 
nearly 45 deg. This shows that the rate of flow is inversely 
proportional to the viscosity of the oil.® 

The temperature of the oil in railway motors is generally 
from 40 to 60 deg. cent., i.e., nearly equal to the temperature 
of the motor itself. At this temperature the waste is capable 
of carrying over, the oil lift being the same, several times as much 
oil as it would feed when the bearing is not heated up. This 
is especially true for the winter season when the oil may 
attain very low temperatures with the motor standing still. 
One of the most unfavorable features of waste lubrication is 
therefore the fact that very little oil is supplied to the journal 
until the bearing is fairly warm and the viscosity of the oil 
in the well drops sufficiently. It takes from 15 to 30 minutes 
to bring about such a condition, and during this period the 
bearing must rely for its lubrication on the residual oil held 
in the clearance by capillary action when the motor is not 
running. Naturally the oil film is easily interrupted during this 
period, and disturbances are observed in the operation of the 
Fig. 13 shows a typical graphic record of friction 
torque in the test armature bearings under conditions of heavy 


bearings. 
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*lt should be noted that the high rate of oil flow through the waste 
at low Viscosity is partly the cause of failures experienced by railway 
properties using oils lighter than the lower limit of Fig. 8; the oil 

as been fed into the bearing at a very rapid rate, using up the 
quantity in the oil well very quickly and causing the bearing to run 
Ty toward the end of the oiling period. 
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loading during the first hour after start. The disturbance in 
the curve due to lack of lubrication is clearly seen. From the 
very start there is enough oil left in the clearance to provide for 
reasonable lubrication. When this initial amount is pressed 
out toward the ends, there is an interruption of the oil film until 
oil is fed from the oil well. 

It is the author’s opinion that most of the bearing failures occur 
during this period of faulty lubrication; i.e., the bearing may be 
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injured some time before the oil started up, further destruction 
being an accumulative process. 

This is another reason why bearings should be started up 
carefully when new or when rebabbitted shells are being run 
in. The surface of the shell being comparatively rough, and 
the lubrication just after start being imperfect, there is the 
probability of scoring the bearing when run at high speed. 
If possible, the motors should be operated one hour at low speed 
and two or three hours at half-speed before entering heavy 
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motors coming back to the shop with bearing trouble just after 
their bearings have been repaired. 

Fig. 14 gives interesting information on oil flow in an armature 
bearing. The bearings were run at different loads—from 20 
to 175 lb. per sq. in. of the projected area. 

The bearings were run at 1500 r.p.m. for a certain time, then 
the speed was cut down to about 150 r.p.m. so that the shells 
could cool off for the next high-speed run. The rate of flow 
of the oil is drawn against time in Fig. 14. Oil starts to leak 
out a certain time after the start, as was discussed above, in- 
creasing in rate with the rise of temperature. After the housing 
is hot, the rate of flow is small at 1500 r.p.m., increasing suddenly 
with the reduction of speed. The temperature being reason- 
ably high, the oil-transferring ability of the waste increases con- 
siderably, but while the speed of rotation is great the partial 
vacuum created in the unloaded part of the bearing holds the 
oil effectively in the clearance. When the speed is cut down, 
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the vacuum is very slight and oil leaks out of the bearing ends, 
hot oil being supplied at a rapid rate by the waste. 
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It has been noticed by engineers on several occasions that 
no marked difference in performance could be seen when ex- 
periments with different types of grooving were carried out. 
The observed variation in the flow of oil was within the experi- 
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mental error. A series of tests was therefore carried out by 
the author on the 4in. X 7-in. armature bearings with the 
housing as in Figs. 3 and 5. A bearing was run first with the 
grooving made as in Fig. 15, showing the development of the 
bearing, a series of runs under different conditions being recorded. 
The grooves were then filled in very carefully with solder 
and the recorded runs reproduced approximately. Fig. 14 
shows the oil flow for the two bearings with varying load and 
at intermittent high and low speed. The rates of oil flow are of 
the same order and the character of the curve did not change 
after soldering in the grooves. 

Fig. 16 shows the oil-flow rate for two runs with and with- 
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out grooves under identical conditions. The effect of squeezing 
the waste is similar in both cases, as are the amounts of oil 
leaked out from the bearing ends. The following table gives 
the results of several comparative runs for the grooved and 
grooveless bearings. 
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3 6 7.5 7 
420 420 630 1580 
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5 

. Grooved......... 9.8 36.1 73 122.4 
Oil consumed 0.5 57 82 139.5 
Final temp., {Grooved......... 49 45.5 71 105 

deg. cent. Grooveless....... 43.3 46.8 67 100 


1 Oil level raised during run. 

2? Run shown in Fig. 14. 

It appears from these results that the presence or absence 
of grooves does not affect the performance of the shell so far as 
the bearing proper is concerned. The question remains whether 
the grooves assist in conveying oil to the thrust collar-flange 
when thrust is applied. The data on oil flow show that the 
chief supply of oil to the flange may be expected immediately 
after stopping the journal or when rotating at low speed. In 
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this instance a groove extending from the bottom of the window 
diagonally toward the collar (groove A, Fig. 15) may be useful. 
The author does not see any justification for cutting other 
grooves in the bearing. Naturally, abolishing grooves in waste- 
packed bearings should not be attempted at present without 
extensive service tests under favorable conditions. A railway 
property which has satisfactory bearing performance would 
contribute greatly to the art if it would undertake experiments 
with grooveless bearings in a number of motors in service, care- 
fully recording the results of the change. 


TEMPERATURES OF THE BEARINGS 


Among others, a series of progressive tests was made to deter- 
mine the ultimate temperatures of the bearings under conditions 
of different loads and speeds. The lubrication was good during 
all these tests; the oil lift was kept between '/2 in. and 1'/, in. 

Figs. 17 and 18 show the relation between the ultimate tem- 
perature rise and the load and speed. The exceedingly high 
temperatures recorded are due to the fact that the housing 
was in still air, the cooling being very imperfect in comparison 
with service conditions, especially when air is forced through 
the motor. The charts in Figs. 17 and 18 refer to the temper- 
ature registered by the rotating thermometer sunk into the 
well in the shaft. This temperature may be considered to be 
equal to the average temperature of the oil film, the heat flow 
through the shaft being small. 

The temperature depends much more on speed than on load. 
This is quite natural since the temperature is an indication 
of the work per unit time lost in friction, this work being the 
product of the friction force by the peripheral velocity. When 
the bearing reaches a steady temperature the friction force 
does not vary much for different conditions, since the increase 
in temperature decreases the viscosity of the oil on which the 
liquid friction in the bearing depends, a certain self-balancing 
process being thus formed. Therefore the temperature curves 
at constant velocities and different loads are very flat. Only 
at high loads and high temperatures, when the load-carrying 
capacity of the oil film is impaired by the low viscosity of the oil, 
does the friction increase with the load. The shape of the tem- 
perature curves for constant loads and various velocities shows 
that the friction force decreases actually with higher velocities, 
the drop in viscosity counteracting the increase in viscous 
friction due to higher velocity. 

Results of an experiment with cooling, when a jet of air was 
blown on to the hot part of the housing, are shown in Fig. 19. 
The new temperature curves run parallel to the curves without 
cooling. Unfortunately the volume of air could not be measured, 
but it was not large. More extensive experiments on the effect 
of air cooling are in progress. . 

It should be noted that the babbitt lining in the bearings 
was not damaged by the high temperature. The waste was in 
perfect shape when inspected after the tests, no glazing being 
present. It appears that when properly lubricated and with 
dirt kept reasonably out of the clearance, no glazing should 
occur in elastic woolen waste. 

The distribution of temperatures over the shell was inves- 
tigated by means of the thermocouples sunk into the shell 
and thermometers along the pressure zone, as shown in Figs. 
4 and 5. The difference in temperature between the mid- 
dle of the shell and its ends, on the top, was from 10 to 15 
deg. cent. when a constant state was reached. The temper- 
atures along the circumference of the shell vary as shown in 
Fig. 20. The temperature of the shell on the top, i.e., under 
the load line, is about 10 deg. cent. higher than the temperature 
registered by the thermometer at the center of the journal; 
the temperature of the lining proper at this point is probably 
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about 15 deg. cent. higher than the average temperature of the 
oil film registered by this thermometer. The difference in tem- 
perature between top and bottom of the shell reaches 30 deg. 
cent. at high speeds, which is important with respect to the 
distortion of the shell described in the previously-referred-to paper 
on waste-packed bearings. 


CONCLUSION 


The principles of operation of waste-packed armature bear- 
ings described in this paper show that although it is true that 
the waste and oil supplied at present are of a worse quality 
than they formerly were, it is yet possible to obtain good perform- 
ance from these bearings. The new designs of motor housings 
have to take into account the laws of operation of the waste- 
packed bearings in order to provide a higher safety margin. But 
it is also important that the operators of the motors should com- 
ply to a certain extent with the principles brought out in this 
discussion. Having in mind these principles, an engineer will be 
able to work out, with consideration of the particular con- 
ditions of the given railroad, reasonable rules for oiling, pack- 
ing, and general maintenance of the bearings in order to obtain 
the best results. 


Discussion 


Ronatp BuLKiey.” Referring to Fig. 12, it is not clear 
what the purpose is in choosing logarithmic coordinates if, as 
the author states, the rate of flow is inversely proportional to 
the viscosity of the oil. 

In Fig. 21 here given we have transposed the curves of Fig. 
12 to uniform coordinates, using as abscissas the reciprocals 
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of absolute viscosity or fluidity. The resulting graphs depart 
considerably from the straight-line curves, passing through the 
origin which would be obtained if the logarithmic graphs of the 
author were actually inclined at 45 deg. as intimated. 

With sufficiently great hydrostatic heads the influence of 
surface tension upon the rate of flow in capillary tubes becomes 
negligible. Under these conditions the rule holds that for a 
given head the rate of flow is inversely proportional to the abso- 
lute viscosity. But the heads assisting to produce flow in the 
waste of an armature journal are admittedly small, and under 
these circumstances, as shown by Herschel,'! no such simple 
relation exists. 

An idea of the error introduced by the assumed simple propor- 


10 Junior Chemist, Bureau of Standards, Washington, D. C. 
11 Industrial & Engineering Chemistry, vol. 19, p. 837, 1927. 
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tionality may be obtained if we average with a straight line the 
two lower points of curve I plotted to uniform coordinates, and 
extrapolate to the fluidity represented by the topmost experi- 
mental point plotted. The result is an indicated rate of flow 
of only 6.5 grams per hour, whereas the author actually mea- 
sured 9.5, a value nearly 50 per cent higher than called for by 
his rule. 


ALLEN F. Brewer.!? Two points only of criticism occur to 
the writer: one, a constructive suggestion; the other, regretfully, 
of a destructive nature. 

It is noted that in his discussion of adequate fluidity and the 
selection of oils for service at low winter temperature, the author 
stresses viscosity alone. Undoubtedly, this is a vital character- 
istic, being, as it is, a measure of relative fluidity in any oil. 
Equal importance, however, should be attached to the pour test, 
or temperature of probable congealment, for the pour test may 
be regarded as a measure of the relative sluggishness. Low 
pour test in oils for cold-weather service is practically manda- 
tory. In certain cases the viscosity might easily be right, but 
by virtue of its wax content the oil in question might tend 
to congeal prematurely and cease to flow through the pack- 
ing. 

Of course, warming up a bearing will correct this, just as it 
will reduce the viscosity, but perhaps not until considerable 
wear has occurred. It is absolutely essential that the oil be 
capable of flowing when the system is cold, i.e., on starting. 
The pour test rather the viscosity will be indicative of this 
ability. 

The other point of discussion involves the author’s intro- 
ductory and concluding remarks as to waste and oil for waste- 
packed armature bearings being of worse quality than formerly. 
The writer must question this from the lubricating-oil viewpoint, 
in due justice to the reputable manufacturers of such products. 
The author should state the basis from which he draws this 
conclusion. 

The manufacturers of bearings, of transportation equipment, 
and of productive machinery have imposed severe requirements 
upon the manufacturers of lubricants during the past few years. 
Demands for increased production and range of operation have 
called for more highly developed coordination in machine de- 
sign, construction, and layout. Such production has naturally 
increased the load on the common carrier, be it of the freight 
or passenger variety. These loads have been met, car mileage 
has been extended, and production has increased, in very many 
instances, with reductions in unit power consumption. 

Could all this have been possible had lubricating oils de- 
creased in quality? The writer believes not, for we can virtually 
assume that machine output and operating efficiency today are 
contingent upon lubrication. The oil industry has realized 
this, and the fact that production is able to keep pace with de- 


12 Mechanical Engineer, The Texas Company, New York, N. Y. 
Mem. A.S.M.E. 


mand is indicative that lubricants of the reputable manufacturers 
are, if anything, increasing in quality. 


A. E. Firowers.'* The author has not sufficiently stressed 
the two different functions that must be performed by the waste 
in a waste-packed bearing. Most of us have thought only of 
the effect of the capillary lift in carrying the oil to the height 
required for use. Probably very few have thought of its next 
function, which is to deliver that oil to the running journal 
surface. An important contribution has been made in segre- 
gating those two. 


Tue Avuruor. Replying to the criticism of Mr. Bulkley, 
the author must state that he does not see any basic difference 
in the methods of plotting results, the one advantage of using 
logarithmic paper is that it is a labor-saving device. It would 
be difficult to definitely state that the inverse proportionality 
mentioned in the paper is an exact law, and consequently de- 
viation from a straight-line relation between the flow of oil and 
inverse of the viscosity is natural. 

The pour test, the importance of which has been pointed out 
by Mr. Brewer, is not mentioned in the present paper, since it 
deals mostly with the mechanism of a waste-packed bearing 
rather than with the proper qualities of oil. The author appre- 
ciates Mr. Brewer’s resentment at the statement concerning 
the deterioration of oils, but while he may be in error, he has the 
impression that with the growth of production the number of 
cracking processes has been increased and the oils have become 
more specialized. We are often told that the oils produced by 
the refineries give excellent service on rolling stock, which is no 
doubt true, but in several instances the author has observed that 
oil-company engineers do not always appreciate the difference 
between the conditions in a car-journal bearing and in a motor 
bearing. In the latter case the oil is siphoned over to the bear- 
ing, the used oil being lost. The author is therefore not con- 
vinced that the oil sold at present for waste-packed bearings 
is the right oil for the armature journals of railway motors. The 
main object, however, of the author’s remark was to call the 
attention of the oil producers to the importance of keeping the 
machine builders, such as the author’s company, informed better 
than they are at present on the recent developments in the pro- 
duction of lubricating oils. Cooperation between oil manufac- 
turers and manufacturers of electrical machinery will be of bene- 
fit to both, and to the industry as a whole. 

With regard to the remark of Mr. Flowers, it is true that in 
the present paper the difference between the capillary lift of 
oil in waste and the oil-delivering ability of the waste 1s not 
mentioned explicitly. This question, however, was treated in 
the author’s previous paper before the meeting of the Society 
in December, 1926, and more work on the subject is being done 
at present. 


18 Engineer in Charge of Development, DeLaval Separator (0-, 
Poughkeepsie, N. Y. Mem. A.S.M.E. 
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Analysis of Strains and Stresses in a Wristpin 


An Application of the Mathematical Theory of Elasticity 


HE simultaneous partial differential equations for an 
elastic cylinder subjected to a bending-moment loading 
are integrated on the basis of knowing the form of the 

axial stress intensity. 

Complete expressions are obtained for the three orthogonal 
strain displacements and thence for the radial and tangential 
stresses at any point of the metallic member; these last two 
combined with the axial stress give the resultant intensity at 
points in question. 

The solution involves certain constants of integration which 
make it more general in character than the conditions involved 
in the wristpin application. The analysis can readily be ex- 
tended, as is indicated in part, to shafts subject to a twisting 
moment in addition to a bending moment and for other types of 
loading; this makes the analysis all the more important as it 
covers most practical cases of loading for cylindrical members. 

A numerical illustration of the solution is given for a wristpin 
l'/s-in. outside diameter and */-in. radial thickness, having 
outer and inner case-hardened shells '/« in. thick which are 
assumed to contribute nothing to the strength of the pin, 
thus leaving a tough core of metal '/;.in. thick to carry the load- 
ing. The motor has a 6-in. stroke and a 3*/,in. bore; peak 
pressure is assumed at 334.7 lb. per sq. in. abs., making a static 
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Fig. 1 


load of 3534.3 lb. The connecting rod weighs 3.953 lb. and the 
weight of piston is taken at 2.5 lb. for cast*iron, 1.015 lb. for 
lynite, and about 0.606 lb. for magna metal. In previous work 
expressions were obtained for the thrust load upon the connecting 
rod for various angles in the shaft rotation, the thrust being the 
resultant of (1) static load minus the inertia load, and (2) the re- 
action from the cylinder wall. 

To get the maximum upper limit stress in the wristpin only the 
Static loading was used and this was assumed to act impulsively 
and thus be equivalent to a quiescent load of 7068 lb., or 7100 Ib. 
in round numbers, carried by the wristpin, which is, of course, an 

‘excessive value as compared with actual practice. 

On the foregoing basis calculations of the three stresses and the 

three mutually perpendicular shears are made at certain points 
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on the inner and outer surfaces of the '/j.-in. shell, thus giving 
the extremes. The calculations show that the parts of wristpin 
within the connecting-rod sleeve and the piston bosses can be 
made less in thickness, while the part of pin in the gap between 
sleeve and boss needs to be reinforced or made thicker. 

It will be readily seen that wristpins can be made considerably 
lighter than in present-day practice and still have strength 
where required. Such construction, illustrated in exaggerated 
form in the accompanying drawings, among other things will 
reduce the inertia losses and lessen vibrations in motors. This 
type of wristpin, illustrated in Fig. 7, has been covered by a broad 
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and comprehensive U. S. patent (No. 1,568,209) in which its 
features are fully described. 


LONGITUDINAL Stress INTENSITY AT ANY PoINT WITHIN THE 
Pin, Due To THE FLExuRAL LOADING ON THE MEMBER WHOSE 
Enps Are FIxep 


Referring to Figs. 1 and 2, the wristpin must be regarded as a 
beam fixed at each end, and having a fixed load uniformly 
distributed over the length 1’, while 2/, + l’ is its clear span; 
l. being small compared with l’. The length of each fixed end is 
l’’. The fixed load is 7100 lb., and the fixing of the load to the 
pin is effected by means of the bushing and its enclosing sleeve 
at the upper end of the connecting rod. The mean effective outer 
radius of the connecting-rod sleeve is rsm. 

In a vertical plane M = S,; I'/c expresses the equality of ex- 
ternal and internal bending moment; 5S, is the fiber stress distant 
c from the neutral axis; J’ is the moment of inertia of the cross- 
section of the pin. For a hollow cylindrical pin, 


— 
= 


c 4 
The stress at outer surface of the connecting-rod sleeve is 


4rim 


[rsm* ri} 


Syz 

where M, is the bending moment at a section distant z from cen- 

ter of wristpin. This assumes no appreciable slipping of bound- 

ary surfaces of pin, bushing, and sleeve, to be caused by flexure. 
The stress on the surface of the pin in a vertical plane is 


= 
5) ri‘] 


This equation expresses the fixation of the load; i.e., the pin 
cannot bend, within the l’ range, without the bushing and con- 
necting-rod sleeve bending therewith. 


~ oh 
: 
4 4 
whe 
a 
hie ag 
age 
\ \ 
\ 
fe 
bad 
| 
t 
SN | t 
A nk 
Paik 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Consider a beam with overhanging ends, each of length l’’ where 
and each loaded uniformly to an intensity m per unit length, 
the loading being of such a magnitude that the elastic curve is 
parallel to the Y = 0 axis at the end supports, which means that 


the ends are fixed. Then from the symmetry of the layout M; is the bending moment at the left support, and from this the 


loading intensity m to produce fixation of the ends may later 
R, + R, = 2ml’’ + wl’ be found. 


--+--4---- 


and also by moments it is found that 


wl’ 
R, = ml” + zz and therefore 


The bending moment at section 2’ is EI’ + (= + wt) =— = 4 


d 
M,’ = — (= + — — 1.) w (25+) is the slope to the elastic curve. Now = 0 when z’ = 0 


and therefore C = 0, since the pin is fixed at the origin, 0’. 
which simplifies into Also dy/dz’ = 0 when xz’ = 2/1, + 1’, and hence 
w 


wl’ w 
+ wt) 2 M, (le +H) 
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and 


When 2’ = 21. +l’, M = 
each fixed end is the same. 

For use in connection with the elasticity-analysis equations we 
need M,, where x is measured from origin O, the center of the 


That is, the bending moment at 


pin. Substituting 2’ = 1. + > + z and simplifying, we get 


M, = M, + 3 (21. + l’) (21, + l’) 


This equation defines the bending moment at a section at dis- 
tance z from the center of the pin. 
At central section 


w 
Me = — (21, + I’)? 
1, +) 


w w 
Mis = 4] (Ale 
is the moment at the end section of the connecting-rod sleeve. 


w 
M 1 = M, = — — (21. l’)2 
[== 1 +l’) 


as already obtained, and is the moment at the connecting-rod 
sleeve end of the piston boss. 
In [A;-4], put M, = 0 and it is found that 
1 
2 = — + I’)? 


so that 


1 
V/3 (. ‘) 


defines the section where the moment vanishes. 
When z<2, M.>0; that is, part of pin to right of section is 
subject to counterclockwise rotation. 


When z>2, M. <0; that is, part of pin to right of section is 
l’ 
subject to a clockwise rotation. When z = 3 +1, Ms = 


7 (21. + l’)?; that is, piston-boss load subjects the l’’ part of 


pin to a clockwise rotation. Consequently there will be longitu- 
dinal tension on the bottom of the pin, over its central part; 
there will be compression over the remaining bottom part. 

Let N,; be the stress intensity parallel to the X-axis, its value 
depending upon the point of the pin in question. There are 
five conditional values of Ni. (See Fig. 3.) 


(1) Ny, = 0 when = OandO l’/2, and out to 5 

(2) N, = 0 when @ = x and 0 S$ z § l’2, and out to 5 

(3) When ¢ = : or “2 the bending moment (in this vertical 
plane) is 


and hence in this plane and at r = r,and0 Sz A it has been 
shown that 
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24 
a negative value being a compression and a positive value being a 
tension; 2» being the section where N; = 0. 


(4) Over the length J. and for ¢ = 4 


w w 
— Il’)? —— 2? 


(5) On the inner surface of the pin where r = rm, and ¢ = 
3 
sor = N, is obtained by putting r; in place of r: in the numer- 


ators of the above. 


4r w w 
w(2l, + I’)? 
— Jx*] sin @ where J — 
2w 


and 


is the simplest and lowest order expression which satisfies con- 
ditions (1) to (5) inclusive. 

Note that rz has its largest values for the piston boss and the 
connecting-rod sleeve parts; for the /. region of the pin rz = re. 

If there should be any terms of higher order in N; involving 
sin” @ or otherwise which satisfy the above five conditions and 
also constitute a solution of the elasticity system of equations, 
it is obvious that the numerical values of such terms could only 
be a small percentage of the value of N; as defined by [A;:-5]. 
Therefore for practical purposes 


N, —Jz’] sing 


is the longitudinai stress intensity at any point within the 
homogeneous core of the wristpin; this value results from flexural 
loading of the fixed-end wristpin. 

The upper figures of Fig. 3 are self-explanatory. The lower 
figure represents, highly magnified, an element of volume in 
cylindrical coordinates, and shows the forces and shears acting 
on this infinitesimal element. 

T., is the shear intensity in the surface z = const., acting on 
the element rd¢dr, and directed parallel to r. 

T,¢ acts on drrd@ in direction of ¢. 

Tz acts on drdr in direction of z. 


N, = intensity of normal stress in direction of x. 
R = intensity of normal stress in direction of r. 
N¢~@ = intensity of normal stress in direction of ¢. 


The intensities of normal stress and shear take on other values 
on the opposite faces, and are omitted from Fig. 3 for sake of 
clearness. There are also three other shears, 7,2, 7g, and T'z¢, 
which are not shown. 

Thirteen equations are involved in expressing the relations and 
magnitudes of the three orthogonal stress intensities, the three 
orthogonal shears, and the three orthogonal strain displacements 
called into existence by an external force, and this last requires 
three equations to represent its action. The foregoing constitute 
fundamental relations involved in the mathematical theory 
of elasticity.” 


2 See ‘‘Mathematical Theory of Elasticity,” by A. E. F. Love, 
pp. 41, 56, 83, 85, 89, 98, 123, 276-278,and elsewhere for derivation 
and discussion of the following system of Equations. See also Wm. 

. Burr, “Elasticity and Resistance of Engineering Materials,” 
1915 Edition, pp. 880-886 for derivation of the above referred to 
equations. 
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It is shown that Trz = Ter, Tree = Tor, and Tos: = Tx¢, 
since z, r, @ are rectangular. The strains or strain displacements 
in directions x, r, respectively, are u, p, andw. Xo, Ro, 
are the components of the external force per unit volume; i.e., 
the components of the body force. The density or mass per 
unit volume of the body is m, and the time element is ¢. The 
general equations of motion (vibration) in cylindrical coordinates 
are shown to be: 


ON: 
or or 


OR 


1874 

r 

1 OT 
ox or r r 
OT . OT 1 

ox or r 


These three simultaneous partial differential equations are not 
dependent upon the nature of the body. 


Let E = unit stress per unit strain = modulus of elasticity 
(modulus for tension and for compression are taken 
equal) 

= 1/; to tension 

X = Poisson’s ratio, lateral strain divided by direct, strain 

= 0.303 for steel. 


E shear 


E 
= constant for a truly homogeneous body. 


As we are concerned only with the equilibrium of the wristpin 
and not with possible vibrations, the right-hand sides of equa- 
tions [Bo] vanish; body forces such as gravity do not enter, 
and the system simplifies to 


OT 
op 


r r 


1 Nee 27s _ 
which are the equations of a cylindrical body in equilibrium. 
These equations of equilibrium will be restricted to elastic 
- eylinders only by expressing the six stress intensities in terms of 
the rates of variation of the strains, thus: 


oz or r 
re) oR 
oz or 


Ou OO Ow 
The cubical dilation 8 = — 4 — 4 — 
e cubical dilation jo tar tants 
is the rate of change of volume; i.e., it is the increment of volume 
per unit volume. 


Equations [Bs] to [Bio] inclusive express the normal intensities 
and also the shearing intensities in terms of the strain displace- 
ments u, p, and w. These equations together with [B,] to 
[B;] define the stress intensities for an elastic body in equilibrium. 

The constants of integration are determined by aid of the 
following surface-impressed loading: 

Let p, g, r’ be the direction angles, which a normal to exterior 
surface makes with the z, y, and z axes, let P be the force intensity 
applied to exterior surface and let x, x, p’ be the direction angles 
of P. It is shown that the exterior surface-condition relations 
are 


Nicos p + T:,cosq + T.¢cosr’ = Pcosr....[By] 
T., cos p + Reosq + 7,¢cosr’ = P cos x 
T¢: cos p + T,¢ cosg + Nog cosr’ = Pcosp’....[B;] 


For the wristpin problem, the law governing the exterior 
surface loading intensity P is unknown; the loading, due to the 
connecting-rod sleeve acts radially, the intensity distribution 
will later be found. The longitudinal stress intensity due to the 
flexural loading is 


N,; = —Jz?) sing 


for which J and J have constant values for the respective regions 
of the wristpin. 

The foregoing system of equations will now be solved, subject 
only to the fact that the wristpin is subject to a bending moment, 
which results in the above value for Ni; the solution thus obtained 
will be very general and will apply to a cylinder having a more 
complicated external loading than is the case for the automobile 
wristpin. 

The simplest generalized functional representations of the 
strain displacements that satisfy Equations [B,] to [Bs] in so far 
as the trigonometric functions are concerned are 


u = U(r,z) sin p = P(r,xz) sin ¢; w = W(r,z) cos 


There may possibly be some higher-order trigonometric- 
function terms involved in p, and w, but probably not in u, 
which would also satisfy Equations [B,] to [B;]. Such terms, if 
any, could only add small percentage corrections to the numeri- 
cal values obtained on the above bases, consequently no en- 
deavor is made to investigate any higher order trigonometric 
terms. 

On the above basis of functional representation 
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2Gr Op oP 
= = — — si 6 
[Bs] R = + 2G>= sin g.......... [Bel] 
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Substituting N; = 
into Equations [B,], [B2], and [B;], and simplifying, we get, 
respectively 


or? \Or or ox r G 


eU 2—2r0*P 1 10W 
1—2d = Ox? 1 — 2d Or? 1—2Ar Or 
2—2rX10P 3—4\W 3—4AP 
1— 2 ror 1— 2, r? 1 — 2, r? 
ew 1 1 0U 1 1 OP 
oz? Or? 1—2A r r Or 
1oW 3—4\P 3—4W 
— =0....[B;-1] 
ror * 


Substituting N,; in [B;-1] and simplifying, we get 


2.2.12 
ox or r r 2G 


o[B,-2 
Now el — ){[B,.-1] simplifies into the very important 
equation 
1— dv) — — - — + A—4+ — = 0... [Br 


From this equation U can be determined as a function of z 
and r, so that u = U(z,r) sin @ strain displacement will thus be 
found. 

To solve [B,-2], put U =rX + 2R, where X is a function of 
z only, and R is a function of r only. Substituting and simplify- 
ing, we get 


oxX Jz 
as 


If c = 0, the equation becomes —* 0, and it follows that 


X = const. and hence U = r X constant. 
When « + 0, the equation can be written 


J 


x Ox? G 


AOR 


As the sides of the equation are respectively functions of x only 
and of r only, these must each equal a constant a* in order to be 
equal to each other. 

Consider 


oR 
or? 


(See Forsyth, “Differential Equations,” p. 87.) Let R = wv 
’ where w and v are each functions of r. On substituting we have 
for determining a value of w, the equation 


dw ildw 0 
drt pdr 


and hence w = r is the simplest solution; 
hecessary in order to obtain v from 


this is all that is 


APPLIED MECHANICS SECTION 


r(I — Jz*) sin ¢ and the above functions 


APM-50-2 


4 


this greatly reduces to 


is a part of the solution desired. The left-hand side of the equa- 
tion becomes 

(1 —») 1 aX J 

xz dz? G 


which reduces to 


ax 
= zx 


and therefore 


X = + Ci’, 


whence U = rX + 2R becomes 


Az a*r*z 
Therefore 
2,3 
x* 
Cos + Cr — + [B,-3] 


This is the strain displacement factor U(r,x) which enters into the 
strain displacement u = U sin ¢. 

It is readily seen that [B,-3] contains the solution for the 
case x = 0, for which U = Cor. The plane through the origin 
and perpendicular to X-axis is a plane of symmetry. The value 
of U on the surface and in the symmetrical plane is Up = Cure. 
As this is the section of symmetry from which tension takes 
place along the bottom central region of the pin, we may take the 
displacement at this section (for certain cases) equal to 0, i.e., 
C2 = 0. 

Obtaining the above value of U constitutes a long step forward 
in determining P and W. 

Substituting U in [B;-2] and simplifying and also making a 
partial differentiation with respect to r leads to the relations 


5 
Tox = — +—] cos ¢............. [Burl 
dr 1 a?rt A. a* 
=B+A J = — —dr = B—— + 
(Bet) where A and B are constants. Therefore ae 
A 
R= = rB—-—-+— 
— 
—— 
ArR 
r3 
~ W P 1— Cs , 
r r r r 8d 
1 — J 

(2-2) 
oP Pp ie. [1—2 
—{— — =] — | + — + [Be 
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Put W + P = Z, where Z is a function of r and z. The 


Substituting U into Equation [B,-1] and simplifying, we get 
above equation can now be written 


o*P 2 — 2d 1 10W 2— 2rd 1 OP 


1— 


1— 2x => > [Bu-1} 


| =O puz=X+ R, where X is a function of z only, and R is a 
function of r only; [By-1] now becomes 


Substituting 0?P/dr? from above 


2 
Cs 
+ 1— 2X 1 Tr oo (2 — 2a) aA G That is, each functional relation must have a common constant 
1 — 2A 2 = (b? — P) — Mz? 
= 0....[Br2] dx 


and therefore 


Substituting U in [B;-1] and simplifying, gives ‘ 
x 
OW OW 1 1oW = — P) + Br +B, — =X, 
oz? or? 1—2 rr ror and also 
J 2 2 


IR 
= 0 To integrate this put » = = and the equation becomes 
r 


10 
Substituting - A from [B;-3] and simplifying we get 

r Or du 3a*r? 

=—b?+N 
oz? + or? (See p. 18.) The integral of this linear form becomes 
‘dr 


Adding the last equation of [B;-3] to Equation [B,-2] we get This reduces to 
the following important relations P . 
Or® ror NC; N3a%r? dR 
+ — logr + —— =— 
4 A 1 1 a? J r 32r dr 
SA R = B;logr 4 + NC; + 128, + By 
Adding [B;-2] and [B,-3] we obtain the very important equation where B; and B, are constants. 
Therefore, 
ow oP ow oP . @ ber NC 
I x? J a’? 2 Cs N3a*r 
3a*r? So that 
+h = 0....[Bu] 


Ww | Balog: 4 + 2 (log r) + 128d + B, 


[Bi 3) 


This equation can be integrated, as will be shown, and leads to 
the determination of the functions W and P. 


C; a’*r 
+ Ci + + 
1 C; ar? C 3a2r2 
a 
— 


APPLIED MECHANICS SECTION 


APM-50-2 


Substituting this value of W in the first equation of [B;-3], we These are the new expressions for the cubical dilation, i.e., 


get the expressions for the increment of volume per unit volume. 
Substituting in 
oP 1 2p 
or 4 M + 2G 
1 (log r)*  N3a*r* 
+ NC; ries + 128, + 2) _ (2) {cx and simplifying, we get the expression 


N, = — Jz’) sing 


which is the longitudinal stress intensity originally obtained from 
the bending moment, see Equation [A,-5]; hence, obtaining this 
value for N,; constitutes a positive check on the correctness of all 
of the intervening work. 

The longitudinal stress intensity is 


In this equation there are two independent variables z, r, 
whereas only the partial derivative with respect to r enters. 
(See Byerly, p. 346.) We therefore integrate regarding z as 
constant and then replace the constant of integration by an ar- 
bitrary function of z, whence 


N, = — Jz*) gin [Bs’] 
2dr 2dr 2dr 
tut 
= Be +e (right-hand side) 
is yi 
this yields 1— 2a 
1 
P 45 + B; (3 log r — ') we get for the radial-stress intensity 
Ir G J a? (1 + dA) 
NC; 1 1 4) N3a?*r4 By R aE; ‘ee 
ger ts, +s 1—\r )G 2d 
NC; 1 NC; 2 N3a% 1—a\ (Cir 
This important expression is the radial strain displacement log r — 3 128. 
factor in p = P(r,x) sin ¢, fo(z) being the arbitrary function. 
Substituting P in [B,-3] we obtain a*r? 
1 3 
log r + Bs — ber Substituting in 
NC; Ne; (1 5 N3a% y 2Gr_, 
— 2 « anime ome = + 2G sin 


+ — Cs + (Bu-5] we get for the tangential stress intensity 


r 4 2 48 
This important expression is the tangential strain displacement 2 1—AjG 2r 


factor in w = W(r,z) cos ¢. 


Equations [By-5], [Bu-4], and [B,-3] constitute the solution + sin + 2G +5 
of the simultaneous system of partial differential equations which 8X 
govern the strain displacements in a cylindrical elastic body in NC; 1 NC; _ 2 N8a*r 1—a\ (Gir 
equilibrium and subject to a bending-moment loading. log r «128 
The expressions for the three orthogonal normal-stress in- 
tensities and for the three orthogonal shearing-stress intensities oa Cs a*r sin ¢ [B,'] 
are now readily obtained, as follows. r 24d Es 
Equation [B,-1] becomes on substituting the values of U, ee | 
P,and W Substituting in 


we obtain 


+ a? J 
8\ ~ 


or 
1— 2\ /J \ 1 Cx 1J 
+ (+38) + r hte Ga 
r 8\ 


7 
Cs + a*r 
r 8A 
4 
4 
a 
* 
J = G(— + —) sing 
or 
| 1—2\ Cs 
v= + Xir — i 
a 
4 
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Substituting in 


we obtain 


NC; 8 N8a*r* 


or 3 128A 


1—A Cir 


Substituting in 


we obtain 


= 


(b? — P) robe +4) 
a? — — 1 


ar cos ¢....[Bio’} 


The normal stress intensities and the three shears involve re- 
markably simple functions; and the above expressions are re- 
markably simple in view of the fact that they result from the 
solution of the three simultaneous partial differential equations 
relating to an elastic cylinder in equilibrium and subject to a 
bending moment. 


EQUATIONS FOR DETERMINING THE CONSTANTS OF INTEGRATION 


, 


l 
FrorO Sz SurFaceE ConpITIONs IMPRESSED UPON WRISTPIN 


Over the region r = andr S S 2x, and + s2zs 


ry +1, +’, there is set up a variable radial intensity of com- 


pression by the piston boss communicating a vertical load of 
7100 + 2 = 3550 lb. total. 

This downward vertical total of 3550 is balanced by an upward 
reaction within the half of the connecting-rod sleeve which totals 
3550. At any point of contact the connecting-rod sleeve acts 
radially on the pin and this sets up a variable compression 
intensity over half of the pin within the half sleeve. Character- 
istics of this impressed surface compression intensity resulting 
from the vertical upward thrust of the connecting rod are 


(1) r=1¢@=0,0 52 and also out +I. + 1”, 


R = R, = 0, along this surface line; i.e., the vertical thrust of 
the connecting rod cannot have a horizontal component. 


(2) r=n¢@=7,08S 2 S and also out to > 
R = R, = 0, for the reason above given. 
V+2 


(3) R, sin (redgdx) = 3550. 


0 
That is, the sum of the vertical components of the radial im- 
pressed loading is total vertical load carried; this applies to the 


regionr=nOS¢@S7,0 8278 3 In the above integral, 
R, is the variable radial intensity impressed on the wristpin 


surface by the connecting-rod sleeve. The form of R: is given 
by [Bs’]. 


See Equations [B,] to [Bis]. The normal to the surface of 


the wristpin makes the directional angles p = = 


—¢. The directional angles of the line of action of the impressed 


surface intensity P = R, are r = »x = In 


view of the above Equation [By] yields the relation 


Substituting in this equation and noting that sin ¢ cos ¢ is a com- 
mon factor, we get 


1 1 
] 
1 1 a? 
+ + 5B) + 


Since the foregoing relation is to hold over 0 < z S I'/2, we get 
J 


a? — — 


1 a’ 
— M =0; 2C, +@—P) +5 > = 0; and 


Using the relations M = 


— NC, see [By-1], we obtain from the above conditions 
a? = 2Jr/G(1 + A) 


which completely determines this constant. 
The second condition leads to the equation 


1+ A I 
( N ) 1G GO +) 


In view of the directional angles and the surface intensity, 
Equation yields 


R, cos + Trg: sin ¢ = P cos ¢ 


for ar = r2 surface condition. 

Now P is the variable radial compression intensity impressed 
on surface of the wristpin by the connecting-rod sleeve, so that 
P = R, both being the common radial surface intensity on the 
wristpin and acting at angle ¢. 

Putting P = R2, we get that 7.4. = 0 on the surface r 
and within the range of connecting-rod sleeve. 

In view of 7,9: = 0, Equation [B,’] yields: First, fy(z) = 0, 
hence for the connecting-rod sleeve loading on the wristpin, t!e 
arbitrary function of z vanishes. 

Second, the remainder of the equation yields 


a? +1( Jew 


0... .[Bis-2] 
In view of the foregoing, Equation [B,s] yields 

Noe. sing = Psing 


That is, Ngee, tangentially = R:, radially; both being com- 
pressions. Since Nog: = R, the following equation results: 


4f, 1 
a*rs 
— 
J 
= + cons a? — — 
ox r on? G 
1 
Cr+ 5B [Bis] 
a 1 J @ 2 1 
| 


Jr23(1 + 2X) 
24GX(1 + A) 


B; 1 2 C; 
+ (2 — 2 log r2) — 


The condition 


rosin = 3800 
0 0 


leads on substituting and integrating to the relation 


Ir2l’ G {2 aX(1 + 


1—A (G 2X 24 


»\ 


Gb’ Gat f N 
2 8 » 4 


this readily reduces to 


1 1 2 b*r,2 


QJ 
16. 6d +a) 


The four foregoing equations ([Bis-1 to 4]) serve to give 
the complete determination of the constants of integration 
C,, b*, Cs, and B;; a* having previously been determined. The 
loading of the wristpin, in practice being such that f(z) = 0 


and also C; + ; B, = 0. 


The strains and stresses were determined subject only to the 
condition that the wristpin (whose ends are fixed) has a bending 
moment impressed upon it; this results in the given very generai 
solution. 

It ought to be possible to find readily strains and stresses in 
other cylindrical members, subject to a more complicated loading 
than is the case for the wristpin, by some slight additional con- 
ditional equations which will result in specific determination of 
the unused constants and the unused arbitrary function of z. 


MopIFICATION IN Former SoLutrion ror Case WHERE A TWISsT- 
ING CoupLe (WHosE PLANE Is PERPENDICULAR TO THE X-AXIS) 
AcTs ON THE WRISTPIN 


Normal sections of the pin, originally parallel to ZOY, will 
not remain plane after torsion. For a differential element 
of volume, the tendency of this element to twist about an axis 
through its center and parallel to the X-axis is negligibly small 
compared with the tendency to rotate about a radius, ¢ = const., 
and also to twist about a tangential line; i.e., a line perpendicular 
tor = constant. 

The twist about the X-axis for an element would be due to 
Ts and therefore T,¢ = 0 throughout the body of the pin 
Constitutes a condition usable in determining constants of in- 
tegration in the equations defining the normal stresses and 
shear in a pin subject to foregoing bending moment and also 


a to a twisting couple whose plane of action is parallel to 


Diversion Data or WRISTPIN FoR THE Core WirHIn Con- 
NECTING-Rop SLEEVE 


The following data relating to a wristpin for a 3°/,-in. piston 
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will serve to illustrate the application of the equations derived 
in the wristpin analysis; due to the pin having a large 
diameter and a tough core of small radial thickness the computa- 
tions will reveal some unexpected results in magnitude and 
character. 

The outside diameter of the wristpin is 1'/, in., with a radial 
wall thickness of */3, in. of which !/¢ in. is thickness of case hard- 
ening at outer and inner surfaces. Neglect any strength that 
may be contributed by the '/«-in. hard shells and rely only upon 
the !/,-in. tough core. Then 


rz = 0.5625 — '/e6 = 0.546875 in. 

rr = 0.5625 — 0.09375 + 0.015625 = 0.484375 in. 

Uo = = 1.9375 in. 

le = = 0.0625 in. 

= 23/4 = 0.71875 in. 

X = 0.303 is Poisson's ratio for steel 
E = 30,000,000, average value of modulus of elasticity for 
steels 

G = E/2(1 + A) = 11,512,000. 
The mean radius of connecting-rod sleeve is r:m. The thickness 
of the sleeve bushing may be as low as '/i. in. Average thick- 
ness of the connecting-rod sleeve is chosen '/, in., °/s in. being 
the thickness at center and */ in. at its outer ends. Therefore 


r 


By using this value for rs, the resulting stress intensities will 
be higher than will result in choosing rsm a little larger: 


w = 7100/l’ = 3664.5 
From [A,-5] 
w(2le +i’)? _ 
l= = 3164.3 
while 
2w 


— 


J= = 8926.0 


These values of J and J apply only to the part of the pin 
within the connecting-rod sleeve. 

With the foregoing data Equations [Bis-1 to 4] become, re- 
spectively, 


8.6006 + = 0.0007292....[1] 
— 0.136719b? + 10.2415 C;=—0.000098955. . [2] 
— 1.8286B,; + 0.136719b? + 17.526C;= 0.000021493. . [3] 
— 1.2861C, — 5.2842 C; + B; 
— 0.074766b? = 
[3] + 1.8286 [4] reduces to 
— 2.3518C, + 7.8632C; = 0.000227143 


while 1.36719 [1] + [2] reduces to 1.1758C, + 10.2415C, = 
0.000000741. Upon solving these two equations and using the 
foregoing ones we get 

C; = 0.0000080652 

C, = — 0.00006962 

b? = 0.00132796 

B; = 0.00016482 


Also 
a? = 0.00036061 


Substituting these constants and the foregoing data, with 
tr: = 0.546875 in Equation [B,’] we get for the radial intensity 
on outer surface of the '/\»-in. tough core 


0.000112464. . [4] 


4 
[Bu-3} 
+ GB; 
1—a\1t{ 2 
as 
= — — — — - 
7Gl’ DG 4 
AG, 
F 
‘ 
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R, = (2855.5 + 0.2? — 2G{— 0.000038072 — 0.000014748 

+ 0.00002433}] sin ¢ + 2G[0.0001507 —- 0.000090773 — 

0.000029378 — 0.000024337 + 0.000020075 + 0.000043788 
— 0.000037312] sin ¢ 


This shows the relative magnitudes of the successive terms; 
these must be computed with care as G is more than 11 million. 
R; = [2855.5 — 2G} — 0.00002849} ] sin ¢ + 2G[0.000032763] 
sin @¢ = 4265.8 sin ¢ lb. per sq. in. as the radial compression in- 
tensity on surface r = rz of the 4/,-in. core. 

The accuracy of this determination is readily checked by using 
surface condition No. 3 which states 


I sin @ redgdx = 3550 
0 0 


Substituting the above value for R, and performing the in- 
tegration, one gets 4265.87= 5, which yields 3549.8 on computa- 
tion and thus constitutes an admirable check. 

At the point z = 0 and¢ = > R, = 4265.8 lb. per sq. in. 
radial compression on outer surface of the '/j\.-in. tough core. 
We have seen that Nog: = R2 and hence, also, Nog: = 4265.8 


Ib. per sq. in. is the tangential compression intensity at outer 
surface of the !/j.-in. tough core. We have Ni.. = r.[J — Jzx?] 


sin @ which at x = 0 and ¢ = z yields the result Ni.2 = 1730.4 


Ib. per sq. in. longitudinal tension. The resultant of these three 
intensities is = ~/ (4265.8)? + (4265.8)? + (1730.4)? = 6276 
Ib. per sq. in. resultant compression intensity. 

Almost any steel will readily handle this compression intensity 
and this part of the pin could be made with a tough core less than 
1/,-in. radial thickness. 


1730.4 
6276 


= — 0.68 (defining Vgo2) and — 0.68 (de- 


The directional cosines of the compression vector are 


4265.8 
= 0.276, — e276 


fining the part R.). Its line of action now lies in the “fifth octant”’ 


l 
instead of in the first, for range x = x to 3° (See Fig. 5 for 
resultant and component.) 


Srress INTENSITIES ATT = 7; AND X = 0; 1.E., ON INNER SURFACE 
OF CorE 


Substituting r; = 0.484375 and the other data into Equation 
[Bs'], we get 


Ri = [2529.2 — 2G{ — 0.00003372 — 0.000016651 + 0.0000- 
16905}] sin ¢ + 2G[0.00017015 — 0.000080399 — 0.000039837 
— 0.000027477 + 0.000013949 + 0.000038784 — 0.000025925 | 
sin 

This readily reduces to 

R, = [2529.2 — 2G{ — 0.000033466 } ] sin ¢ + 2G[0.000049245] 
sin @ = 4433.5 sin ¢ lb. per sq. in. compression. This shows 
an increase of 167.7 lb. per sq. in. due to '/j-in. decrease 
from r = r:. Substituting in [B;’] and bearing in mind 
that nearly all of the parts of Ngo and of R are the same 
expressions, regardless of signs, we readily compute N¢¢1, 
thus Nog: = [2529.2 — 2G} — 0.000033466}] sin ¢ + 
2G[— 0.00017015 + 0.000080399 + 0.000039837 + 0.000027477 


— 0.000013949 — ( yi — 0.00001686 — 0.000016651 


+ 0.000005635 } ] sin ¢. 
Therefore, 


Noo: = [2529.2 + 770.54] sin ¢ + 2G[— 0.000036386 —- 


{— 0.000027876}] sin ¢ = 3938.46 sin ¢ lb. per sq. in. 


compression tangentially. N¢g: shows a decrease of 327.3 lb. per 
sq. in. from the Ng¢ge value. ; 


Atz =0,r =nand¢ = Nia = —Jz?] sin ¢ becomes 


= 1532.7 lb. per sq. in. tension, showing a decrease of 197.7 
Ib. per sq. in. from Nj.2 value. The resultant compression 
intensity is \/ (4433.5)? + (3938.46)? + (1532.7)? = 6125.1 
Ib. per sq. in. compression. This shows a decrease of 150.9 
Ib. per sq. in. from the resultant at the r = r, surface. The 

1532.7 


directional cosines of the compression vector become 


6125.1 
3938. 46 4433.5 
= 0.249; — 


These differ materially from values obtained for the other vector. 
Therefore, in passing from the outer to the inner surface of the 
1/\-in. tough core along the Z-axis the total resultant compression 
decreases and also its line of action shifts in space. 


SHEARING INTENSITIES IN CorRE WITHIN CONNECTING-Rop 
SLEEVE 


J 1 
Substituting M = (Z-2); + 5 B, = 0; fi'(z) 


A\G A 
I 2C 
=0; P= XG — —_ and a? = Ga + \) into [Bs’] we have 


ra = 443 
1+) 


Inserting the constants, we get 


2. 
= 2 [- 1024.6 + + sin ¢ 


r? 


when r = and @ 


Ter (. and *) = 1132.82 lb. per sq. in. radial shear intensity 


l’ 
Os s- 
2 
It is seen that this 7',, is 0 when z is 0, at which point the posi- 
tive bending moment has its maximum value. 


(. = 1097.4 lb. per sq. in. radial shear intensity 
in the core, just within edge of the connecting-rod sleeve. Again 


(. and = 819.92 lb. per sq. in., so that change in 


radius makes a change of 312.9 Ib. per sq. in. in radial shear in- 
tensity. 

There is also a shear 7.9; one acting parallel to ¢ in plane 7 = 
const.; a tangential shear acts on same surface that 7’, affects, 
and by substituting in [Byo’] 


J 
7 | eosd..... [By’-1] 


| 
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Substituting the constants 


= — 1004.6 — ors Joong 


whence 
Tz¢ (r2, 0) = — 1133.25z lb. per sq. in. 
so that 


0, = 1097.4 lb. per sq. in., nearly. 
There is a slight difference in numerical magnitudes over the 
above, due probably to some slight errors in determination of 
constants. 


NATURE OF THE SHEARS 


The foregoing shears for the two extreme positions act ver- 
tically. From the above equations it is seen that T., = A sin ¢, 
while T.¢ = B cos ¢, also by inspection most of A and B are 
identically the same. 

Equation [By] yields T,, cos ¢ + T.¢ sin @ = 0, on the sur- 
face r = r2; this simply states that the horizontal components 
of the shears (when r = r2) are equal and oppositely directed. 

Substituting the above, we get (A + B) sin ¢ cos ¢ = 0, over 
the exterior surface and therefore A = — B, so that A and B 
are numerically equal. 


The resultant shear T = ~/ T.,? + T.¢? = A, for an element 
of vertical section of the pin; as this resultant is independent of 
¢ it follows from the foregoing that 7’ acts vertically. 

The total vertical shear over the section is 


V = of 
0 
whence 
92.844 
V = 1024.6 + + 0175.5 rdgdr 


and this reduces to 
r2? —r,? 
V = 2rx | — 1024.6 + 92.844 log. 
1 


6175.5 
+ 4 (r24 — 


and hence at z = 2 i.e., just within the connecting-rod sleeve 


end, 
V = — 201.0 + 68.59 + 323.26 = 180.8 lb. 


The average intensity = — (1097 + 780) = 938.7; this times the 
section area of the '/,-in. core is 938.77(0.06446) = 190.5 lb.; 
while the resultant at the outer surface of the pin is = 1097.4 


lb. per sq. in. at z equal to just less than Y 


Nin 


If the connecting-rod sleeve were not a fixed load on the pin 
and also if the successive increments of the uniform linearly dis- 
tributed load were permitted to act individually and thus 
successively on the pin, instead of being restrained by the rigidity 
of the connecting-rod sleeve, the following shears would be ac- 
tive at x = l’/2, just within the end of the connecting-rod sleeve. 

Pin boss, total shearing load = 3550 lb. 


35500 3550 
 2(0.29906 — 0.2346) 
= 17,530 lb. per sq. in. 


Save. for 1/, iil. shell = 
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3550 
«(0.3164 — 0.21972) 
= 11,688 lb. per sq. in. 


Savg. for */s2-in. pin = 


If the */-in. pin and the connecting-rod sleeve carry ‘‘to- 
gether, in the ordinary sense,” the shearing load 


3550 
(0.5625 — 0.21972) 


Savg. = = 3296.6 lb. per sq. in. 


Fia. 4 


There is a very great difference between the shear resulting 
in the pin from a rigid fixed load and that due to an ordinary 
distributed load on the pin, the linear distribution being uniform 
in each case. 


The shear, 
e 1as rm 0 may wri n G12x(1 +) 180 rv 


that 7',¢ does not involve xz. T,¢(r = r2) = 0, as was one of the 
conditions used in determining the constants of integration. 
T(r =n) = [— 1851.1 + 1073.6 + 791.5] cos¢ = 14 cos¢ 
Ib. per sq. in. acting tangentially on the surface dzridg@. This 
14 cos ¢ combined with T,. (r = r,) will give the resultant shear 
intensity on the element dzridg. As T:, (r = m1) = 819.92z 
sin @ lb. per sq. in., its resultant with 7,4 only contributes a 
negligible amount to the total shear intensity on dzrid¢. 

Therefore, for the part of pin within the connecting-rod sleeve 
the three orthogonal stresses and also the three shears can thus 
be computed for any selected point of the core. 


ANALYsIs FOR Part or Pin Piston Boss 2 


any 
2) 
dr. 
| 
| 
| 
T,¢°Boos¢ 
xp | 
\ 5 
=Asing 
aT 
vy 
\ an 
\ 
T 
¢ 
aa 


12 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
; e es w Taking the origin at the beginning of the fixed end, M = 
See Equation [4:3]. At z = > + Me = Mi = — 1299.1 in-lb. at end of pin M = —7.1in-lb. 


(21. + 1’)? is value of bending moment at the (beginning of the) 
fixed end. 


m= E (21. + — wt] is the uniform vertical load- 
ing intensity, extending over the l’’ fixed end. 


Substituting the values given, M; = — 1299.1 in-lb. at the 


Z 
Fie. 5 


The left hand part of this diagram gives the compression vector acting at 
bottom of pin and applies to the central region of pin within the connecting 
rod sleeve. 

The right hand part of diagram gives the compression vector acting at 


bottom surface of pin and applies to the region between xo and z 


beginning of the right hand fixed end; alsom = 5029.3 — 27.709 
= 5001.6 lb. per in. of length within the boss. 

The part of pin to right of this section is subject to a clockwise 
rotation about the left hand section; this is due to linear in- 
tensity m over l’’-range. 

472 


mzdz = “- is the moment due to the linear loading 


0 
about the end section of the boss. 
Now 


and this is computed to be 1299.1 — 7.1573 = 1292 in-lb., as 
against 1299.1 obtained above. Therefore the fixation of the 
l’”’ end calls for a bending moment of 7.15 in-lb. to exist at the 
end surface of the pin. 


ml''2 wl’2 wl’? 
Note that if 7. = 0, then a and also M, = ry 


numerically and hence when 1. = 0 we have no concentrated 
moment existing at the end of the wristpin. 


2 
At a section z to right, M = — 1299.1 + = as the bending 


moment impressed upon the core; i.e, M = — 1299.1 + 

2500.82*. Therefore 
4r 

sin ¢ applies to the top surface of pin, where the loading is 

applied. 

For the outer surface of the pin r = °/j in. The effective 
radial thickness of the boss will be about !/,in.; it may be thinner 
with appropriate bracing which will act to make the radial thick- 
ness equivalent to about 4/, in. 


[1299.1 — 2500.82°] sing = — 


9 1 13 
h = 5 i = 
Choose rim 4 0.8125 in., whence J 
4(1299. 4(2500. 
4344.2, J = 4(2500-8)_ 9362.8. Compar- 


Fia. 6 


ing these values with those for the previous case, / is a little 
more than 30 per cent large, while the J above is about 5 per 
cent smaller. 


Ni = — sin 


where ¢ is now to be measured counterclockwise in the analysis 
for upper part of the wristpin. 
Equations [B,;-1 to 4], respectively, now become 
8.6006C; + b?= 
— 0.136719b? + 10.2415C;=—0.00009271. .. . 
—1.8286B; + 0. 136719b? + 17.526C; =0.000020137. . 


— 1.2861C, — 5.2842C, + Bs 
— 0.074766b'= 0.000129505... 


Note is to be replaced by in obtaining [41’’]. 
+ 1.8286 [41"] reduces to — 2.3517C; + 7.8633C; = 
0.000256947. 
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0.136719 [11] + [2l”] reduces to 1.17584C, + 10.2415C; = 
(0.00005477. 
Upon solving the foregoing, we obtain 


Cs = 0.0000129288 
= — 0.00006603 
b? = 0.0005108 
B; = 0.00015109 


also 


a? = 0.00033785 


Substituting these constants and the foregoing data, with 
r; = 0.546875 in [Bs’] we get 

1 
= [3920.3 + 0.22 — 24{—0.000036109 — 0000023642 
sin 
+ 0.000022795}] + 2G[0.00013814 — 0.000034917 — 
0.000047093 — 0.000039013 + 0.000018808 + 0.000041532 

— 0.000034957] 
Therefore = [3920.3 + 2G(0.000036956)] sin + 
2G[0.00019848 — 0.000155980] sin ¢ 

= 5749.7 sin @ lb. per sq. in. radial compression intensity on 
r = r, surface of core within the piston boss. Compare this with 
value for connecting rod part of pin. The accuracy of R, is 


checked by substituting in the condition I f R23in ¢ red¢dz; 
0 0 


ie., 5749.7r2 LU” > and upon computing we get exactly 3550 lb.; 


i.e., the total impressed piston-boss load upon the pin. 
Noo. = Ry = 5749.7 sin ¢ lb. per sq. in. tangential compression. 


Nia = — Jz*] sin 


so that at z = 0, just within the piston boss, we find that Ni. 
= 2375.7 sin ¢ lb. per sq. in. tension for upper surface of pin 
(z = 0) within the boss. 


The resultant intensity at the point z = 0, @ = ze is 


V (5749.7)? + (5749.7)? + (2375.7)? or 6221.3 lb. per sq. in. 
compression. At the “free end of pin” this outer surface re- 
sultant is less. 

2375.7 5749.7 


6221.3’ 6221.3 


The directional cosines are (defining N¢¢:), 


5749.7 


6221.3’ 

On the inner surface, r = 7, we know N,.; is less than Ni.2 

and computations will probably develop the conditions R, a 

little greater than R, while Ngo: is a little less than Nog: so that 

the resultant intensity on the inner surface is a little less than 

on the outer surface. The directional cosines will show that the 
resultant has shifted in space. 


defining 


Tue VERTICAL SHEARS 


Just outside the piston boss there is exerted an upward shear 
totaling 3550 Ib. At 2 = 0 just within the piston boss the re- 
sultant vertical shear in the core is zero; this develops from 
the radial loading intensity. 


1 


holds at a section z from origin, whence 
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ff + 2000.1 — 108.7 + 


+ 5785. or] rdgdr 


Therefore 


7497.4 + + | rdedr 


and 


— 2 
V = | + 148.83 log 


5785.9 


of — = 2rz[173.83] 


whence at the end z = l’’ we have 785.0 lb. as the total down- 
ward shear over the section of the core; also atz = 0, just 
within the piston boss, the total vertical shear is 0. 


148.83 


The intensity T., = z 7497.4 + 5785 ain $3 


therefore 

T:, = x [— 7497.4 + 497.68 + 1730.3] sin ¢ = — 3787.4 sind 
Ib. per sq. in. radial intensity, directed toward the center; 
intensity value being that on surface r = r: at end of pin. 

Some of the equations probably do not apply in the z = con- 
stant boundary planes of |., whereas computations have been 
made for them. Obtaining V = 0 means that the shear passes 
through zero in changing its direction of action, and thereafter 
it appears that most of the shear is carried by the piston boss. 


ANALYsis OF NoRMAL SyRESSES AND SHEARS FOR THE |, SECTION 
or Pin 


The bending moment is 
w w 
= — (2 — 28 
(21. + l’) 57 
so that over the range 


2 + l. 
we have 
4r w w 

Ni E (21. + sine 
=r (I — Jz*) sing = N;, 

Therefore 
w(2l. + I’)? 
6x(r2* — ri‘) 


— ry‘) 


I = 24,043 


= 67,820 


These values are about eight to nine times larger than for the 
connecting-rod sleeve part of pin. 

The I. part of the pin is subject to a bending moment whose 
expression is the same as that for part of pin within the connect- 
ing-rod sleeve, the constants J and J simply having larger values. 

Starting with the fact Ni; = r(J — Jz*) sin ¢, which is due 
to the bending moment, and not attempting to assign any re- 
strictions regarding shears, the system of equations is integrated 
by the same steps and processes and therefore leads to the same 
generalized expressions for R, Tzr, T:¢, and 

Note that the foregoing expressions and the above N; are the 


Pree 
148.83 
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most general obtainable on basis of sin ¢ and cos ¢ functional 
representation, as they depend upon the bending moment re- 
striction only. 


l 
Over the plane section z = 5 + 1. the piston boss supplies a 


total load or force of 3550 lb. acting vertically down. This 
is applied in such a manner that it constitutes the total vertical 
shear carried by the /. section of the core. 

From what is said under “Nature of the Shears,’’ it is seen 
that T., = A sin ¢, while 7.4 = B cos¢; also by inspection 
most of A and B are identically the same. 

The external surface for the 1, part of the pin is the outer 
r = 12 cylindrical surface of the core; on this surface over the 


range > S$ =z a5 See 


[Bu] which yields T., cos ¢ + T:¢ sin ¢ = 0, this simply states 
that the horizontal components of these shears (when r = 12) 
are equal and are oppositely directed. Making the above sub- 
stitution we get (A + B) sin ¢ cos ¢ = 0 over the entire exterior 


+ Il, there is no applied external force. 


surface of |. and therefore A = — B; i.e., A and B are numerically 
equal. 
Putting A + B = 0, we get 
J 
1 


+2(c,+43,) =0 


5 tke. 


previously outlined, we obtain as Pid the relations 


1+ I Jr: 


This to hold for the range 3 szs Following the steps 


. [Bis’-1] 
[Bis’] 


The resultant shear 7 = ~/ T.,? + T,¢? for an element of a 
vertical section of the pin reduces to 7 = A numerically and 
as it is entirely independent of ¢ it follows that the resultant shear 
on a section element is always vertical, for at ¢ = 0, T., = 0 
and T, = B and is vertical, while at 5 = 7/2, T:, = A and is 
vertical while 7,4 = 0. 


Therefore 
Ardgdr = 


at section z = — st 1. is the condition impressed upon the pin by 


the piston boss ned 
Substituting the value of A 
1+ A C; 
2 G 4 — 


(; rdpdr = 3550 


zr? G 
Using the relation in [B,,'-1] and integrating with respect to ¢ 
—J T? fo (x) 


2 2 C; 
zr? 


and hence 
Jr? — ry? Te 


From this equation Cs can be found once f,’(z) has been 
determined; fo(z) = 0 as is shown below. 

From Equation [Bis] we see that 7.92 cos ¢ + Nog: sing = 0 
as there is no impressed surface force. 

Substituting and putting 1-sin? ¢ for cos*¢ and collecting, we get 


a*r,3 1—A Cs 1—A a*r,3 


4 
1+ Gb*rz 1+ A, 
2, 
+ ( ) one, + +{ 


2 GC; l 3 1/1—A Ga*r,3 


for all points of the exterior surface of |. and therefore each [| 
must vanish. 

Now the first [ ] 
be satisfied by fo(z) 
bined must vanish. Therefore 7,42 
established. 

On the above basis the remaining terms of the first [ ] lead 
on simplifying to 


1/2—r (4 — 2d) 


= 0 is simply 7,¢: = 0, and this can only 
= 0; also the remaining terms of 7’: com- 
= 0 and fi(z) = 0 has been 


[By’-2] 


This is the same as obtained in [B,;-2]. 

From Equation [B,.] we see cos ¢ + T,g28sing = 0. Since 
To: = 0 we get R, = 0 and also Noge = 0. It is only now - 
necessary to use one of these last equations in order to determine, 


with the foregoing relations, the constants of integration. Using 
Nooo = 0, we get, on reduction, the relation 
1+, 2 Cs Bs 
) cin + (2? og n) 
1 1 1 /1—A Tro 
— —....[Buw'-3 


Using the foregoing equations, the values of J and J previously 
computed, and the wristpin data given, we find that Equations 
to 4] become 

8.6006C; + = 0.0055406 
— 0.136719b? + 10.2415C; = —0.00075187 
— 2.3517C, + 25.390C; — 1.8286B; + 
0. 1367190? 
and z[— 0.00002179 + 0.12137C; + 
0.000035048] = 0.00004908. 


I’ 
Since z = 3 + 1. = 1.03125, we get 
0.000013258 + 0.12137C; = 0.000047592 


= —0. 000926483 


Therefore 


Cs = 0.00028282 
b* = 0.02669 


we 

3550 

= — ....[By'-4 

. 

1 Cs 

GB 

3, = 0. 
3550 

7 
tl 
6st 
of 
ra 
: 
3550 

+-——}) | rdr = — le 
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C, = —0.002459 
B; = 0.0095199 


Also a? = 0.00274 


Substituting r, and the above constants into Equation [B,’] gives 
R, = [19217 — 2G} — 0.0011910 — 0.00058404 + 0.00012844} ] 
sin 6 + 2G[0.0098271 — 0.0016159 — 0.001397 — 0.00096375 
+ 0.00010598 + 0.0013699 — 0.00019698] sin ¢ = 221,269 sin ¢ 
lb. per sq. in. 

This is the radial tension thus active on radius r,, whereas 
at radius rz we have R, = 0, hence the rate of increase for 1/\.-in. 
radial change is very large. 

Substituting in [B;’] we get 
Noor = [19217 — 24{— 0.0016466}] sin ¢ + 2G[—0.0098271 
+ 0.0016159 + 0.0013973 + 0.00096375 — 0.00010598 + 
(.0013699 + 0.0013433 — 0.00009849] sin ¢ 
so that 
Noo: = [19217 + 37912] sin ¢ + 2G[— 0.00334142] sin ¢ = 
— 19802 sin ¢ lb. per sq. in. tension, as it is directed opposite tu 
6, at angle @ = constant (see Fig. 3). 

Now Mia = nif — Jz*] sin ¢, and at x = l’/2 this becomes 
Ni = [11645 — 30828] sin ¢ = — 19183 sin ¢ lb. per sq. in. 
compression. 


The resultant intensity is ~/ (221269)? + (19802)? + (19183)? 


° us 
222980 Ib. per sq. in. tension at ¢ = 3 


19183 19802 
The directional cosines are 590080’ 222080 for Y-axis an 
2212 221269 
— 350080 for Z axis (see Fig. 5). 


On the outer surface of the core, Ni.2 is parallel to surface 
and equal to — 21658 sin ¢ lb. per sq. in. compression; therefore 


at @ = > the change from surface r; to r; causes a very large 


increase in the resultant stress intensity and a change of line of 
action in space. 


Tue 7., Saear INTENSITY FOR THE |.-REGION OF WRISTPIN’ 


C3 


This may be written as 


2G(1 + A) 
Therefore 


T.(r = ro, 2 = 1.03125) = [— 8026.2 + 11,230 + 14,471] sin ¢ 
= 17,675 sin ¢ lb. per sq. in. as the radial shear intensity at outer 
surface of the core. 


The average shear over the section is 17,530 Ib. per sq. in. so 
that the above intensity, at ¢ = = is but slightly greater. 


Although the shearing intensity “looks innocent” the normal 
stresses, impressed by the combined bending and shearing load 
of 355° Ib., run up to great intensities for the core over the 1. 
Tange. 


Norma Srresses SHEARS FoR 1-RANGE WITH */j0-IN. 
Core; Ovrer Diamerer oF Pin IN. 
This type of wristpin is illustrated in Fig. 7. 
Let 
= 0.546875 


sin @ + 2G(0.0046361 
0.00043412 + 0.000020463 + 0.00033941 — 0.000038034] sin ¢ 
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r, = 0.546875 — 0.1875 = 0.359375 
= 0.07276 
Therefore 
w(2l. + VU’)? 
6r(r2* — 
2w 


— 


= 11,366 


= 32,063 


Using these values and the foregoing data we find 
a? = 0.0012953 
8.6006C, + b? = 0.00261943 
— 0.136719b? + 10.2415C; = —0.00035546 
— 2.3517C, + 25.390C; — 1.8286B; 
+ 0.136719b? = —0.00043798 


YP” 
tf, 
Uf 
4 
+ 
Fic. 7 


z[— 0.000027154 + 0.41985C; + 0.000035052]= 0.00004908 
as the equations for determination of constants for the case of 
the */;-in. core. 


l’ 
When z = 3 + 1. = 1.03125, 0.000007898 + 0.41985C; 


= 0.000047592 
also 


C; = 0.00009454 
b? = 0.0096818 
C, = —0.00082113 
B; = 0.0033321 


Substituting in [B,’] the constants and value of r:, we find R; 
= [6740.6 — 2G{ — 0.00029509 — 0.00026307 + 0.000024801 } ] 
— 0.00043492 — 0.00088856 — 


so that R; = 92,705 sin ¢ lb. per sq. in. radial tension. This 
magnitude is less than half the intensity obtained in the previous 
case, 

Substituting in [B;’] the constants and value of r:, we find Ngg: 


4 Z 

\ 
4 + Pale + 2 
G\2 41+)” 
a 

ag 
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= 19021 sin ¢ + 2G[— 0.0046361 + 0.00043492 + 0.00088856 
+ 0.00043412 — 0.000020463 + 0.00033941 — 0.00060515 
— 0.000019017] sin ¢ or Nog: = — 54,280 sin ¢ lb. per sq. in. 
tangential intensity in tension. Since it is directed opposite to ¢, 
Nia = — Jzx*] sin @ becomes at = = r,[11,366 — 
30,090] sin ¢ = —6729 sin ¢ lb. persq. in. longitudinal compres- 
sion intensity. The resultant (92,705)? + (54,280)? + (6729)? 
= 107,635 lb. per sq. in. tension at ¢@ = 7/2. This is less than half 
the magnitude previously obtained. The directional cosines can 
easily be determined. 


— Jr? Cs 
2G(1 d) 


Tu. 


= [—3794.5 + 3753.1 + 6841.5] sin ¢ 


(r = 1.03125) = ae| 


= 6800 sin ¢ lb. per sq. in. radial shear intensity. This 
value is less than half what it was for the '/,-in. core, over the 
range. 
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Measurement of Flow of Air and Gas with 
Nozzles 


A Brief Résumé of the Various Items Involved in a Satisfactory Set-Up for Laboratory 
Flow Measurement 
By SANFORD A. MOSS,! LYNN, MASS. 


commonly obtained by the use of so-called measuring 
nozzles, which may be nozzles with well-rounded or 
streamline approach, venturi meters, or orifices in a thin plate. 

A great deal of experience with such apparatus has been ac- 
cumulated at the Lynn Works of the General Electric Company 
by the engineers, past and present, of the Centrifugal Compressor 
Department and the Thomson Research Laboratory. This 
has shown that some items in common use are well founded 
while others are without good foundation, and has resulted in the 
development of some new items. The present paper gives a 
brief résumé of all of the items of a satisfactory set-up for labora- 
tory flow measurement, based on this experience. 

Special attention is given to points of novelty, including a 
selection of the fundamental constants for air, and a complete 
set of practical formulas for computation of the flow from test 
observations, for air and other practically perfect gases. It is, 
of course, to be understood that there are ways of handling the 
various items other than those here given which may be equally 
correct. The paper is not an exposition of all flow-measuring 
methods, but merely gives one good way of handling each item, 
regardless of the existence of other ways perhaps equally as good. 


M EASUREMENT of the flow of air or other gas is very 


The present matter applies primarily to the case where a test set-up 
is made for accurate flow measurement for a particular case. The 
matter does not apply to the use of any of the commercial forms of 
flow meter. Each type of flow meter has its own characteristics 
which are fully explained in the maker's descriptions. In some cases 
such flow meters may be used for precision testing work, but in many 
cases a flow meter is not arranged with the precautions necessary for 
laboratory tests. 


Nozz_Le SHAPE AND Set-Up 


For general testing purposes, there should be used a nozzle with 
a gradual, well-rounded approach and with a parallel portion 
of appreciable length. 

There are three common types of such nozzle, one with a well- 
rounded, concave-convex approach (Figs. 1 to 4), one with a well- 
rounded convex approach (Figs. 5 and 7), and one with a tapered 
approach (Fig. 6). Venturi meters may have either type of 
approach. The coefficient of discharge of these types is well 
known to be very close to unity and requires no especial de- 
termination. Values are given later under the heading, “Ap- 
paratus and Observations.” 


Actual drawings of a number of nozzles of this shape were given in 
we. ae “The Impact Tube,” Trans. A.S.M.E., vol. 38, 

The ead of the nozzle should have a well-machined parallel 
portion, with a length at least one-half diameter and preferably 
one diameter. This should be joined to the convergent portion 
by a gentle, carefully machined curve. 


‘ It is very important that the jet which is discharged shall have the 
lameter of the nozzle end. If the curvature of the nozzle wall is 


. , Research Laboratory, General Electric Co., Lynn, Mass. 
at ontributed by the Applied Mechanics Division and presented 
yo Annual Meeting, New York, December 5 to 8, 1927, of Tuk 
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exactly right, there will be no contraction beyond this curve. It is a 
matter of judgment as to when this occurs. It is much safer to have 
a parallel portion of such length as will make the jet size certain. 
Then the convergent portion may have any shape so long as it is 
gradual. 


In most set-ups of measuring nozzles for laboratory test pur- 
poses it is not advisable to use an “orifice in a thin plate’’ or 
“sharp-edge orifice.” 


Such a plan gives a jet with a ‘‘contraction."’ There have been 
experimental determinations of the exact coefficient of discharge, 
which is about 60 per cent. The exact value depends upon the size 
of orifice, velocity of approach, discharge velocity, and density. 
If such an orifice were used, of course it would be necessary to be 
certain that a reputable calibration existed for the particular cir- 
cumstances of the test. Furthermore, precautions would have to be 
taken to have every detail of the test adhere exactly to the calibration 
arrangements. One such precaution is that the “sharp edges,” 
which are usually round corners with a small radius, such as !/, in., 
be of exactly the same character. 

When all of these precautions are attended to properly, good results 
may be obtained with an orifice in a thin plate. However, equally 
good results may be obtained by the use of a nozzle with rounded 
approach, without the necessity for so many precautions. There- 
fore, so far as the author's experience goes, there is seldom any reason 
for the use of an orifice in a thin plate in a set-up made for laboratory 
tests. 


If a conduit or pipe precedes the nozzle, it preferably should 
have a diameter at least twice the nozzle diameter. 


The use of an impact tube for measuring the nozzle pressure ob- 
viates the necessity for formulas or computations concerning velocity 
in the pipe preceding the nozzle, or the diameter of this pipe. This 
was fully discussed in the paper previously cited, ‘“The Impact Tube.” 
However, in any pipe the velocity is a maximum at the center and 
much less at the edges, and if the orifice is too large a fraction of the 
pipe diameter, this velocity difference continues to exist in the dis- 
charged jet, instead of being smoothed out as in the ordinary case. 
This may affect the discharge coefficient, if the conduit is less than 
twice the nozzle diameter. 


Figs. 1 to 5 and Fig. 7 show the set-ups for the usual arrange- 
ments of a streamline nozzle, and Figs. 6 and 8 show a venturi 
meter. For well-known reasons, two cases must be distinguished, 
with final absolute pressure respectively above and below half 
of the initial absolute pressure. 

The preferable set-ups for tests of flow through an air com- 
pressor are shown in Figs. 1 or 2, the air being discharged into the 
atmosphere. For an air exhauster, the preferable arrangements 
are shown in Figs. 3, 4, and 5, the air being taken from the atmos- 
phere. 


These arrangements permit the use of all or a large portion of the 
power of the machine in generating the jet discharged through the 
nozzle. That is to say, while the machine is in test the pressure rise 
is not used for regular service, but only to produce flow through the 
nozzle. This gives a nozzle flow with large pressure differences 
which can be measured easily. If, however, the tests must be made 
on a machine in service, the arrangements of Figs. 6, 7, or 8 must 
be used. These permit the use of small pressure differences for the 
nozzle flow. However, this gives difficulty in measurement, which 
should be avoided whenever possible. Appreciable errors are often 
made in such cases. 


The figures specify certain minimum lengths for which there 
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Absolute Jemperature, 


Fabr 
i 
| NoMore 
Or Less than 
thar 2D 20 
Absolute 
iP, 4apersgln 
: Barometric Pressure, 
per Sgln 


Minimam length of Stragh? Pipe Succeed in 
10D, if [rregularity Symmetrical, such as 
@ Reducer. 
20D, 1 Lrregularity 1s Unsymmetrical such as 
ic 


an Ell, Tee, 


Fie. 1 Nozzie DiscHarGING INTO ATMOSPHERE OR OTHER LARGE 
REGION WHERE THE ABSOLUTE PressuRE Is More THAN HALF 
OF 


Absolute Jemperarure, 
deg. Fabr. 


Not less 


Absolute 
st than 2D 


Pressure, 


P, £6. per sg. Ln. 


= 


Barometric Pressure, 
P2 £2 per Sg. in. 


Fie. 2. Nozzie DiscHARGING INTO ATMOSPHERE OR OTHER LARGE 
ReGcion WHERE THE ABSOLUTE PrReEssURE Is Less THAN HALF 
OF fi 


Absolute Atmospherit 


| Ls 
Barometric H Not Less 
Pressure, D than 3D 
i 
i 
y 


Pipe or in the Faraltel Fart of the Nozzle, 


settty This Static Pressure may be taken (n the 
or Preferably at Both Places. 


(1 P2) 


Fie.3 Nozzie DiscHARGING FROM ATMOSPHERE INTO A PiPE WHERE 
THE ABSOLUTE PREssuURE Is —— Tuan HAtr THE ATMOSPHERIC 
'RESSURE 


Absolute Atmospheric 


Zz 


Not Less 
than 3D 


Fig. 4 Nozzie DiscHARING FROM ATMOSPHERE INTO A Pipe WuHere 
THE ABSOLUTE Pressure Is Less THAN HALF THE ATMOSPHERIC 
PRESSURE 


Absolute Atmospheric 


lemperature, 


Severa/ Nozzles 
may be u n ; 
One Tank. Noless than 5D 
to Nearest Wa// 
Paralle/ to Flow 


Barometric 
Pressure, 
P, £4 per 5g. IN. 


No less than /OD 
fo Nearest Wal/-----------4 
Perpendicular to Flow 


Several Gages at Various 
Points are Preferable 


Fic. 5 Nozzie DiscHARGING FROM ATMOSPHERE INTO A VESSEL 


Absolute Atmaspherte 

"Temperature, 7; Length of Parale/ 
Portion Not less 

thar 72 


Barometric 
Pressule, 


Pr Lb per 59. 


Fie. 6 VentTuRI FROM ATMOSPHERE 4 
IPE 
(The differential pressure — p2) may be found by means of a 
eter ring,”’ which is a chamber surrounding the meter with several i 
holes into the parallel portion and a single opening to the gage pipe. Ho 
ever, a single static hole is equally as accurate.) 


; 
| 
| 
/ ner 
£2 per | 
—— ‘ 
23 
Pe 
| 
; 
i 
as in Fig./ 
al if 
- 
on 
E 
SSS 
| i 
| =... 
= 
43 | 
oo" 
# 
i= 


APPLIED MECHANICS SECTION APM-3 3 


must be straight runs of pipe, and these lengths must be attended 
to carefully. 


Lack of sufficient length of straight pipe to give a smooth jet often 
causes readings which are worthless. 

Two cases are distinguished in the figures, in connection with 
lengths of straight pipe beyond a source of irregular flow. The first 
ease is when the irregularity is symmetrical, such as a reducer, or 
change of pipe size. It is obvious that a comparatively short length 
of pipe will smooth out the flow. The second case is when the ir- 
regularity is unsymmetrical, such as an ell, tee, globe valve, or other 
irregularity which throws the flow to one side of the pipe. It is 
obvious that a great length of straight pipe is required to smooth out 
the flow. 


There are various arrangements to obtain the inicial or high- 
side pressure ~, but, as explained at length in the paper, “The 
Impact Tube,” the use of impact tubes with the arrangements in 
Figs. 1, 2, 7, and 8 is preferable for the given cases. These 
arrangements use an impact tube wherever it is possible to sub- 
stitute it for a static hole, because it is very difficult to be certain 
of a static hole. 


A static hole is always subject to errors, due to presence of burrs or 
other irregularities at the surface adjacent to the stream. Hence 
one never should be used if it can be possibly avoided. However, 
an impact tube cannot be used for measuring the low-side pressure 
pe, and a static hole must be used. In such cases great care must be 
taken to see that there are no burrs or irregularities, obstructions, 
or sources of irregular flow in the neighborhood. 

Experience shows that the average mechanic cannot be depended 
upon to make certain that the interior end of a static hole is properly 
smooth. Hence, in Figs. 3, 6, and 8 it is desirable to have personal 
inspection by an engineer of the interior end of the static hole. In 
Figs. 4, 5, and 7 the end of the static hole is not adjacent to a stream, 
and such extreme precautions may not be necessary. 

An impact tube used as in Fig. 1 must not restrict the nozzle 
jet. Hence a slant distance, 0.55R, is given, to make the area 
around the tube a little greater than the nozzle area. 

In rare cases some unusual arrangement of conduit preceding the 
straight conduit as shown in the figures, gives some sort of a vortical 
flow which results in absurd readings. When this actually occurs, 
or in any case if the remote contingency is to be guarded against, a 
so-called ‘‘straightener”’ or “egg box’’ is to be inserted in the straight 
pipe preceding the nozzle. This is made of two or more crossed 
plates extending for about a diameter in the direction of the length 
of the conduit. 


NorRMAL AIR 


The numerical values used in this paper are based on air con- 
taining a usual amount of moisture. The effect of variation of 
moisture is usually insignificant for engineering purposes. 
However, air usually contains some moisture, and hence the 
fundamental constants such as density and specific heat, which 
are chosen once for all, may as well be chosen so as to take 
account of the average value of this moisture. This practice 
has been used in work of the American Society of Heating and 
Ventilating Engineers. 

There are also other details to be borne in mind in selecting 
the fundamental constants, and these have been given careful 
consideration, as explained in the next section, in connection 
with the values of do, cp, and k. Values are given for the air 
occurring in average testing work, here called “Normal Air,” 
which are much more reputable than the haphazard ones usually 
assumed. 


APPARATUS AND OBSERVATIONS 


Following is a complete discussion of all of the quantities 
used in measuring flow, with the symbols used in the formulas. 


A complete index of the symbols is also given later in the formula 
section. 


¢ = coefficient of discharge. For a nozzle with a well- 
rounded approach, as here proposed, this may be 
taken as 0.97 for nozzles with diameters less than 1 in.; 


0.98 for diameters from 2 in. to 2'/2 in.; 0.985 up to 
4 in., 0.99 up to 12 in., and 0.995 for diameters above 
12 in. 

There may be used some exact values computed by Buckingham, 
given in the report of A.S.M.E. Committee on Fluid Meters, 1924, 
page 24. 

D = diameter in inches of the parallel portion at the end 
of the nozzle, called the ‘‘nozzle diameter.” This 
must be measured accurately at a number of places 
along and around the axis. These values must be 
equal within a few thousandths of an inch, and their 
average is to be used. 

An important practical matter is a chamfer at the end of the 
parallel portion to avoid error due to burrs or dents. 

As already noted, the parallel portion must extend for a length of 


at least D/2 and preferably for alength D. There must be a smooth 
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(See reference to “‘piezometer ring’’ in caption of Fig. 6. Absolute tem- 
perature 7) is to be taken as in Fig. 7.) 


curve joining this parallel portion to the convergent portion. This 
must be so machined that no ripples will be felt when one’s fingers 
are passed over the surface. 

Usually the approximate value of the flow is known, and the nozzle 
diameter may then be selected so as to give pressures which may be 
measured with accuracy. Pressures of from 15 to 30 in. of water, 
or 15 to 30 in. of mercury, fall in this category. Of course, a 
throttle valve may be used in the pipe at a proper distance ahead of 
the nozzle to reduce pressure to a value desirable for measurement. 
High-pressure air discharging into the atmosphere may be measured 
with a high initial pressure, or a throttle may be used to give an 
initial pressure of about 28 to 32 in. of mercury or 30 in. of water 
above atmosphere, and the nozzle diameters selected accordingly. 
All such matters should be planned before the test is started, the 
proper one of the formulas given later being used for approximate 
computations, so as to be certain that the pressures resulting from 
the selected nozzle diameter, and the instruments to be used for 
measuring them, will give accurate results. 


A = area in square feet corresponding to the average D. 
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pi = absolute value, in pounds per square inch, of the 
initial or leading or high-side pressure on the nozzle. 


The high pressure m, as here used, is the total pressure, taking 
account of the initial velocity head. In other words, the value of »; 
must be that corresponding to an infinitely large reservoir preceding 
the nozzl . This is actually the case for Figs. 3, 4, 5, and 6, where 
the nozzle takes its fluid di- 
rectly from the atmosphere. 
In these cases p; is the baro- 
metric pressure. 

In Figs. 1, 2, 7, and 8, if the 
conduit preceding the nozzle 
has a very large area, that is, 
corresponding to a diameter 
four or more times the nozzle 
diameter, the value of p: may 
be given by the static pressure 
in the wall of the conduit just 
preceding the nozzle. A static 
hole also may be used for 
smaller conduits if there is 
used in the formulas an extra 
divisor given at “G’’ later, 
which takes account of veloc- 
ity head. 

However, a static hole is 
always subject to question, 
and there is always the extra 
complication of taking ac- 
count of the velocity head. 
Hence, for any conduit size in 
Figs. 1, 2, 7, and 8, m prefer- 
ably should be measured by 
an impact tube either in the 
conduit preceding the nozzle 
or in the jet discharged from 
the nozzle. However, in the 
case of Fig. 1 it is usually pref- 
erable to have an impact 
tube in the jet, while in the 
case of Fig. 2 it is necessary, 
and in Figs. 7 and 8 more 
desirable, to have the impact 
tube in the preceding con- 
duit, as shown in the respec- 
tive figures. 

A minor but important pre- 
Fig. 9Mercury Fic.10 Mercury Caution in the construction of 
U-TuBE WITH CoLUMN an impact tube is the bending 
SLIDERS AND of the outer end of the tube 

Brass SCALE in the same plane as the im- 

pact end, so that it may be 
easily assured that the impact end points exactly upstream. 

Pressures in most cases are measured by means of water or mer- 
cury columns or U-tubes. Care must be taken to secure accurate 
measurements of the height of column by the use of accurate scales, 
accurately adjusted and read at the top and bottom of the column. 
It is not good practice to use a zero supposed to be set when no 
pressure is on the instrument, with a reading of the rise of one leg 
only. The actual difference in level between the two legs should be 
read when pressure is on. The inner bore of the glass tube should 
never be less than !/, in. to avoid differences due to irregular menisci. 
A U-tube with the two small tubes of exactly the same bore and con- 
dition of cleanliness will give the same meniscus deflection, but the 
latter condition particularly is very difficult to secure. 

There are many varieties of mercury and water columns in use, 
many of which are difficult to read with accuracy. Figs. 9 and 10 
show home-made instruments, which are comparatively cheap and 
easy to read accurately. The glass tubes are straight and connected 
by short, heavy rubber tubes to metal tubes at top and bottom, so 
as to be easily replaceable when broken. The use of metal tubes at 
the top wheie connections are made to the pressure pipe, and the 
addition of wooden strips at the sides minimizes glass breakage. 

The sliders consist of an aluminum casting in the rear with a V- 
notch riding on the tube next to the scale, and an aluminum plate 
in front, clamped to the rear casting by a screw and having spring 
enough to give the necessary friction on the glass tube. The scale 
is accurately fastened to the lower slider so as to be square and have 
its end opposite the bottom of the slider. The scale is a thin brass 
strip graduated in inches and tenths, fastened to a hardwood back. 
The upper slider is provided with a vernier giving readings to 0.01 in. 


Accurate testing work requires a barometer, calibrated by com- 
parison with the nearest station of the U. S. Weather Bureau. (Sve 
MECHANICAL ENGINEERING, Nov., 1927, p. 1243.) 

The pipe from the impact tube or pressure hole to the U-tube must 
be known to be absolutely tight. All joints should be made with 
shellac, etc. This pipe usually should be good-grade, thick-wall 
rubber tubing, with unimpaired elasticity. Poor rubber tubing 
has often caused appreciable errors. One-quarter-inch brass or 
copper tubing, with compression connectors, may be used for pres- 
sure pipes, if all parts are carefully inspected. Screwed pipe and 
fittings may be used for pressure pipes: '/s-in. standard pipe should 
never be used; '/,-in. standard pipe is admissible, but !/:in. is pref- 
erable. When screwed pipe is used, there always should be provided 
a valve immediately at the point where the pressure is taken, wit! 
the stuffing box on the pressure-pipe side. Check for tightness of 
pressure pipe should be made by closing the valve when pressure is 
on, and noting if the U-tube maintains its reading. 


T, = absolute fahrenheit temperature in the conduit or 
other region preceding the nozzle = ordinary fahren- 
heit temperature plus 459.6. 


Fig. 11 Mercury- Fie. 12 Dertaits or MERcuRY- 
Guiass THERMOMETER Guass THERMOMETER FOR 
ASSEMBLY FOR MEa- SURING AIR TEMPERATURES 
SURING AIR TEMPERA- 

TURES 


This is to be an “impact temperature” which is obtained by insert- 
ing the measuring instrument directly in the moving stream. The 
preferable instrument is a bare mercury-in-glass thermometer, 
without a well. A light metal armor around the glass, with holes 
for exposure, is permissible. Figs. 11 and 12 show an arrangement 
which has proved best after trials of many other arrangements. 
The thermometer is of good grade with the divisions etched on the 
stem on the basis of 3 in. immersion. The inner and outer guards are 
essential to prevent breakage. The inner guard is brass and the 
outer guard either bakelite, iron, or brass. 

If it is difficult to place a thermometer in the stream preceding the 
nozzle, the thermometer may be inserted in the stream discharged 
from the nozzle with the thermometer axis perpendicular to the 
nozzle axis. The fluid immediately around the thermometer 8 
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brought to rest, giving an impact temperature practically equal to 
the initial impact temperature. 


p, = absolute value, in pounds per square inch, of the 
static pressure of the region into which the discharge 
takes place. As discussed fully in later paragraphs 
under the heading “Critical Pressure,’’ when the 
pressure of the region into which the discharge takes 
place is more than half the initial pressure p,, the 
pressure of this region affects the flow and is the same 
as the final pressure of the nozzle so that either gives 
Po. When the pressure p, of the region into which the 
discharge takes place is less than half the initial pres- 
sure, the value of p2 does not affect the flow. 


If the discharge takes place in the atmosphere as in Figs. 1 and 2, 
then p: is given by the barometer. 

In the case of a discharge into a limited region, with p: greater than 
half of m, asin Figs. 3 and 7, p2 may be given by the static pressure 
in the parallel portion at the end of the nozzle, or at a point in the 
conduit directly opposite the end of the nozzle. With pe less than 
half of p:, asin Figs. 4, 5, and 7, static pressure must be taken in the 
conduit or vessel. 


T; = absolute fahrenheit temperature of the jet discharged 
from the nozzle. 


This can never be observed, because, as already noted, a ther- 
mometer in the discharged jet reads the initial temperature. In the 
rare cases when this temperature is needed, as perhaps when the 
actual velocity of the jet is required, it must be computed from the 
pressures and initial temperature per Equation [6]. 


py) = 14.7 pounds per square inch = standard atmospheric 
pressure. This is almost exactly 760 millimeters 
of mercury, the usual metric and physicist’s standard. 
It is equal to 29.92 inches of mercury at 32 deg. fahr. 
T, = 527.6 deg. fahr. abs. = standard atmospheric tempera- 


ture. This corresponds to 20 deg. cent. or 68 deg. 
fahr. and is a commonly used value of average 
temperature. 


Sometimes 60 deg. fahr. is used as a standard temperature, but 
68 deg. is nearer an average testing temperature, and coincides with 
the customary value of 20 deg. used by physicists. 


Ps, T; = absolute pressure, pounds per square inch, and 
absolute temperature, degrees fahrenheit, of selected 
conditions, when the flow is expressed in cubic feet 
per minute instead of by weight. 


It is of course obvious that a given flow in unit time can be re- 
duced to any conditions of pressure and temperature. The actual 
discharge from the nozzle is at pressure p: and temperature 72, 
but it is very rare that we desire to know the flow when at this tem- 
perature condition. Hence, all of the formulas for flow in cubic feet 
have as factors general terms ps; and 7%, and for these there must be 
substituted particular numerical values for the case at hand. 

In tests of centrifugal or reciprocating compressors, it is usual to 
substitute for ps and 7; the values which exist at the compressor 
inlet, so that the computed flow gives the actual cubic feet of air which 
enter the inlet of the machine, that is, ‘‘cubic feet of inlet air.” 

In other cases, the numerical values to be substituted for ps and 7’; 
are definite conditions for the case at hand. 


qs; = flow through the nozzle, in cubic feet per minute, 

at condition p;, 7; as specified above. 
w = flow through the nozzle, in pounds per second. 
PoT sw 

= 22.29(T's/ps)(w/G) 

dy = 0.075 pounds per cubic foot = density of “Normal 


Air” at standard conditions, 14.7 lb. per sq. in. abs. 
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and 68 deg. fahr. temperature. (This corresponds 
to a density of 0.07615 at 60 deg. fahr.) 


Atmospheric air of course varies in density at standard conditions 
from day to day, owing to variation of humidity. This variation is 
so small that it is idle to take it into account for usual engineering 
work. Hence a constant value representing an average humidity 
is here used and air with this humidity is called ‘‘Normal Air.’”” The 
given value (or an equivalent one, 0.07488) has been already used in 
ventilating work and is suitable for adoption here. Wet- and dry- 
bulb thermometers are therefore not usually necessary. However, 
on a few hot, humid days in summer, the humidity has the same 
appreciable effect on the flow of air that it has on the physical condi- 
tion of the men running the tests, and then a humidity correction 
is necessary. Means for making it are given later. 

Computations described below from laboratory observations of 
various physicists, show that air with a density of 0.075 lb. per 
cu. ft. and with the usual oxygen, nitrogen, and smal! percentages 
of carbon dioxide and rare gases, will have about 36 per cent relative 
humidity at 68 deg., which is a satisfactory average. This gives a 
wet-bulb temperature of 53 deg. fahr. 

This figure of 36 per cent is based upon the computation that the 
specific weight of dry air, with average CO: content is 0.0764 lb. 
per cu. ft. at 29.92 in. of mercury and 60 deg. fahr. This figure, 
in turn, is a computation to the nearest third significant figure, 
from values calculated from the following data: 


Weight of a liter of dry air free from CO; at 


760 mm. and 0 deg. cent............ 1.2929 g. 
Weight of a liter of CO. at 760 mm. and 

Per cent by volume of CO, present in air at 


Vapor pressure of H,O at 68 deg. fahr..... 0.690 in. Hg 
Specific weight of dry saturated steam at 


The first two of these values are taken from Scientific Paper No. 
529 of the Bureau of Standards (vol. 21, p. 175, Table 5, published 
May 28, 1926), and represent the values selected after an exhaustive 
study of all previous experiments made to determine the densities 
of these gases. The per cent by volume of CO, is taken from the 
new International Critical Tables (vol. I, p. 393), and the vapor 
pressure and specific weight of dry saturated steam are from Marks 
and Davis’ Steam Tables. 

If air is assumed to be a perfect gas the specific weight may be 
calculated from the gram-molecular volume of a perfect gas and an 
analysis of air. The composition of dry air at sea level as given in 
the International Critical Tables (vol. I, p. 393, Table 1), as well as 
the atomic weights of its constituents (vol. I, p. 43), are as follows: 


Per cent 

by Atomic 
Gas volume Element Weight 
N2 78.03 N 14.008 
Oz 20.99 Oo 16.000 
A 0.94 A 39.91 
CO, 0.03 Cc 12.000 
0.01 H 1.0077 
Ne 0.00123 Ne 20.2 
He 0.0004 H 4.00 
Kr 0.00005 Kr 82. 
Xe 0.000006 Xe 130.2 


The gram-molecular volume of a perfect gas (product of the volume 
of 1 gram of any gas by its molecular weight) is given in the same 
Tables (vol. I, p. 17) as 22.4115 liters at a pressure of one normal 
atmosphere and a temperature of 0 deg. cent. Using the above data, 
the calculated specific weight of air at 29.92 in. of mercury and 60 
deg. fahr., again to the nearest third significant figure, is 0.0763 
lb. per cu. ft. instead of 0.0764 lb. per cu. ft., and the relative 
humidity corresponding to a specific weight of 0.075 lb. per cu. ft. at 
29.92 in. of mercury and 68 deg. fahr. is 21.8 per cent. Since this 
method involves the assumption that the gram-molecular volume 
of air is the same as that of a perfect gas, which is not exactly the 
case, it seems preferable to use the first method, which employs 
the perfect-gas law only to obtain values relative to an absolute 
value determined by experiment. However, after the constants 
are once determined, air may be assumed to follow the perfect- 
gas law for all engineering purposes. 


G = specific gravity of any gas referred to “Normal Air” 
as 1.00. 


» 
r. 
4 


As used herewith, the ‘‘air’’ to which G is referred has a density 
of 0.075 lb. per cu. ft. at 68 deg. fahr. and 14.7 lb. per sq. 
in., as above specified, and has an average amount of moisture. 
Hence it is very slightly less dense than dry air. This difference is 
less than the uncertainty of usual specific-gravity determinations, 
with respect to theoretically dry air, so that for engineering purposes 
any tabulated specific gravity may be assumed as being on the basis 
of ‘‘Normal Air’ as here used. For usual air, G = 1.00. Values are 
given later for G for air when humidity must be taken into account. 


doG or 0.075G is the density of any gas in pounds per cubic foot 
at 14.7 lb. per sq. in., and 68 deg. fahr. 
d, = =— dG = 2.692pG/T = density of any gas in pounds 
Po 
per cubic foot at p pounds per square inch abs. and 
Td, 
. fahr. . G=——., 
T deg. fahr. abs 2602p 
substituted in any formula if d, is known instead of G. 
J = 778 = mechanical equivalent of heat. 
cp = 0.243 = specific heat at constant pressure for 
“Normal Air” as here defined. 


This value may be 


Physicists have given various values for this constant for air. 
The effect of moisture must also be considered. M.G. Robinson of 
this laboratory discussed the matter in the paper ‘‘Heat-Balance 
Method of Testing Centrifugal Compressors,’’ Trans. A.S.M.E., 
vol. 47 (1925), p. 1179, and the value above given is taken from a 
curve in his paper. Mr. Robinson also deduces values for do and k 
which are practically the same as those here used. Robinson uses 
Swan’s specific-heat work. This work and the definition of ‘‘Nor- 
mal Air’’ here given, determine all of these values. 

The standard value of do, the density of ‘‘Normal Air,’’ has been 
given above, and a standard value of k, the ratio of specific heats, 
is deduced in the next paragraph. 

These values are related by the well-known thermodynamic re- 
lation for a perfect gas: 


Here A is 1/J and R is the ‘‘Gas Constant”’ used in physics. This 
reduces to 
Cp[1 — (1/k)] = [4] 


or 
144 po 


™ Tl — 


This is the general expression for cp in terms of k and the specific 
gravity, for a perfect gas. It must be used to compute the value of 
Cp for a gas which is taken as perfect if the value of k is known with 
greater certainty. On the other hand, k must be computed if the 
value of cp is known with greater certainty. 

The values of cp and do for normal air and the above relation en- 
able the value of k to be computed, and this is done later. 

The function of k most used is 1 — (1/k) or (k — 1) /k, and the value 
of this to three significant figures is shown later to be 0.283. 

In some comparisons of various forms of formulas given in Fig. 
13, a number of computations are made to a much greater degree of 
accuracy than ordinarily necessary. In order to show only differences 
due to the different forms, without influence of mathematical in- 
accuracies, the value of cp used must be in the exact form given by 
[5] or it must be the exact numerical value computed from [5] and 
the value 0.283, which is 


Cp = 0.242967 
As already stated, this is to be taken as 0.243 for usual work. 


cy = specific heat at constant volume. The numerical 
value is rarely used and instead we use cp and k. 

k = c¢,/cv = 1.8947. This is computed from the values 
of dy) and cp and the fundamental thermodynamic 
relation [4]. This is a more accurate value than the 
frequently used ones of 1.40 to 1.41 obtained by other 
methods. 


The expression 1 — (1/k) or (k — 1)/k occurs very often in the 
theory of the flow of gases. From the values for normal air, cp = 
0.243 and do = 0.075, and Equation [4], it comes out that 1 — 
(1/k) = 0.28296. 

However, we are not justified in using s0 many places, so we round 
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off the value to 0.283. A very commonly used value of this constant 
is 0.29. However, such a value does not apply to the air usual in 
engineering work, and therefore should not be used. The value 
0.283 of course is also the best value for use in the common formula 
for the power for adiabatic compression which involves the expression 


The following values apply to ‘““Normal Air’ and other diatomic 
gases with a usual amount of moisture. 


k—1 1 
—— = 1—-=- = 0.283 
k k 
k = 1.3947; i 0.83518 
; = 3.53357 
k 
k—1 = 0.52918 
k+1 
= 0.0755 
k = 1.67 for monatomic gases such as mercury vapor or 


helium 

1.33 for triatomic gases such as CO:, and for some gases 
with a greater number of atoms which nearly obey 
the perfect gas laws. 


1 — (1/k) 
Y = (*) 


CRITICAL PRESSURE 


For reasons which are beyond our purpose to discuss, when the 
low pressure or pressure of the region into which the discharge 
takes place is higher than a “critical pressure’ which is 53 per 
cent of the initial or high-side pressure, then the pressure of this 
region is the same as the pressure at the nozzle end. Then the 
low pressure is said to “affect” the flow, and a form of formula 
must be used that takes this into account. 

2 \k/(k—1) 
k+ :) 
for air and other diatomic gases. 


The exact ratio is This comes out 0.52915 


When the low pressure-has any value less than the critical 
pressure, the pressure at the nozzle end remains at the critical 
pressure. Then the low pressure does not affect the flow, and a 
form of formula must be used which involves the high pressure 
only. 

From a theoretical point of view, the formula to be used should 
be changed suddenly at the exact critical pressure. However, 
this is not actually the case, and the formulas for the region where 
the low pressure affects the flow may be used with negligible 
error for values of p: as low as 50 per cent of pi, and the other 
formula for values of p2 as high as 56 per cent of p:. 


On Fig. 13 there are shown the differences between various ar- 
rangements of formula for various pressure ratios. There has been 
included on this curve the case of the theoretical formula for the 
region beyond the critical pressure, where the low pressure does not 
affect the flow. It will be seen from Curve I that the formulas for 
the region where low pressure affects the flow apply to within about a 
half of 1 per cent down to a pressure difference of 50 per cent of the 
high pressure. 

Conversely, it will be seen from Curve II that the formulas which 
expressly apply to the region where the low pressure does not affect 
the flow may be used beyond this region, to 4 point where the pres- 
sure difference is about 44 per cent of the high-side pressure. 

In other words, in the entire region where the pressure difference 
is between 44 per cent and 50 per cent of the high pressure, either 
form of formula may be used with slight error. 
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Fig. 13 Comparison oF ForMvULAS FoR FLow 


(The ordinates are the differences between the values given by the various formulas and the exact formula [9], divided by the value given by [9], 
and multiplied by 100.) 


THEORETICAL FORMULA FOR FLow 


The theoretical formula for flow of air through a nozzle is 
completely deduced in most texts on thermodynamics. Only a 
sketch is here necessary. 

The fundamental adiabatic relation for any gas is 


(2) — (1/k) 
Ds 


This gives the final temperature, and hence the final specific 
volume. 

The theoretical power due to adiabatic expansion if applied 
to creation of kinetic energy, gives as the theoretical velocity of 
discharge for any gas in feet per second, 


1 — (1/k) 
= 1— (2) | 
Pr 


2gpoT', - 144 1 — (1/k) 


or 


By expressing the volume at nozzle end conditions in terms of 
V, and 7; we obtain the following theoretical thermodynamic 


formulas for flow: 
q(2 1 + (1/k) 
Pr Pr 
or 


Po 


or 


29J Cp 
T; 


144 2gT Gd, 
PoT':{1 — (1/k) } 


v= 


DepvucTION OF APPROXIMATE FORMULA 


By expanding the expression in the radical of [9] in a series in 
P2 


terms of 1— and neglecting higher powers of the small quantity 


alge obtain an expression with two terms. As will be explained 


later, the omission of the higher terms gives no appreciable error. 
This expression, given at ‘‘A’’ later, has a number of temperature 
and pressure factors and a square-root sign under which is a factor 
(m — p»), and finally the factor containing the two terms above 
mentioned, 


3 


For air or any other diatomic gas, the factor (3/2k) — 1 above 
has the small value 0.0755. 

Formonatomic gases the value is about —0.10, and fortriatomic gases 
it is about 0.13. The differential pressure (p: — p2) is sometimes small 
with respect to p2. Hence the last term in the factor [12] may be 
small. There is a limit to the region in which the formula can be 
used as specified in the section on Critical Pressure. It turns out that 
within this limit a formula with the inclusion of the last term above 
mentioned gives results within 0.3 of 1 per cent of the exact formula 
for air and diatomic gases. As in any case where an approximation 
is made, the error is greatest for the larger values of (p: — p2) and zero 
for small values. However, by multiplying the constant of the form- 
ula by an arbitrary factor 1.001514, there results a formula called the 
“nearly exact formula,’’ which gives results which agree with the 
theoretical thermodynamic formula within 0.15 of 1 per cent through- 
out the entire range within which the formula is applicable, up to 
critical pressure. 

This is shown by Curve III in Fig. 13 where the error of the “nearly 
exact formula” is plotted for various pressure ratios. The maximum 
error of 0.15 of 1 per cent is entirely negligible for engineering pur- 
poses so that an engineer need never undertake the horrible task of 
using the theoretical formula [9]. ; 

For small values of (p: — p2) the expression [12] differs but little 
from 2, and the last term may be omitted in the formula for flow, 
leaving p2 only. 

As with the previous formula, this gives an exact result for values 
of (p1 — p2)/~ very nearly zero, and gives an error of about 0.4 of 
1 per cent for values near 0.1. As in the previous case, we may use 
a multiplying factor 0.9979, giving a formula called the ‘‘author’s 
formula,” which gives results within 0.2 of 1 per cent within the en- 


i 
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tire range of values of (p: — p2) /p: between zero and 0.1, as is shown by 
Curve IV in Fig. 13. 

If the value of (p; — p2) /p: is practically zero, which means that the 
change of density due to compressibility is negligible, p: may of 
course be used instead of p: in the author’s formula. This gives a 
formula identical with that which would be directly deduced for an 
incompressible fluid, and exactly equivalent to the well-known 
formula V = +/(2gh), and usually used as an approximate formula. 
However, if ~ is thus used in the formula instead of p: the results 
are accurate only for a very small range of values of (g1 — p2)/p1, 
as is shown by Curve V in Fig. 13. Also, if the values of discharge 
velocity V2 are computed on the same basis as the “nearly exact 
formulas,’’ the approximations are good only for a short range. 
However, owing to the small value of (3/2k) — 1, etc., in the formula 
for discharge, the ‘‘nearly exact’’ and the author's formulas are 
accurate for longer ranges than would naturally be expected in form- 
ulas in which high powers of (p: — p2)/pi were neglected. All of 
the reasons for this are not directly evident, but the curve sheet, 
Fig. 13, shows the actual results. It is just as easy to use p2 as pi 
in computing flow. Hence, there is no reason whatever for use of the 
form of formula in terms of p; which results from merely neglecting 
compressibility. The author's form here given, in terms of pn», 
should be used instead. 

A great deal of time was spent in accurately carrying on the 
computations which are at the basis of Fig. 13. The differences 
shown are the actual differences between the various formulas with- 
out the influence of minor mathematical inexactitudes. Formula 
[9] is particularly difficult to handle from a mathematical point of 
view, and it is only by careful work that the actual values given by 
the formula can be computed. As already specified, in doing this 
work, 1 — (1/k) was taken as 0.283, and do as 0.075, and the value of 
cp was taken as the exact value which corresponds as shown by [5]. 


BIBLIOGRAPHY OF ForMULA 


The earliest reputable formulas for flow of air with small pressure 
differences were published by Fliegner about 1870 in Germany, 
being given as empirical formulas deduced from experiment. Fliegner 
in all correctly gave two forms of formula applying, respectively, 
above and below a critical pressure which he gave as half of the initial 
absolute pressure. Fliegner’s formula for the region where the low- 
side pressure is above the critical pressure, and which he obtained 
empirically, agrees exactly in form and exactly as to value of co- 
efficient, when Fliegner’s probable discharge coefficient is taken into 
account, with the formula here given as the author’s formula. 
However, the latter formula is deduced rationally here and is shown 
to apply with accuracy only to the region where the.differential pres- 
sure ~i1 — p2 is less than about 10 percentofp:. When the differential 
pressure has increased so the low-side pressure is near he critical 
pressure, the author's formula, and hence the Fliegner formula, 
is in error about 2'/: per cent. 

Fliegner’s work is reasonably accurate, even for the present day, 
and is surprisingly accurate when his resources in 1870 are borne in 
mind. However, since our theoretical and practical knowledge is 
now vastly better, Fliegner’s empirical work is now only of historical 
interest, and rational formulas such as those of the present paper 
should be used instead. 

Fliegner’s work was originally published in several German period- 
icals from 1870 to 1874, and in the Proceedings of the Institution of 
Civil Engineers (Great Britain), vol. 39, part 1, pp. 375-9, 1874. Re- 
duction of his equations to English units is made in Peabody’s ‘‘Ther- 
modynamics of the Steam Engine,” pp. 153-154 in the 1904 edition. 

St. Venant and Wantzel in France in 1839 first deduced the theo- 
retical flow formula for pressure differences of any magnitude. 
Boussinesq and Parenty in France, about 1900, are said to have 
proposed expansion in a series as is here carried out. The initial 
deduction of the formula here given was made in an article due to the 
author and his associates in the American Machinist, September 20 
and 27, 1906. The article gave details of some matters which are 
here presented in condensed form. The present paper gives some 
extensions of the’ work of the previous paper due to continuous 
experience in the matter for the 20 years which have elapsed. 

G. B. Upton, Sibley Journal (Cornell University), November and 
December, 1914, gave an expansion in series differing somewhat in 
detail from that here given. He gives a formula of the same general 
form as the “nearly exact formula’ and a tabulation showing that it 
gives errors somewhat larger than shown by Fig. 9 for the “nearly 
exact formula.’’ He also gives an additional term in the series which 
gives increased accuracy, but which is hardly justified for engineering 
work. 

Many publications have been made of methods and short cuts for 
use of the theoretical formula [9]. One of the best of these uses the 
expression [11] and a table of values of the quantity 


1 — (1/k) 
Y = (2) —1 
pr 


in terms of the differential pressure ratio (p: — p2)/p2 In some 
cases the value of Y is needed for computation of power for com- 
pression as well as for flow and then the table mentioned gives ay 
easy way to handle the formulas. 

The use of such a table of values of Y involves the computation of 
(pi— p2) /p2, the finding of the corresponding value of Y in the table 
and the computation of + 1). The use of the “nearly exaci 
formula” involves the computation of the values of 0.0755 (pi — p 
p2 — 0.0755(p1 — and VW (pi: — p2) [p2 — — po) 

There is probably but little difference in the time required by one 
making regular computations with either method. On the other 
hand, one making a computation rarely would probably find the 
method here proposed to be somewhat easier to use. 

For the case where the differential pressure is less than 10 per cent 
of mi, the author's formula is just as accurate and much quicker than 
the Y-table. 

Another method of using such a table is given in the publication 
of the A.S.M.E., ‘Fluid Meters.” 

Curve sheets for various functions occurring in formulas like [\)} 
have been published by G. B. Warren, Trans. A.S.M.E., vol. 42, 
1920, p. 217, and by F. 8. Gasche of the Illinois Steel Co., and others. 
In all such cases which have come to the attention of the author, the 
mathematical work required in addition to looking up values of the 
curve sheet is at least as much as is involved in the use of the “nearly 
exact formula” here given, and sometimes more. 

In most of the published methods for computing flow, particularly 
with venturi meters, the formulas are based on a static pressure for 
the initial pressure, instead of the impact pressure p; as here proposed 
and as originally explained in the previous paper, “The Impxct 
Tube.”” The use of static pressure complicates the formula greatly 
because the area ratio of throat and conduit occurs in terms contain- 
ing fractional powers of the pressure ratio. 


FORMULAS FOR NOZZLES FOR MEASUREMENT OF 
FLOW OF AIR AND GAS 


INDEX OF SYMBOLS 


(A complete explanation of the following symbols is given in the 
section on Apparatus and Observations.) 


Subscript ; denotes initial or high-side conditions. 

Subscript . denotes final or low-side conditions. 

Subscript ; denotes any selected condition in terms of which 
flow is given in cubic feet per minute. 

Subscript » denotes standard atmospheric conditions, 14.7 
lb. per sq. in. or 29.92 in. of mercury, and 68 deg. fahr., or 20 
deg. cent., or 527.6 deg. fahr., abs. 


A = area of nozzle in square feet 

c = coefficient of discharge 

Cp = specific heat at constant pressure, = 0.243 for air 

c, = specific heat at constant volume 

D = nozzle diameter in inches 

dy = standard density of “normal air” (containing 
usual amount of moisture) at 14.7 lb. and 68 deg. 
0.075 

G = specific gravity referred to normal air as 1.00. If 
d, is the density of any gas in pounds per cubic foot 
at p pounds per square inch and T deg. fahr., abs.. 
then 


Td, 
2.692p 


k = ¢,/ce = 1.3947 for air and diatomic gases 


= 0.283 for air and diatomic gases 


k 
J = 778 = mechanical equivalent of heat 
p = pressure, pounds per square inch absolute; p; is total 
pressure, including velocity head, as would be takea 
with an impact tube; p. is static pressure 


4 
J 
4 


APPLIED MECHANICS SECTION 


q: = flow through nozzle, cubic feet per minute, at condi- 
tion ps, 7's 

T = absolute fahrenheit temperature 

flow through nozzle, pounds per second 


Pr 


ForMULAS 


A-—Nearly Exact Formula for Any Perfect Gas, with Differen- 
tial Pressure (pi: — p2) Between 10 Per Cent and 50 Per Cent 
of Initial Absolute Pressure p,: 


w = 12 X 1.001514Ac 


3 
x (~pi — pr) & (pi — | 
G 3 
T; P2) 3 
qs 3526 GT, E (pi | 


B--Nearly Exact Formula for Air, with Differential Pressure 
(pi — px) Between 10 Per Cent and 50 Per Cent of pi: 


12 X 1.001514Ac 


w 


158.17AcV (pi — pa) [p2 — 0.0755 (pi — /T: 


0.8627D*e-V (p: — [p: — 0.0755 — 


19.231 
cls (p~r P2) E — 0.0755(p: — 


Ps T; 


C—Author’s Formula for Any Perfect Gas, with Differential 
Pressure (p; — p2) Less Than 10 Per Cent of p:: 


ll 


T 
12 X 0.9979Ac (p: — p2)p2 
Pol’: 


Ts 
3513Ac GT, 


D—Author’s Formula for Air, with Differential Pressure (p; — p2) 
Less Than 10 Per Cent of p:: 


12 X 0.9979Ac — pr) 


157.6AcY (pi — po) 
0.8596D*c-V/ (pi— P2/T1 


19.16D*cT’; |(pi — pr) pe 
Ps T; 


ll 


ll 


If i is the differential pressure (~i: — pe) expressed in inches of 
water and B is the value of p: expressed in inches of mercury 
(barometric pressure if p: is atmospheric pressure), 


APM-3 


w = 0.1145D*%cy Bi/T, 


= 2.552 D*cT; 
Ps T; 


E—Formula for Any Perfect Gas, with Low Pressure p2 Less 
Than Half of High Pressure p;: 


pol: (; + k+1 
k + k+1 


GT, k+1 k+1 


F—Formula for Air, with Low Pressure p, Less Than Half of 
High Pressure p;: 


ll 


12Acp, 


qs 


w 


q 


G—Divisor to Be Used When Initial Pressure p, Is Measured 
as Static Pressure Instead of Impact Pressure in Figs. 


1, 2, 7, and &: 
D, = pipe diameter 
D\* [p\?/* 
Closely approximate divisor = 
\ D, k P2 


TEMPERATURE CORRECTIONS FOR Mercury CoLUMNS 


Theoretical divisor = 


For accurate work, a thermometer must be attached to a 
mercury column and the reading at the given temperature must 
be corrected by means of Table 1 below to the value which 
would be obtained if the mercury were at the standard tempera- 
ture of 32 deg. fahr. The table also includes a slight correction 
for the expansion by temperature of a brass scale which is 
taken as being correct at 62 deg. fahr. It gives the amount to 
be added or subtracted from the observed reading in inches of the 
mercury column. 


TABLE 1 ee eee FOR MERCURY 


LUMN 
Temp. of 
column, -—Observed reading of column in inches of mercury— 
deg. fahr. 16 18 20 22 24 26 28 30 3 
App 
— 20 0.07 0.08 0.09 0.10 0.11 0.11 0.12 0.13 0.14 
— 10 0.06 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.11 
0 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.08 
10 0.03 0.03 0.03 0.04 0.04 0.04 0.05 0.05 0.05 
20 0.01 0.61 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SuspTrRact 
35 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
40 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 
45 0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.05 
50 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 0.06 
55 0.04 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 
60 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.08 0.09 
65 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.10 
70 0.06 0.07 0.07 0.08 0.09 0.10 0.10 0.11 0.12 
75 0.07 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.13 
80 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 
85 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 
90 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.17 0.18 
95 0.10 0.11 0.12 0.138 0.14 0.16 0.17 0.18 0.19 
100 0.11 0.12 0.13 0.14 0.15 0.17 0.18 0.19 0.20 


9 
ae 
Acp, 
29T ody 3 
xX (pi — Pr») | P2 — ( — — 1] (pi — Pr») in 
2k 
w= — 
b = ss 
. 
w= 
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Instead of Table 1 there may be used the closely approximate 
formula for the amount to be subtracted from the reading of a 
mercury column of B inches at a temperature of ¢ deg. fahr., 
namely, 
B X (t — 32) 
10,000 
MULTIPLIERS FOR Repuctine IncHES OF Mercury To PouNnps 
PER SQuARE INCH 

For ordinary work, when the mercury column is not corrected 
for temperature, multiply the reading in inches of mercury by 
0.49. 


TABLE 2 MULTIPLIERS FOR REDUCING INCHES OF WATER 
COLUMN TO POUNDS PER SQUARE INCH 


Temperature of column, Density of water, Multiplier 
deg. fahr. Ib. per cu. ft. (Dw) (Dw/1728) 
32 62.42 0.03612 
35 62.42 0.03612 
40 2.42 0.03612 
45 62.42 0.03612 
62.41 0.03612 
55 62.39 0.03611 
60 62.37 0.0% 
65 62.34 0.03608 
70 62.31 0.03606 
75 62.28 0.03604 
80 62.23 0.03601 
85 62.18 0.03598 
90 62.13 0.03595 
95 62.08 0.03593 
100 62.02 0.03589 
- TABLE 3 GRAVITY CORRECTION FACTORS 
orth 
latitude, Elevation in 
deg. 0 1 2000 5000 
25 —0.0017 —0.0018 —0.0019 —0. 0022 
30 —0.0014 —0.0015 —0.0016 —0.0019 
35 —0.0010 —0.0011 —0.0011 —0.0014 
40 —0.0005 —0.0006 —0.0007 —0.0010 
42 —0.0003 —0.0004 —0.0005 —0. 0008 
44 —0.0001 —0.0002 —0. 0003 —0. 0006 
46 0.0000 —0.0001 —O. 2 —0.0004 
48 +0. 2 +0.0001 0.0000 —0. 0003 
50 +0.0004 +0.0003 +0.0002 —0.0001 


TABLE 4 CORRECTIONS FOR HUMIDITY IN AIR FORMULAS 


G 
Dry- Wet- Weight of Sp. gr. referred 
bulb bulb Relative water 


to ‘‘Normal Air’”’ k 
temp., temp., humidity, vapor, having a density 
deg. deg. per per of 0.075 at 68 deg. G x 
fahr. fahr. cent cent and 29.92 in. Hg Vv ce 
50 50 100.00 0.75 0.9986 0.9993 1.394 
45 67.50 51 1.0001 1.0001 1.395 
40 37.79 0.28 1.0015 1.0007 1.395 
35 10.46 0.08 1.0027 1.0014 1.395 
60 60 100.00 1.09 0.9966 0.9983 1.394 
55 72.76 0.79 0.9984 0.9992 1.394 
50 48.10 0.52 1 1.0000 1.395 
45 25.61 0.28 1.0015 1.0008 1.395 
5.06 0.05 1.0029 1.0014 1.395 
70 70 100.00 1.54 0.9938 0.9969 1.393 
65 76.59 1.18 0.9960 0.9980 1.394 
60 55.48 0.85 0.9980 0 1.394 
55 36.28 0.56 0.9998 0.9999 1.395 
50 18.92 0.29 1.0014 1.0007 1.395 
45 3. 0.05 1.0029 1.0015 1.395 
80 100.00 2.16 0.9902 0.9951 1.393 
75 79.30 ey 0.9929 0.9964 1.393 
70 60.84 1.30 0.9953 0.9976 1.394 
65 44.02 0.94 0.9975 0.9987 1.394 
60 28.96 0.62 0.9994 0.9997 1.394 
55 15.20 0.32 1.0012 1.0006 1.395 
50 2.76 0. 1.0029 1.0014 1.395 
90 90 100.00 3.00 0.9854 0.9927 1.391 
85 81.30 2.43 0.9887 0.9943 1.392 
80 64. 1.92 0.9917 0.9958 1.393 
75 49.61 1.47 0.9944 0.9972 1.393 
70 36.20 1.07 0.9967 0.9984 1.394 
65 24.06 0.71 0.9989 0.9995 1.394 
13.13 0.39 1. 1.0004 1.395 
55 3.15 0.09 1.0027 1.0013 1.395 
100 100 100.00 4.11 0.9790 0.9894 1.390 
95 82.97 3.39 0.9831 0.9915 1.391 
90 67 .65 2.76 0.9869 0.9934 1.392 
85 53.89 2.19 0.9902 0.9951 1.392 
80 41.64 1.69 0.9931 0 1.393 
75 30.63 1.24 0.9958 0.9979 1.394 
70 .82 0.84 0.9982 0.9991 1.394 
65 11.89 0.48 | 1.0002 1.395 
60 3.84 0.15 1.0023 1.0012 1.395 


For accurate work when Table 1 is used to correct to 32 deg., 
multiply the corrected reading in inches of mercury by 0.4912. 


MULTIPLIERS FOR RepucinG INcHES OF WaTER COLUMN 10 
PouNDS PER SQUARE INCH 


For accurate work, multiply the reading of a water column 
in inches by the value in the last column of Table 2. This 
allows for a usual amount of dissolved air. 

For ordinary work, multiply the reading in inches of water 
by 0.0361. 


Gravity Correction Facror 


For very accurate work, the readings of mercury and water 
columns must be reduced to values which would exist for the 
standard value of gravity adopted by international consent. 
This reduction is made by multiplying the reading by the factor 
in Table 3 and adding it to the reading. However, note that 
the correction is usually negative. 

The table is accurate to 1/100 of 1 per cent. However, this 
degree of accuracy is usually not possible in engineering work so 
that the table will be used rarely. 


Errecr or Humipity Arr FoRMULAS 


Table 4 gives a means of correcting for the effect of humidity 
on the value of G which occurs in the flow formulas given in this 
paper; and on the value of k, the specific-heat ratio, which occurs 
in formulas for power for compression and in the flow formulas. 

The correction in the flow has a probable maximum value of 
about '/; of 1 per cent on a few hot, humid days in summer. 
For humid air, there are to be used the formulas for a perfect 
gas, namely A, C, and E, with insertion of the values of k and @ 
given in the table. 

The table is based on the assumption that there has been no 
removal of moisture at any point in the apparatus between the 
atmosphere and the nozzle, so that we always have a perfect 
gas with the same water-vapor content as when at inlet condi- 
tions where the relative humidity was originally taken by means 
of the usual wet- and dry-bulb thermometers. 

The table is computed on the basis of the formulas given in 
the Weather Bureau Psychrometric Tables, Publication WB-235, 
1915. However, any of the psychrometric formulas now in use 
would give practically the same results. The computations 
are directly made for 30-in. barometers. However, the effect 
of barometer variation is very slight and the values given apply 
within about 0.1 per cent to any barometer from 28 in. to 31 in. 


Discussion 


M. G. Rosinson.?. The author has covered both the theo- 
retical aspects of the problem as well as the practical precautions 
required to secure reliable flow measurements. The many 
small details so apt to vitiate the results of tests are fully ex- 
plained. Some test engineers no doubt will consider the length 
of piping specified ahead of the flow nozzles a bit excessive— 
particularly in the case of large pipe sizes. It has been our 
experience, however, that this is a matter where one cannot be 
too generous, a length of many times the pipe diameter being 
at times required to destroy the effect of an irregularity in the 
conduit and to secure the uniform flow approaching the nozzles, 
which is absolutely essential. 

It seemed worth while to the writer to submit the results of # 
large-scale check on the reliability and the consistency of the 
set-up described in the paper, which it was his good fortune 
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secure about two years ago. The case in question was accept- 
ance steam-rate tests made at the factory on a turbine-driven 
blast-furnace blower having a capacity of 30,000 to 80,000 cu. ft. 
per min., with a pressure range of 16 to 30 lb. per sq. in. gage. 
Of course the determination of volume of air handled was of 
major importance. To be doubly certain of the results, the 
yolume was metered both by means of a nozzle of 30 in. diameter 
located at the inlet to the blower, the assembly being similar 
to that shown in Fig. 7, as well as by means of a nozzle, 15.07 
in. diameter, located at the end of the 30-in. discharge pipe 
through which the air was being wasted into the atmosphere, 
the arrangement being similar to that of Fig. 1. A throttle valve 
was used in the discharge line, to reduce the pressure ahead of 
the discharge nozzle. The test was very carefully made, ob- 
servations of each item being taken in at least two and usually 
three places, to insure true averages. Each load was held 
steady a sufficiently long time to insure the attainment of 
complete thermal equilibrium. A comparison of the results 
obtained by means of the 30-in. nozzle at the inlet with those 
obtained by means of the 15.07-in. nozzle in the discharge 
follows: 


I II Ill IV VI 
Approx. discharge pres- 
sure, lb. per. sq. in., gage 16 18 18 20 22 25 


Inlet volume from inlet 
nozzle, cu. ft. per min. . . 
Inlet volume from dis- 
charge nozzle.......... 
Difference, per cent....... 


41600 49930 60150 69440 56900 66530 


41240 49790 59880 69110 56780 66070 
0.9 03 0.4 0.5 0.2 0.7 


It will be noted that the results are in very good agreement, 
the differences being within 1 per cent. 

A. J. Nicnouas.* The question of laboratory standards for 
the measurement of air and gas has, from time to time, received 
much attention by various experimenters who have indicated 
individual preference for some method which they considered 
satisfactory. The author of this paper discusses three such 
methods, although there are others, embodying the flow nozzle, 
the venturi tube, and the thin-plate orifice, to which the author 
applies the general term “‘measuring nozzles.”” Would not the 
more appropriate general term be “metering elements’ rather 
than ‘measuring nozzles?” 

For accurate measurement the author of this paper considers 
the shaped nozzle and the venturi tube as the most satisfactory 
inethod for laboratory set-up. This preference, as the author 
states is largely influenced by the fact that no especial deter- 
minations of the discharge coefficient are required, since they 
are close to unity for these elements. More specifically the 
author assigns values for the coefficients equal to 0.97 for sizes 
less than 1 in. throat diameter, 0.98 for diameters up to 2"/2 in., 
0.985 up to 4 in. diameter, 0.99 up to 12 in. diameter, and 0.995 
for diameters above 12 in. In making these assumptions the 
author makes no reference as to the probable errors involved. 
A study of published experimental data on this subject shows 
that it is difficult to predict the coefficients, as above, to within 
2 or 3 per cent of the true value. Dr. T. E. Stanton,‘ of the 
National Physical Laboratory, shows that for flow nozzles 
with straight throats, as shown in the author’s paper, the vena 
‘mtracta or minimum section occurs outside of the throat proper 
‘or pressure ratios of 0.527 or less, with air as a fluid. This 
*xperimental evidence accounts for the large variation in the 
hozzle coefficients at or below the critical pressure ratios. J. L. 


"Instructor in Mechanical Engineering, The Pennsylvania State 
ollege, State College, Pa., Assoc-Mem. A.S.M.E. 

‘“On the Flow of Gases at High Speeds,” Proc. Royal Society, 
t.A., June 2, 1926. 
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Hodgson® shows that, for nozzles of the type shown in Figs. 
5 and 7, the coefficient may vary from 0.7 to 0.99 for the pressure 
ratio of 1 to 0.25; and further states that such nozzles are 
badly designed. He shows the maximum variation to occur 
between the pressure-ratio range of 1 to 0.85. The range of 
15 to 30 in. water, with discharge from or into the atmosphere 
specified by the author as one of the desirable differential limits, 
falls in the pressure-ratio range of 1 to 0.85. 

Taking into consideration published experimental data on 
nozzles for air measurement, the writer has arrived at the follow- 
ing general conclusions: 

(1) A flow nozzle for air should be used only between the 
pressure-ratio limits of 0.85 to 0.527. 

(2) In general, a coefficient of 0.97 may be used for nozzles 
of !/, in. diameter or over, for the above pressure-ratio range. 

This coefficient is materially affected by the shapes employed, 
the length of throat, methods of locating pressure taps and 
methods of installation. Further, the coefficient is subject 
to a variation of 0.7 to 0.99 for the pressure-ratio range of 1 to 
0.85, and 0.93 to 0.99 for the pressure ratio of 0.527 or less. 

The author states that it is unadvisable to use the thin-plate- 
orifice method for most laboratory set-ups. This statement 
should be modified to read “‘if large differentials are employed.” 
Tests on thin-plate orifices have been conducted at low differ- 
entials by several investigators in the past, and the coefficient 
results for the same size orifices at equal differentials were 
checked to within better than '/; of 1 per cent. Notable among 
these tests are those of R. J. Durley which were reported in 
the Transactions of the A.S.M.E., 1906, and Watson and Schofield 
in the Proceedings of the Institution of Mechanical Engineers, 
1912. No such extensive and concordant data have yet been 
published on flow nozzles and venturi tubes with air, at either 
low or high differentials. The small differential limit of 1 to 
5 in. of water for the orifice tests does not detract from the 
accuracy of the measurement. For temporary test purposes 
reliable home-made differential manometers, using other fluids 
than water, can be constructed along the lines as suggested in 
the writer’s article on ‘How to Make Differential Manometers.’’¢ 
The advantage of using orifices lies in the simplicity with which 
they can be duplicated, and the certainty of knowing the true 
coefficient which previously had been determined by the original 
investigators. The same thing is not true of nozzles and venturi 
tubes having different shapes, and requiring special machining 
of surfaces and throats, for which general assumptions of con- 
stant coefficient are made, based primarily on throat size. 

For gas, steam, or air it is not advisable to round off the 
inner edges of thin-plate orifices as the author suggests. Such 
rounding materially affects the coefficient, on which no complete 
and acceptable published experimental data are available at 
this time. 

The author deduces the value of K for air as equal to 1.3947, 
stating that it is more accurate than the frequently used one of 
1.40 to 1.41. The writer wishes to call attention to a paper 
by Prof. Edward F. Miller, on “Relation Between Pressure, 
Volume and Temperatures of Gaseous Air Under High Com- 
pression,”’? in which experimental values of K are shown to be 
1.405 at 14.7 Ib. abs. pressure, and 1.786 at 4618 Ib. abs. pressure. 
The limits of pressures and temperatures for which K is nearly 
constant should be clearly defined. 

The writer has frequently used the author’s equations pre- 
viously published in the American Machinist, to which a his- 


’ “The Commercial Metering of Air, Gas and Steam,” Min. of 
Proc. Inst. C. E., vol. 204, 1916-17. 
“The Metering of Steam,’’ Proc. Inst. Naval Architects, 1922. 
¢ Published in Power, April 19, 1927. 
7 Army Ordnance, vol. v, no. 32, September-October, 1925. 
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torical reference is made in this paper. The present proposed 
equations and their limitations appear equally as valuable, 
although they are slightly modified from those first published. 

For those interested in general metering, the writer wishes 
to eall attention to the valuable set of formulas deduced by 
J. L. Hodgson, which appear in his two papers mentioned 
above, and also in his paper entitled “The Orifice as the Basis 
of Flow Measurement.’® An ingenious self-contained air 
calibrating plant, used for calibrating nozzles, venturi tubes, 
and orifices, is described by Hodgson in the first paper referred 
to above. 


Joun L. Hopeson.® A fundamental defect in this paper is 
that while elaborate tables of factors are given for minute correc- 
tions due to humidity, elevation above sea level, and the like, 
no evidence based upon actual calibration is given for the co- 
efficients of discharge for the nozzles recommended. 

The writer’s experience would lead to the condemnation of 
all the forms of nozzle presented by the author, and to suggest 
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that if the nozzles indicated in Figs. 1 to 6 were subjected to 
careful calibration their coefficients of discharge would be found 
to vary with the flow over a wide range of values. 

For instance, in Fig. 17 of the writer’s paper, ““The Commercial 
Metering of Air, Gas and Steam,’’” it is shown that the coeffi- 
cient of discharge of a nozzle with a slightly longer parallel 
portion than the author’s Fig. 2 varies from 0.75 to 0.99. The 
writer has found by very many actual calibrations that the long 


does not lead to coefficients of discharge which are “close to 
unity” at all flows. This appears to be due to the continuation 
of the contraction of the jet beyond the curved upstream. That 
it will certainly do so in the case of the author’s Fig. 6 will be 
apparent to any one who has a good eye for streamline form, 
or who has had to lay out high-speed railway curves. Both 
the ship designer and the railway engineer set out their curves 
so that the change in the radius of curvature is very gradual. 

It is now nearly 15 years since the writer’s firm, after ex- 
haustive tests, abandoned venturi throat contours such as are 


8 The Institution of Civil Engineers, 1925. 
* Eggington House, Bedfordshire, England. 
10 Proc. Institution of Civil Engineers, 1917. 
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parallel part at the throat of the nozzle advocated by the author _ 


shown in Fig. 6 for contours of approximately streamline form 
in which the throat pressure hole was placed at the commence- 
ment of a very short parallel portion, the short parallel portion 
being left solely with a view to ease in calipering its diameter. 
Later on, various German firms followed our lead with venturi 
throats of approximately streamline form, in which, in some 
cases, the parallel portion was entirely suppressed. 

Among those in Europe who have done the most calibration 
work, it is an exploded notion that a parallel portion at the end 
of a nozzle can control the size of the vena contracta or insure a 
more constant value of the coefficient of discharge over a large 
range of flows. 

In the discussion on Power Test Codes at the Institution 
of Mechanical Engineers in 1924, the writer submitted a set of 
curves of coefficients which included tests on venturi tubes 
such as the author illustrates in Fig. 6. A similar set of curves 
is reproduced in Fig. 14. It will be seen that the coefficients 
vary from 0.8 to 1.08. 

A reference to Appendices II and VII of the writer’s 1917 
paper above referred to, will show that in this paper the funda- 
mental St. Venant formula has been so modified as to cover 
small throat-area ratios (the author insists that the main must 
be at least twice the diameter of the nozzle, i.e., that the throat- 
area ratio must be at least four, for the formulas which he. gives 
to apply), and that more elaborate simplifications of the funda- 
mental formula have been given than the author has attempted 
to do in the present paper. Unless simplifications are checked 
by actual calibration of the nozzles against volumetric standards, 
they do not lead to accurate metering. 

When a nozzle or venturi tube is so checked, we find that we 
can express all that we discover by means of the following simple 
flow formula: 

Q = AB[(P, — {13} 
where 
Q 
A = 


flow in lb. per sec. 
a coefficient, whose value for viscous and turbulent 
flows is plotted against the flow criterion 


a factor depending upon the size and particulars of the 
orifice or nozzle, and upon the system of units used 
(P, — P2) = difference of pressure between the pressure-holes 


W, = specific weight of the fluid on the upstream side of the 
nozzle 

k =ratio of the specific heat at constant pressure to the 
specific heat at constant pressure for the fluid. 

n = ratio of the area of the throat to the area of the mail. 


(Actually the area of the vena contracta ought to be taket 
instead of the area of the orifice or throat, but this is a2 
unnecessary refinement except in purely theoretical work.) 
= viscosity. 
Over the viscous-flow region, Equation [13] may be replaced by 


Q = A'B(P; — P2)W...... [16] 
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and, when the fluid is discharging above the critical pressure 
ratio, by 
Q = A" B(P,W;)'? Coe [17] 


The reasoning and experiments on which the above formulas 
are based are fully detailed in the writer’s paper, ‘“The Orifice 
as a Basis of Flow Measurement.’’!! Though this paper deals 
primarily with orifices, the reasoning applies also to nozzles and 
venturi tubes. 

The writer is coming more and more to the view that, provided 
the metering obstruction is accurately calibrated over the flow 
range as judged by the criteria [14], [15], and [15a], it matters 
little what simple form of measuring obstruction is used, and 
that without accurate calibration the most elaborate and care- 
fully contoured forms are useless. It is self-evident that the 
more elaborate the contour of the metering obstruction is, the 
more difficult it will be to reproduce it with accuracy and make 
use of previous calibrations of similar metering obstructions. 

As is well known, very accurate results can be obtained by 
means of a square-edged orifice in a thin plate. If such an 
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orifice is used, the perfect machining of the square edge is not 
%0 Important as the author suggests. Calibration shows that 
the coefficient is not appreciably affected if this edge has a radius 
of as much ag !/s09 of the diameter of the orifice. 

The writer has recently found that for such suction intakes 
as are shown in Figs. 3 and 5, a simple straight length of pipe 
about 4 diameters long used as Borda’s mouthpiece, with the 

} suction pressure hole drilled about one-half diameter from the 
‘ttrance end, and the static pressure taken in a perforated 
box clamped to the periphery of the pipe about three diameters 
from the entrance end, forms an admirable and easily reproduced 
metering device. The arrangement is illustrated in Fig. 15. 
Calibration shows that the coefficient obtained is varied very 
little by considerable rounding of the entrance edge. 

In the notes to Fig. 6, the author states that “a single static 
hole is equally as accurate.” I agree with this statement in 
% far as it applies to testing work. The reason why the annulus 
8 retained in certain cases in practical metering is to enable 
‘number of pressure holes to be drilled in the plane of measure- 
ment, so that a meter having a large float or bell will respond 
quickly when the flow changes. 

The writer does not agree with the author's use of the impact 
lube for measuring the upstream pressure. In his experience, 
vhich now extends to many thousands of orifices, nozzles, and 
Venturi tubes, he has had very little trouble with faulty static 
pressure holes for the reasons referred to. The author states 
that judgment should be used in designing nozzles. Judgment 


"Proc. Institution of Civil Engineers, 1925. 
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is in no case to be relied upon unless it is backed up by careful 
calibration of the nozzle produced. 

In the note attached to Fig. 5, the author states that several 
nozzles may be used in one tank. If this is done it will be found 
that, unless the nozzles are placed at a considerable distance 
apart, the air flow for a given observed difference of pressure, 
as calculated by the author’s formulas, will be higher than the 
true air flow, because the individual nozzles have now no longer 
an unrestricted area from which to draw, and the velocity of 
approach to each of them is increased. 

One of the most suitable forms of volumetric standard is a 
test gas holder installed in a thick-walled building with only a 
small north light (so as to avoid temperature errors). A great 
deal can be done even with a 10-cu-ft. gas holder, provided that 
the flow criteria given in Equations [14], [15], and [15a] are used, 
and provided that it is remembered that geometrical similarity 
extends to the roughness of the surfaces dealt with as well as to 
their contours and to the positions of the pressure holes. 

As pipes of the same material have usually identical roughness, 
the relative roughness is greatest for the smaller pipes. Further, 
for pipes of identical roughness the velocity distribution will 
be found to vary with the size of the pipe at the same values 
of the flow criteria given in Equations [14], [15], and [15a]. 
This, more especially when the area of the nozzle or orifice 
calibrated is large in comparison with the area of the pipe in 
which the nozzle is inserted, may lead to obtaining slightly 
different coefficients for geometrically similar small and large 
nozzles or orifices at the same values of the flow criterion used. 

It is impossible to meter accurately without calibration 
facilities. A certain amount may laboriously and expensively 
be done by means of traverses with a pitot tube. The best 
work is, however, only possible with some such aid as the gas 
holder described above, or the displacement meter illustrated 
in Figs. 13 and 14 of the writer’s 1917 paper. If a displacement 
meter is used for measuring air flows, it must not be allowed to 
rotate at a speed which will cause the momentum of its parts 
to set up pulsations in the air flow being measured, since, if this 
is done, errors due to pulsation will be introduced. 


H. S. Bean.'* For several years I have been very much 
interested in this problem of gas measurement, and particularly 
rate-of-flow measurements. In 1922 the Bureau of Standards 
started a series of orifice tests for the purpose of determining 
the discharge coefficients of orifices. We selected flow nozzles 
as our primary standard. In connection with this selection we 
were indebted to Dr. Moss for the information contained in his 
paper of 1916 on ‘‘The Impact Tube.”’!* 

In designing our nozzles we used the quadrant of an ellipse 
as the outline of the approach section. The semi-major axis 
of the ellipse was taken equal to the diameter of the throat, 
and the semi-minor axis equal to two-thirds the throat diameter. 
(See Fig. 16.) The semi-major axis was placed parallel to the 
axis of the throat. There were four different throat diameters 
or nozzle sizes used, ranging from 1*/, in. up to 5 in. In three 
of the nozzle sizes we made two nozzles each, one set with the 
length of the throat or straight portion equal to one-half the 
throat diameter, and in the other set the length of throat was 
equal to the throat diameter. In order to reduce the skin 
friction the inside surface of the nozzles was carefully machined 
and polished. 

The method of determining the coefficient of the nozzle for 
any given rate of flow was substantially that outlined by Dr. 
Moss in his paper of 1916. Our traverse tip had a mouth di- 


Chief of Gas Measuring Instruments 
Mem. A.S.M.E. 


12 Associate Physicist, 
Section, Bureau of Standards, Washington, D. C. 
13 Trans. A.S.M.E., vol. 38, 1916, p. 761. 
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ameter of 0.02 in. After determining the coefficients for several 
rates of flow, the coefficients were plotted, as ordinates, against 
impact pressures at the center of the nozzle, as abscissas. It 
was then possible to draw a smooth coefficient-impact-pressure 
curve, such as Fig. 17. As shown by the figure, the coefficient 
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increased as the rate of flow increased. For the nozzle to which 
this curve applies the coefficient was about 0.976 when the jet 
velocity was about 32 ft. per sec., corresponding to an impact 
pressure of about 0.01 lb. per sq. in. With an impact pressure 
of 2.55 Ib. per sq. in., or a jet velocity of 482 ft. per sec., the 
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coefficient was 0.996—. We also found that as the nozzle or 
throat size was increased the coefficient increased, for the same 
rate of flow. Thus with an impact pressure of 0.4 lb. per sq. 
in., the 15/,-in. nozzle had a coefficient of 0.991, while at the same 
impact pressure the 5-in. nozzle had a coefficient of 0.998.  [t 
was further found that the nozzles with the longer throat sections 
had slightly lower coefficients than those with the shorter throats. 
While these variations are not large numerically, it was necessary 
to take account of them since we were seeking to obtain as high 
a degree of accuracy as possible. Of course where one is inter- 
ested in obtaining results that are reliable to only 1 or 2 per 
cent it is entirely sufficient to assume a constant value of the 
nozzle coefficient as suggested by Dr. Moss. 

In order to study the effect on the discharge coefficient of 
different forms of approach sections we made two experimental 
nozzles. On one the outline of the approach section was a 
quadrant of a circle, the radius of the circle being equal to the 
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throat diameter. On the other the outline of the approach 
section was a quadrant of an ellipse which had the same gee 
metrical relations as described for the regular nozzles, but the 
ellipse had been turned through 90 deg. so that the major axis 
of the ellipse was at right angles to the axis of the nozzle. Fig 
18 shows how the coefficients changed as the impact pressur 
or rate of flow increased. As can be seen in each case the ¢ 
efficient value increases rapidly to a maximum and then fal! 
off. Presumably this decrease in the coefficient is caused ») 
the air stream breaking away from the nozzle wall as it flows 
around from the approach section to the straight section “ 
the nozzle. 

Reference is made in both the present paper and that of 1915 
“The Impact Tube,” to the accuracy of the impact tube 33° 
means of measuring velocity head or pressure. In additio® 
to the work which I have mentioned, other tests have been made 
at the Bureau using nozzles and an impact tube. In these te* 
jet velocities up to about 1400 ft. per sec. were used. It ¥* 
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found that so long as the jet velocity was less than the velocity 
of sound in the fluid being used (air in our case), the impact 
tube converted the velocity or kinetic energy of the jet to pressure 
(energy) exactly. The difference between the pressure indi- 
cated by the impact tube and that indicated by a static tube 
connected a short distance upstream from the nozzle was, as 
near as we could measure, equal to the velocity-of-approach head. 

Dr. Moss mentions some of the difficulties, or important 
factors to be observed in the use of ‘“‘square-edged”’ orifices. 
We encountered all of these factors and more. In respect 
to square edges we found that if we were careful to have true 
square edges the result would be in close agreement. However, 
slightly rounding, roughing, or burring the edge or edges would 
change the value of the discharge coefficient anywhere from 
minus 1 per cent to plus 5 per cent. 

Another important factor is the arrangement of the set-up 
or the location of various kinds of pipe fittings with respect 
to the orifice or nozzle. For example, our nozzles, which dis- 
charged into the atmosphere, were attached to one end of a 30-ft. 
section of 3-ft. pipe. Even with this low velocity of approach 
we found it necessary to construct two honeycomb sections 
within the 3-ft. pipe before we eliminated the swirl and secured 
an even jet distribution in our nozzles. In connection with 
the subject of set-up arrangement, I believe it would be very 
helpful to any one preparing a nozzle or orifice set-up either 
for laboratory or general measurement use, to become familiar 
with the recommendations on orifice-meter setting which have 
been prepared by the Committee on Gas Measurement of the 
Natural Gas Department of the American Gas Association. 


Tue AutHoor. Mr. Hodgson, and Mr. Nicholas take some 
exception to the statement in the paper that the coefficient of 
discharge for a nozzle with streamline approach is close to 
unity. I believe this must be due to some misunderstanding, 
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however. It must, of course, be understood that the proper 
theoretical formula or a close approximation to it is used. If 
the simplified form of formula is used for the case with large 
pressure differences, to which the simplified form does not di- 
rectly apply, a coefficient to take care of the situation may, 
of course, be used. This is not a coefficient of discharge in the 
sense in which it is used in the original paper, however. It 
is only under such circumstances that a coefficient appreciably 
different from unity can ever apply. All of the data given in 
the paper regarding coefficients are the result of careful calibration, 
some of it by the method given in the 1916 paper, ‘“‘The Impact 
Tube.” 

The very interesting discussion presented by Mr. Bean, of 
the Bureau of Standards, confirms this conclusion. Mr. Bean’s 
values, taken with a great deal of pains, show very slight varia- 
tion of the coefficient for a wide range of different conditions, 
and confirm the statement made in the original paper, that all 
cases of a nozzle with reasonable streamline approach give a 
coefficient close to unity. It is to be hoped that the Bureau of 
Standards’ work will be continued and finally published, so that 
the slight variations in coefficient, due to different shapes and 
different velocities, can be taken into account. In the meantime, 
all of the existing calibration data indicate that the coefficients 
given in the paper are quite accurate for engineering purposes, 
when used with the proper form of formula as given in the paper. 
No doubt the simplified form of formula proposed by Messrs. 
Hodgson and Nicholas, with a corresponding set of coefficients 
to take account of the circumstances, will give equally accurate 
results. This, however, is an entirely independent system and 
it is not to be supposed that the coefficients of one are inter- 
changeable with the other. 

Taking everything into account, the author believes that the 
system presenied in the paper is the easier for general engineering 
purposes. However, this is, of course, a matter of opinion. 
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Progress in Lubrication Research 


Contributed by the A.S.M.E. Special Committee on Lubrication! 


HIS report summarizes the activities of the Special Research 

Committee on Lubrication during the five years elapsed 

since the previous or third report? was submitted, on or 
about October 15, 1922. 


Viscosiry or Lusricants UNDER H1GH PRESSURE 


‘The first experimental problem undertaken by the Committee 
consisted in determining the effect of pressure on the viscosity 
of lubricating oils. A paper containing the final results obtained 
with the ball and slanted tube type of viscometer, by.M. D. Her- 
sey and H. Shore, has been contributed for presentation at the 
December, 1927, Annual Meeting. These results may be found 
to have an important bearing on the interpretation of oiliness 
observations, which, in turn, constitutes one of the most central 
problems of future lubrication research. Lard oil, castor oil, 
and three mineral oils were tested at various pressures and 
temperatures up to about 50,000 lb. per sq. in. and 140 deg. 
cent. 

The investigation was continued by R. V. Kleinschmidt 
working in the laboratory of Professor P. W. Bridgman at 
Harvard University. During the limited time available, Dr. 
Kleinschmidt tested sperm, lard, castor and rape-seed oils, 
three mineral oils, and one cutting compound at pressures up 
to a maximum of about 130,000 Ib. per sq. in. and at tempera- 
tures up to 80 deg. cent. These results confirmed the apparent 
solidification of lard oil observed by Hersey and Shore under 
high pressure, and are given in detail in Appendix No. 1. 


Oiness OF LUBRICATING OILS 


When two oils having the same viscosity at atmospheric 
pressure and at the temperature of the film are tested under 
identical conditions the one giving the least friction is said to 
have the greater oiliness.* Experiments on the friction of 
lubricating oils under very high bearing pressures have been 
conducted recently at the Carnegie Institute of Technology by 
C. W. Staples, using apparatus‘ which was intended so far as 
possible to prevent the formation of thick fluid films, in order to 
accentuate the differences due to oiliness. ‘Two progress reports 
have been placed on file for consideration by the Committee in 
order to determine the most logical interpretation of the results 
obtained, and as a basis for planning. further experiments in 
continuation of this investigation. 


' The personnel of this Committee is as follows: 

Mayo D. Hersey, Chairman, Physicist, Chief, Friction and Lubri- 
cation Section, Bureau of Standards, Washington, D. C. 

_ ALAN E. FLowers, Secretary, Engineer in Charge of Development, 
The De Laval Separator Co., Poughkeepsie, N. Y. 

Louis J. Braprorp, Professor, Mechanical Engineering, Pennsyl- 
yania State College, State College, Pa. 

_ Hozart C. Dickinson, Chief, Heat and Power Division, Bureau of 
Standards, Washington, D. C, 

~ W. Durr, Professor, Worcester Polytechnic Institute, Worcester, 
Mass. 

H. A. S. Howartru, General Manager, Kingsbury Machine Works, 
Philadelphia, Pa. 

ALBERT Kinassury, Calhoun Drive, Greenwich, Conn. 

* Reprinted by THe AMERICAN Society oF MECHANICAL ENaI- 
NEERS, together with the First Report (1919), under the title, Oiliness of 
Lubricating Oils and Viscosity of Lubricating Oils Under High Pres- 

$ Herschel, W. H. Viscosity and Friction. Journal Society 
Automotive Engineers, vol. 10 (1922), pp. 31-41 and 369-372. 

Kingsbury, A. A New Oil-Testing Machine and Some of Its 
Results. Trans. A.S.M.E., vol. 24 (1903), pp. 143-160. 
ue tesented at the Lubrication Research Symposium at the Annual 
“eeting, New York, December 5 to 8, 1927, of THe AMERICAN 
SocteTy oF MECHANICAL ENGINEERS. 


LUBRICATION OF JOURNAL BEARINGS 


A graphical analysis of journal-bearing lubrication’ has been 
reprinted by the Society from a series of papers presented at 
three Annual Meetings. This analysis is based on the recognized 
equations of Reynolds and Harrison. It provides the theoretical 
data needed for bearing design under a wide range of operating 
conditions, and includes both full and partial bearings. The 
fact that the detailed results of this study are now readily avail- 
able for reference in checking measurements of friction, makes 
the present an opportune time to initiate programs of experi- 
mental research on journal-bearing performance. 

The Committee has cooperated in the development of the 
Bureau of Standards program of experiments on journal-bearing 
performance. One paper resulting from this project has been 
submitted by S. A. McKee for presentation at the Annual Meet- 
ing in December, 1927, under the title The Effect of Running-In 
on Journal-Bearing Performance. A second project in the same 
series, now well advanced, consists in determining the effect of 
the length-diameter ratio and the effect of the clearance-diameter 
ratio on the coefficient of friction of full-journal bearings. The 
machine constructed at the Bureau of Standards for this work 
differs from many that have been used in the past in that it 
measures the frictional resistance acting on the moving element 
(i.e., on the journal) instead of that acting on the stationary 
element (i.e., on the bearing); an essential distinction if the 
results are to be employed for practical computations of power loss. 


Car-WHEEL Friction Losses 


In small industrial cars such as are used in great numbers, 
especially for mine haulage in coal mines, an unnecessary waste 
of electrical power is permitted which could be diminished by 
improvements in mechanical design and in lubrication. This 
Committee, aided by funds transferred from the Engineering 
Foundation, has cooperated with the Carnegie Institute of 
Technology and the U. S. Bureau of Mines in an experimental 
study of mine-car friction. 

The work was conducted in the laboratories of the Bureau 
of Mines Experiment Station at Pittsburgh, Pa. The results 
of measurements of the total friction loss in trucks moving along 
both straight and curved track have been published;* while 
the experimental work has been completed and a progress 
report submitted on a second phase concerned with the direct 
measurement of the bearing friction alone. 

There remains a third very interesting phase of that investi- 
gation which could be completed with a comparatively small 
financial outlay, namely, the direct measurement of rolling 
friction, i.e., the resistance offered to the simple rolling contact 
of the wheel on the top of the rail. It was found that this factor 
is responsible for a larger proportion of the total friction loss 
than commonly assumed. It also appeared that a considerable 
difference existed between the rolling friction of cast iron and 
of steel wheels, and between wheels of the same material but of 
varying hardness. The Committee desires to bring this project 
to the attention of the Main Research Committee, although the 
subject of rolling friction lies outside the scope of the Special 
Research Committee on Lubrication as at present organized. 


’ Howarth, H. A. S. Trans. A.S.M.E., vol. 45 (1923); vol. 46 
(1924); vol. 47 (1925). 

* Mine Car Friction with Six Types of Trucks. Bulletin 20, 
Mining and Metallurgical Investigations, Carnegie Institute of 
Technology, Pittsburgh, Pa., 1925. 
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CONCLUSION 


Several problems have been summarized above on which 
definite progress has been made by the Committee since the 
date of the last Report. Further details can be found in the 
Annual Meeting papers that have been contributed, and in 
Appendix No. 1 of the present Report. These projects are con- 
sidered fundamental; they are in line with the program recom- 
mended in the Committee’s first published report (1919) and 
should be continued and extended as rapidly as financial support 
ean be secured. 

In addition to the experimental work here reported, the 
Committee has gradually collected a considerable quantity of 
live technical information. This has been accomplished largely 
through personal contact of members of the Committee with 
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fellow workers in the field of lubrication, both in the United 
States and in European countries. Cordial cooperative relations 
for the exchange of information have been established. Only 
funds for clerical assistance are needed in order to place such 
information at the disposal of our own membership. 

This Report will be concluded with a brief bibliography 
(Appendix No. 2) containing a number of references that may be 
considered representative of contemporary lubrication research 
although comprising only a very small percentage of the total 
literature available on the subject of lubrication. It is hoped 
that the bibliography will be of aid to members of the Society 
who desire to become more familiar with the background of 
research underlying the particular problems dealt with in this 
Report. 


OLLOWING the completion of experiments by Hersey and 

Shore’ arrangements were made for extending the viscosity 
measurements to higher pressures, utilizing the apparatus 
recently developed by Professor Bridgman.* 

The results of tests on two animal oils (lard and sperm), two 
vegetable oils (castor and rape seed), three mineral ails (three- 
in-one, Veedol medium and Mobiloil A), and one cutting com- 
pound (mineral lard) are reported in Tables 1 to 10 below. 

Two samples of sperm oil were tested; one from the National 
Physical Laboratory in England on which viscosity data by 
J. H. Hyde had been published in 1920, the other a sample of 


- unrefined sperm oil on which good results had been obtained in 


a series of shop tests to determine its comparative performance 
as a cutting-tool lubricant. In those tests the sperm oil was 
reported as being distinctly superior to the mineral lard, so it 
was felt that considerable interest might attach to the comparison 
of the same two samples in the viscosity apparatus. The un- 
refined sperm oil and the mineral lard were of practically the 
same viscosity at ordinary temperature and pressure. 


TABLE 1 RESULTS OF TESTS ON LARD OIL 
(Using weight B in Tests 1 to 7 and weight C in the remaining tests) 
Tests 1 to 15 at 25 deg. cent. 
Logarithm of 


Pressure, Logarithm of Pressure, 

Test kg.per ‘Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq.cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 

1 0.260 0.000 & 1 0.997 0.000 
2 328 0.493 0.233 9 545 1.366 0.370 
3 1057 0.941 0.6381 10 1050 1.661 0.665 
4 2072 2.512 2.252 ll 1432 1.876 0.880 
5 1990 2.304 2.094 12 1576 1.964 0.968 
6 2180 2.631 2.371 13 1857 2.120 1.224 
7 2725 Frozen Frozen 14 2165 2.446 1.450 
15 2373 over3.5 over2.5 
Tests 16 to 25 at 40 deg. cent. 
16 0.766 1.770 21 3045 2.306 1.309 
17 478 1.063 0.066 22 3404 3.495 2.499 
18 1150 1.431 0.435 23 4148 Frozen 
19 1879 1.784 0.787 24 3150 2.406 0 
20 2455 2.019 1.023 25 3253 2.433 1.436 
Tests 26 to 35 at 75 deg. cent. 

26* 1 0.373 1.375 31 5702 2.438 1.441 
27 1115 0.901 1.905 32 6940 3.164 2.168 
28 2477 1.428 0.432 33 7160 over4.0 over3.0 
29 3630 1.832 0.834 34 6520 2.716 1.720 
30 4747 2.168 1.171 35 6720 2.770 1.77 


* Temperature 75.1 deg. cent. 


7 Hersey, M. D., and Shore, H. Viscosity of Lubricants Under 
Pressure. Paper presented at the Annual Meeting, Dec. 5 to 8, 1927, 
of THe AMERICAN Society OF MECHANICAL ENGINEERS. Published 
1 — ENGINEERING, vol. 50, no. 3, March, 1928, pp. 
221-232. 

8 Bridgman, P. W. The Effect of Pressure on the Viscosity of 
ag a Pure Liquids. Proc. Am.Acad.Arts Sci., vol. 61 (1926), 
pp. 57-99. 


Appendix No. 1—Experiments by Robert V. Kleinschmidt on the Viscosity of Lubricating 
Oils Under High Hydrostatic Pressure 


Two samples of castor oil also were available, one from Gill- 
more (Pittsburgh) the other from Baker (New York). The 
remaining oils were represented by one sample each. 

In using the falling-weight method of Professor Bridgman, 
three different weights, A, B, and C, were employed having 
constants 1.217, 0.450, and 1.186, respectively. By substracting 
these constants from the logarithms of the time values in the 
tables we could obtain the logarithms of the absolute viscosities 
in poises, with an accuracy of the order of 10 per cent. ‘This 
has not been done in the present report, however, as a higher 
degree of accuracy, probably within 2 per cent, is obtained by 
using simply the viscosity ratios given in the fourth column of 
each table. 

The viscosity ratio represents the ratio of the absolute vis- 
cosity at any stated pressure and temperature to the absolute 
viscosity at atmospheric pressure and 25 deg. cent. (77 deg. fahr.). 

Temperatures were measured to 0.01 deg. cent. and recorded 
in the’ tables to the nearest 0.1 deg. cent. 

The viscosity ratios given by Tables 1 to 10 have been plotted 
against the hydrostatic pressure in Figs. 1 to 8. 

It will be especially noted from these diagrams that the 
animal oils give the most conspicuous evidence of solidification 
or freezing due to increase of pressure at constant temperature. 
Sperm oil solidifies at decidedly lower pressures than the mineral- 
lard cutting compound. This fact is of interest in relation to 
the reported preference for the sperm oil when compared with 
the mineral lard under practical metal-cutting conditions. In 
general, these results confirm and considerably extend the work 
undertaken by previous investigators, and tend to demonstrate 
the desirability of further research in the same direction. 


TABLE 2 RESULTS OF TESTS ON SPERM OIL (N.P.L 


(Using weight C in all tests) 
Tests 36 to 39 at 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of 
Test kg.per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq. cm. sec, rauio 
(1) (2) (3) (4) (1) (2) (3) 1) 
36 1 1.211 0.000 38 681 2.348 1.137 
37 478 1.550 0.340 39 830 Nearly frozen 
Tests 40 to 44 at 40 deg. cent. 

40 1 0.930 1.720 43 1302 1.754 (0). 548 
41 758 1.409 0.198 44 1830 Frozen 

42 1043 1.552 0.341 os ee 


Tests 45 to 51 at 75 deg. cent. 


45 1 0.467 1.256 49 3100 1.726 0.516 
46 514 0.744.533 50 3960-1.987 0.776 
47 1215 1.056 =1.845 51 4412 Frozen 

48* 2028 1.370 0.159 


* Temperature 75.1 deg. cent. 
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TABLE 3 RESULTS OF TESTS ON SPERM OIL (UNREFINED) 
(Using weight C) 
Tests 52 to 55 at 25 deg. cent. 
Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no, sq. cm, sec. ratio no. sq. cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
52 1 . 208 0.000 54 915 2.299 1.091 
53 708 . 664 0.456 55 1145 Frozen 
Tests 56 to 57 at 40 deg. cent. 
.514 0.306 57 2057 Frozen 


’ } Tests 58 to 68 at 75 deg. cent. 


atio 


y® 


239 1.979 0.771 
2.120 0.912 
af 08: j 2.304 1.096 
2.708 1.500 
Nearly frozen 


~ 


Log Viscosit 


* Temperature 75.1 deg. cent. 
+ Temperature 74.9 deg. cent. 


he 
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TABLE 4 RESULTS OF TESTS ON CASTOR OIL (GILMORE) Pressure, Kg. per Sq.Cm 


(Using weight B) 
Tests 69 to 74 at 25 deg. cent. Fia. 6 
Pressure, Logarithm of Pressure, Logarithm of 
Time, Viscosity Test kg. per Time, Viscosity 
sec. no. sq. cm. 
(3) (1) (2) 
1.404 . 72 2025 
73 3026 
2.240 l 74 4096 


Tests 75 to 81 at 40 deg. cent. 
3015 
4140 
4790 


Viscosity Ratios ror VEEpoL Mepium O11 


i=] 
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TABLE 5 RESULTS OF TESTS ON CASTOR OIL (BAKER) 
(Using weight A) 
Tests 90 to 95 at 25 deg. cent. 


Pressure, Logarithm of Pressure, Logarithm of | 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity | 
ratio no. sg.cm 


7 
(4) (1) (2) 1000 2000 3000 4000 5000 6000 1000 
0.000 93 1113 2.9% Pressure , Kg. per Sq.Cm. 
0.179 94 1520 
Fic. 7 Viscosiry Ratios ror Mostrom A 
Tests 96 to 100 at 40 deg. cent. 
1690 


* Temperature 79.9 deg. cent. 


TABLE 6 RESULTS OF TESTS ON RAPE-SEED OIL* 
(Using weight B) 
Tests 111 to 114 at 25 deg. cent. 

Pressure, _ Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg.per Time, Viscosity 
no. sq.cm. sec. ratio no. sq. cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) 
111 1 1.656 0.000 113 1106 2.474 0.818 
112 378 1.982 0.326 114 2162 over 3.8 over 2.144 

Test 115 at 40 deg. cent. 
1932 2.636 0.980 


Tests 116 to 117 at 75 deg. cent. 1000 2000 3000 4000 
116 1 0.558 2.902 117 600 0.916 1. 260 Pressure, Kg. per SqCm 


Log Viscosity Ratio 


* Conducts current too well for completing a full series of observations. Fie. 8 Viscosity Ratios ror MineRAL-Larp CuTtTina CompPoU™ 
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71 
75 12 0.9% 2.645 1.241 
76 624 1.4¢ 3. 1. 2 - 4 
77 1.6 3.415 2.015 De 
Tests 82 to 89 at 75 deg. cent. = ls as 
82 37 0.228 «=. 824 86 4486 2.081 0.677 
83 832 0.666 1.262 87 5995 2.551 1.147 ces 
. 84 1852 1.120 1.716 88 8660 3.334 1.930 xy 
a, 85 2998 1.564 0.160 89 9510 3.579 2.175 ~ oy | 
90 1 2.1 
91 2.3! 
92 596 2.6 
ad 97 282 1.950 1.779 100 2500 3.191 1.020 
Es Tests 101 to 110 at 80 deg. cent. 2 ( 
101* 1 0.873 38.702 106 3081 2.258 0.087 
102 349 107 4010 2.572 0.401 
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TABLE 7 RESULTS OF TESTS ON THREE-IN-ONE OIL 


TABLE 9 RESULTS OF TESTS ON MOBILOIL A 


(Using weight B) (Using weight A) 
Tests 118 to 123 at 25 deg. cent. Test 147 at 0.1 deg. cent. Interpolation for 25 deg. cent. 

Pressure Logarithm of Pressure, Logarithm of Pressure, Logarithm of Pressure, Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity Test kg. per Time, Viscosity Test kg. per Time, Viscosity 
no. sq. cm. sec. ratio no. sq. cm. sec. ratio no. sq. cm. sec. ratio no. sq. cm. sec. ratio 
(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) “(4) 
118 1 1.910 ej 121 1522 0.816 0.776 147 1 3.472 1.612 as 1 1.860 0.000 
119 465 0.227 0.31 122 1900 1.421 1.511 a 2 
120 «1140 0.670 123-2184 Almost frozen Tests 148 to 153 at 40 deg. cent. 


148 1 1.377. 1.517 151 960 2.653 0.793 

Tests 124 to 129 at 75 deg. cent. 149 175 1.615 1.755 152 1502 3.358 1.498 

124 2510 0.351 0.441 127* 5450 1.273 1.363 150 484 2.036 0.176 153 1997 4.005 2.145 

125 3486 0.684 0.774 128 5900 1.939 2.029 

126 4500 0.991 1.081 129 6560 Frozen solid Tests 154 to 159 at 80 deg. cent. 

154* 1 529 3.669 157 2-511 0.651 

* Temperature 74.9 deg. cent. 155* 437 0.951 1.091 158 2790 3.038 1.178 

1 i 1.777 1.917 159 3517 3 1.811 


TABLE 8 


RESULTS OF TESTS ON VEEDOL MEDIUM * Temperature 79.9 deg. cent. 
(Using weight B) 


Tests 130 to 136 at 25 deg. cent. 


: ‘ TABLE 10 RESULTS OF TESTS ON MINERAL LARD OIL 
Pressure, Logarithm of Pressure Logarithm of 
Test kg. per Time, Viscosity Test kg. per Time, Viscosity (Using weight C) 
no. sq. cm. sec. ratio no. sq. cm. sec. ratio Tests 160 to 165 at 25 deg. cent. 
(3) (1) (2) (3) Pressure Logarithm of Pressure Logarithm of 
130 1 0 600 0.000 134 1190 1 938 1 338 Test kg. per Time, Viscosity Test kg. per. Time, Viscosity 
131 442 1.078 0.478 135* 1428 2.730 2.130 no. sq. em. sec. ratio no. sq. em. sec. ratio 
132 972 1. 586 0. 986 136 1685 over 3.4 over 2.8 (1) (2) (3) (4) (1) (2) (3) (4) 
160 1 1.217 0.000 163 1572 2.726 
Tests 137 to 143 at 40 deg. cent. 161* 911 2.011 0.794 164 1693 3.070 1.853 
137 1 0.265 1.665 141 2320 «2.476 162 «1224 2.261 1.044 165 521 1.686 (0.470 
13: 403 0.619 0.019 142 2500 2.874 2.274 Tests 166 to 168 at 40 deg. cent 
3f 526 577 0.977 3000 A st fi af 
166 1 0.902 1.685 168 1780 2.221 1.005 
167 822 1.553 0.337 
Tests 144 to 148 at 75 deg. cent. 
144 «0.576 8502. 250 SED Cay, cont. 
145 3433 1.812 1.212 148 5765 3.35 2.75 169 1 0.354 1.137 173 37630 2.356 1139 
146 4427 2345 1.745 170 974. 0.989 1.772 174 4810 2.807 1.590 
eeu 2 a 171 1955 1.513 0.296 175 5890 3.393 2.176 
* Temperature 25.1 deg. cent. 172 2935 1.983 0.766 176 6460 Nearly frozen 


; ” * Te ture 25.1 deg. cent. 
Acknowledgment is made to Winslow H. Herschel and 


Ronald Bulkley of the Bureau of Standards for the determina- Jefferson Physical Laboratory, Harvard University, through 
tions of absolute viscosity and for assistance in the preparation cooperation of Prof. P. W. Bridgman who generously placed his 
of this report. The experimental work was conducted at the entire equipment at the disposal of the Committee. 


Appendix No. 2—References on Lubrication Indicating the Development and Present 
Status of Research in This Field 
1 GenerRAL TREATISES AND REPORTS ceedings Royal Society, A, vol. 102 (1922), pp. 241-255; Proceed- 


American Society of Mechanical Engineers. Oiliness of Lubricating ings Institution of Mechanical Engineers, December, 1922, pp. 1117- 
Oils and Viscosity of Lubricants Under High Pressure. Reprinted 1145. 


from First (1919) and Third (1922) Reports of the Special Research Stanton, T. E. Friction. London, Longmans, 1923. 

Comrnitans on Lebeisation. Thomsen, T. C. Practice of Lubrication. New York, McGraw- 
Department of Scientific and Industrial Research. Report of Hill, 2nd edition, 1926. 4 
the Lubricants and Lubrication Inquiry Committee, London, 1920. ; Trillat, J. J. Les Théories Modernes sur la Lubrification. Paris, 

Department of Scientific and Industrial Research. Bibliography of Science et Industrie, 1927, wae : 
Lubricants. Deposited in the library of the Department, 16—18 Old Van Patten, N. The Literature of Lubrication. Kingston, 
Queen St., London, 8.W. 1, where it is available for reference. Canada, Nathan Van Patten, 1926. , ; 

Duguid, J. Lubricants and Lubrication. MrcHANICAL ENGINEER- Wilson, R. E., and others. Lubrication Symposium. Industrial 
ING, vol. 47 (1925), pp. 887-894. and vet. 

Falz, E. Grundziige der Schmiertechnik, Berlin, Springer, 1926. Woog, P. Contribution & I'Etude du Graissage. Paris, Dela- 

Hardy, W. B. Lubrication, Boundary Conditionsin. Dictionary ®ve, 1926. 
of Applied Physics, vol. I, pp. 572-579, London, Macmillan, 1922. 2 Maruematica, THEORY 

Havre, H. Etude Théorique et Pratique sur le Graissage. Le Duffing, G. Beitrag zur Theorie der Flissigkeits Bewegung 
Génie Civil, vol. 90 (1927), pp. 45-48. zwischen Zapfen und Lager. Zs. f. angewandte Math. u. Physik, 

Herschel, W. H. Viscosity and Friction. Journal Society of Auto- vol. 4 (1924), pp. 296-314. 
motive Engineers, vol. 10 (1922), pp. 31-41 and 369-372. Editorial. The Theory of Lubrication. Engineering, vol. 100 

Hersey, M. D. Problems of Lubrication Research. Journal (1915), pp. 101-103, 154-155, 196-197, 207-208. 

American Society Naval Engineers, vol. 35 (1923), pp. 648-674. Fischer, V. Ein Beitrag zur Reibungstheorie. Phys. Zeits., vol. 

Howarth, H. A.S. A Graphical Analysis of Journal-Bearing Lubri- 7 (1906), pp. 425-428. 
cation. Reprinted (1926) from Transactions A.S.M.E., vol. 45 Guembel, L. (Ed. by Everling, E.). Reibung und Schmierung im 
(1923); vol. 46 (1924); vol. 47 (1925). Maschinenbau. Berlin, M. Krayn, 1925. 

Kingsbury, A. A New Oil Testing Machine and Some of Its Results. Harrison, W. J. The Hydrodynamical Theory of Lubrication 
Transactions A.S.M.E., vol. 24 (1903), pp. 143-160. with Special Reference to Air as a Lubricant. Trans. Camb. Phil. 

Michell, A. G. M. Viscosity and Lubrication. Chapter III in  Soe., vol. 22 (1913), pp. 39-54. 

Mechanical Properties of Fluids (a collective work). London, Hersey, M. D. On the Laws of Lubrication of Journal Bearings. 

Blackie, 1923. Trans. A.S.M.E., vol. 37, 1915, pp. 167-202 (see also Jour. Wash. 
Nicholson, J. T. Friction and Lubrication. The Engineer, vol. Acad. Sci., vol. 4 (1914), pp. 542-552). 

104 (1907), pp. 546, 550, 605, 633, 579, 604, 632. Howarth, H. A. S. (Cited under 1, above.) 

Ormandy, W. R. Lubrication. Proceedings Institution of Me- Michell, A. G. M. The Lubrication of Plane Surfaces. Zs. /. 
chanical Engineers, March, 1927, pp. 291-329. Math. u. Physik, vol. 52 (1905), pp. 123-137. (See also reference 


Stanton, T. E. Some Recent Researches on Lubrication. Pro- cited under 1, above.) 


3 
5 
Poe 
© 
‘ad 4 
ey. 
e 


& 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Petroff, N. P. Neue Theorie der Reibung. St. Petersb., 1583; 
German trans., Hamburg, L. Voss, 1887; French trans., Rev. de 
Mecanique, vol. 7 (1900), pp. 571-602; see also St. Petersb. Acad., 
vol. 10 (1900), p. 16. 

Rayleigh. Notes on the Theory of Lubrication. Phil. Mag. 
(6), vol. 35 (1918), pp. 1-12. 

Reynolds, O. The Theory of Lubrication and Its Application to 
Mr. Beauchamp Tower's Experiments. Phil. Trans. Roy. Soc. 
London, vol. 40, Pt. I (1886), p. 157; Papers on Mechanical and 
Physical Subjects, vol. II, pp. 228-310. 

Sommerfeld, A. Zur hydrodynamischen Theorie der Schmier- 
mittelbreibung. Zs. f. Math. u. Physik, vol. 50 (1904), pp. 97-155. 

Zur Theorie der Schmiermittelbreibung. Archiv. f. Elektrotechnik, 
vol. 3 (1914), pp. 1-5; Zs. f. technische Physik, Nos. 3 and 4 (1921), 
pp. 58-62, 89-93. 

Stanton, T. E. (See references cited under 1, above.) 


3 EXPERIMENTS ON BEARING PERFORMANCE 

Barnard, D. P., Myers, H. M., and Forrest, H. O. The Mech- 
anism of Lubrication. III. The Effect of Oiliness on the Behavior 
of Journal Bearings. Industrial and Engineering Chemistry, vol. 16 
(1924), p. 347; vol. 17 (1925), p. 102. 

Barnard, D. P. Oil Flow in Complete Journal Bearings. Journal 
Society of Automotive Engineers, vol. 17 (1925), pp. 205-209. 

Hersey, M.D. Refs. cited under 1 and 2 above (1914, 1923). 

Howarth, H. A. 8. Slow Speed and Other Tests of Kingsbury 
Thrust Bearings. Trans. A.S.M.E., vol. 41 (1919), pp. 685-707. 

Howarth, H. A. S., and Ogden, N. Friction Tests of Propellor 
Thrust Bearings. Journal American Society of Naval Engineers, 
vol. 34 (1922), p. 1015. 

Karelitz, G. B. The Lubrication of Waste-Packed Bearings. 
Trans. A.S.M.E., vol. 48 (1926), pp. 1165-1199. 

Kingsbury, A. Experiments with an Air-Lubricated Journal. 
Journal American Society of Naval Engineers, vol. 9 (1897), pp. 1-29. 

Kingsbury, A. Tests of Large Shaft Bearings (general discussion 
on bearings). Trans. A.S.M.E., vol. 27 (1906), p. 425. 

Linsley, L. J. An Investigation of the Critical Bearing Pressures 
Causing Rupture in Lubricating Oil Films. Trans. A.S.M.E., vol. 
46 (1924), pp. 855-876. 

McKee, 8S. A. The Effect of Kerosene on Oiliness of Lubricating 
Oils. Journal Society of Automotive Engineers, vol. 19 (1926), pp. 
356-360. 

McKee, 8. A. Performance of Journal Bearings When an Abra- 
sive Is in the Lubricant. Journal Society of Automotive Engineers, 
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Discussion 


ALBERT KinGssury.? Some technical problems that hav: 
not been mentioned in this meeting crop up from time to time 
in connection with bearing design, especially with high-speed 
bearings. Two of these problems have been encountered i 
some recent practice. One is the heating of the oil as it passes 
through the film in the bearing from the entering side to the dis 
charge side. This has received little attention, yet it is impor 
tant. During the brief interval from the time of the entrance 
of a drop of oil into the film to the time of its leaving the film 
it undergoes heating from the work done on it. The heating 
is very considerable in bearings operated at high speed and hig! 
unit pressure. 

The viscosity of ordinary lubricating oils diminishes rapid!’ 
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with increase of temperature; nevertheless the principal existing 
theoretical studies of lubrication are based upon constant vis- 


cosity. It would undoubtedly add complications to the analytical 


treatment if the viscosity change were included, yet it is de- 
sirable that the matter should receive full consideration. 

Another important consideration in very high-speed bearings 
is that of pressure due to inertia at the entrance of the oil into 
ordinary 


the film. The theoretical considerations neglect 
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inertia entirely, not only at the entrance, but all the way through 
the film. Nevertheless at speeds of the order of 200 ft. per sec., 
such as occur in certain types of bearings, the inertia pressure 
at the entrance to the film is very considerable, whereas theory 
generally assumes this pressure as zero. Here is an additional 
complication, which, taken in connection with the heating of 
the oil in passing through the film, may lead to important 
modifications in design. 
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APM -50-5 
The Effect of Entrance and Discharge Angles 
on the Performance of a Centrifugal Fan. 


By GEORGES SAMUEL WILSON,! WILLIAM LYLE DUDLEY,? anp HARRY JOHN McINTYRE,’ SEATTLE, WASH. 


In this paper the authors discuss tests conducted by them to de- wheredF = centrifugal force exerted 


termine the variations in the operating characteristics of a back- w = density of air, lb. per cu. ft. 

ward-curved-blade fan as affected by (a) blade entrance angles, A = base area of small mass of air, sq. ft. 

(b) blade discharge angles, and (c) fixed entrance and discharge dx = height of small mass of air, ft. 

angles but with different wheel diameters. A brief discussion of static X = distance of center of gravity of air mass from center 
pressure in a centrifugal fan, with the development of equations, of rotation, ft. 

opens the paper. Then follows a description of the test unit, and a = linear velocity of air mass, ft. per sec. 


the method of conducting the tests. A discussion of observed results, Let dp = pressure per unit area 
in which several sets of curves are introduced, forms the body of the wdzra? 

paper. The authors reach the conclusion that loss by shock at en- then dp gX 

trance is influenced by the entrance angle. Wéith constant entrance 

blade angles and diameter of wheel, the pressure and capacity are This unit pressure increases as the distance from the center of 
increased with increase in the value of the blade discharge angle. "tation increases due to the increase of linear velocity. 

The shape of the passage way through the wheel is recognized as a 

factor in fan losses. Increasing diameter of symmetrical wheels, \ 


used in the same housing and operated at constant tip speed, was 
found to increase the pressure-capacity characteristics and greatly 
improve the efficiency. 


HE purpose of this investigation was to measure experi- 
mentally the variations in the operating characteristics 
of a backward-curved-blade centrifugal fan as affected by: 


Blade entrance angles 
2 Blade discharge angles 

3 Fixed entrance and discharge angles but with different 
wheel diameters. 


All tests were conducted with wheels having the same ratio of 
inlet to wheel diameter, operated in the same housing, and with a 
constant tip speed. 

Fig. 1 shows the blade layout for the fans tested. The en- 
trance and discharge angles may be varied by changing P, the 
diameter of the pitch circle, by changing R, the pitch radius, or Let R= = the radius of the fan wheel periphery 


Kia. 1 Type or CentriruGaL Fan Testep—BacKwARD-CURVED 
BLADES 


by changing both P and R. r = the radius of the inlet edge of the fan wheel blades 
n = revolutions per second. 
Sratic PRESSURE Then a = 2nnX 


In a centrifugal fan the static pressure produced is due to ang dp wda(2nn)?X 
centrifugal action within the wheel itself and conversion of ve- g 
locity in the housing. The pressure due to centrifugal force is a 
function of the rotational velocities at inlet and periphery and is 
influenced by shock at blade entrance and discharge. A portion 
of the static pressure developed by a fan is utilized in the fan itself 
to offset losses due to internal friction and shock. Then dp = k(2xn)*Xdz. 

The static pressure due to the centrifugal force brought into 
action by the rotation of the air column between each pair of 


For a given speed, and neglecting small changes in weight due 


w 
to small pressure changes, ; = k = constant. 


Integrating between the limits R and r the total pressure P = 


blades is represented by the equation‘ (2en)2(R? — 
, wAdr @ (1) The velocity of the discharge edge of the blade tip = U = 2xnR. 
dF = er meee kk ene The velocity of the inlet edge of the blade = u = 2znr. 


' Professor of Mechanical Engi ing, University of Washington. K 
Mem, echanical Engineering, University o ashington Therefore ~ [2] 
* Vice-President and Chief Engineer, Western Blower Co., Seattle, ™ 


Wash. Mem. A.S.M.E. 


reamtistant Professor of Mechanical Engineering, University of The static pressure due to conversion depends on the shape of 
ington. 


‘Bulletin No. 34, University of Washington Engineering Experi- housing and value and direction of air velocity at discharge 
ment Station, by same authors. from the wheel. 


Contributed by San Francisco Section and presented at the : 
Seattle Meeting, Seattle, Wash., August 29 to 31, 1927, of Tue The velocity diagram in Fig. 1 shows V to be the resultant air 
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Let H = the velocity head due to the velocity V. Heating and Ventilating Engineers. These velocity pressures 
were measured on an inclined manometer tube. The scale on 


Pat Then -_ the manometer tube was 15 inches long and gave readings up to 
29 inches of water. 
i : . Static pre radi w from the static side of the 
Py If M represents the fractional part of the head that is converted rund aerate lings were taken from he agora de of th 
“ double pitot tubes, and were measured by an inclined manometer 
tube. 
th The outlet of the duct was provided with a diaphragm shutter 
Aa ae a so that the capacity and static pressure might be varied between 
Dynamometer 
zero and maximum for any given speed. 
a Barometer readings were taken in the room in which the fans 
{ were tested and wet and dry bulb thermometers were used to 
2 determine the temperature and humidity of the intake air. 


MeruHop or ConpuctinG TEsts 


—_ When the fan to be tested was properly mounted and the test 
Inlet Cone’ instruments checked, the dynamometer was started and the 

speed adjusted and maintained at approximately 900 r.p.m. 
The diaphragm shutter was adjusted so that the static pressure 


Thermometer: reading was zero. Readings were then taken of static pressure, 
K velocity heads, duct temperature, wet and dry bulb tempera- 
' , > 
Pitot Tebes tures, dy hamometer load, and speed. 
i ‘ 4 Similar observations were taken for each 0.1-in. increase in 

. + i static pressure from full to zero duct opening. 
* Mees — All calculations and necessary corrections for friction in the 

E duct, standard air and speed variations, were made in accordanc: 
i f with the Standard .Test Code for Testing Centrifugal Fans as 
" ed by the American Society of Heating and Ventilating 

Fic. AnD ELEVATION OF EQuipMENT USED IN TESTING outlin by e Ameri i 

es CENTRIFUGAL Fans Engineers. 

a to static pressure in the housing, we have as an 
> ay expression for the increment in static pressure 
, P= >” and the velocity pressure available 

g 


(1 — M)V? 
29 
With the discharge opening closed, the pressure 
produced would be due solely to the centrifugal 
force, were it not for the secondary pressure losses 


due to impact and turbulence. As the discharge 


at the fan outlet is 


® outlet is opened the flow of air increases. The «= 
static pressure is now due to centrifugal force and = & 
i or fall, depending upon the increment of pressure, [ > 
due to conversion being greater or less than the in- 26in Entrance Angie-20" 
ternal losses due to friction and eddies. In either | m Discharge Angle 27" 
Wik case, however, a point is found where the losses 02}— | = 
poe due to increased volume overcome the possible con- 
version and the pressure begins to fall until at full ; 
: discharge the static pressure is extremely small. Capacity ~- 1000 Cubic Feet per Minute : 
Tue Test Unir Fic. 3 CHARAcTERISTIC Fan Curves 
OS p ; (Wheel diameter, 26 in.; speed, 900 r.p.m.; entrance angle, 20 deg.; discharge angle, 27 des 
me The test unit, shown in Fig. 2, consisted of a 
EN, centrifugal fan mounted in a regular housing and discharging At least three runs were made with each fan, and a set of char 
zi into a 22-in. duct. The fan was driven by a direct-connected, acteristic curves appear in Fig. 3. . Fy 
i variable-speed, 5-hp. dynamometer. The dynamometer was These curves are typical performance curves for a back war 
ve fitted with a sensitive weighing device, tachometer, and counter. curved, multi-blade fan of the type tested. 
ae The tachometer was used for adjusting and maintaining a given It will be noticed that the pressure increases from full disc hart “ 
i speed. The revolutions per minute, as used i in the caleula- to closed gate, that is, the pressure increases with a decrease - 
* tions, were taken with the counter. capacity. This type of pressure characteristic indicates a stab 
a Temperature and pressure readings were taken from the performance, as the fan will not be sensitive to small press" 
ne thermometer and pitot tubes shown in Fig. 2. changes and will give a relatively small volumetric variat! 
Standard double pitot tubes were used and velocity-head read- for considerable pressure change. This is desirable when 4 - 
ings were taken from 20 stations across the section of the duct proximately a constant air quantity is required, even though the" bla 


in accordance with the Test Code of the American Society of be pressure changes in the system. For instance, in forced-dr" 


2 
“Os, | 
NPE 
=~ ot | < | 


duty the resistance of the fuel bed may be constantly changing, 
due to settling or clinkering, and the fan will act to supply the 
increased pressure needed with a relatively small decrease in air 
yolume and without an increase in fan speed. 

The power curve of this fan rises to a maximum somewhat 
beyond the point of rated capacity. It indicates that the fan has 


practically a non-overloading power characteristic, and it is 
evident that the fan can operate at extreme capacities beyond 
those estimated or desired without greatly overloading the motor 
or driver. 

Centrifugal fans of different sizes but of exactly similar design 
have the same general characteristics. 


Since the data for this 
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paper were obtained by testing similar fans, it seems unnecessary 
‘oinclude performance curves for each fan test. 


OBSERVED RESULTS 


Entrance Angles. Figs. 4, 5, and 6 show pressure, horsepower, 
and efficiency characteristics with entrance angles of 15, 20, and 
% deg. The entrance angle was varied by changing the pitch- 


blade diameter. 


APPLIED MECHANICS SECTION 


APM-50-5 


Figs. 7, 8, and 9 show similar characteristic curves for entrance 
angles of 15, 25, and 35 deg. The entrance angle was changed by 
varying the pitch radius. 

Figs. 10, 11 and 12 give a convenient comparison of the two 
groups shown in the previous figures. ; 

By reference to Figs. 4 to 12 it is seen that there is a con- 
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siderable gain in efficiency, pressure and volume by increasing 
the angle of entrance from 15 to 20 deg. 

Increasing the blade entrance angle to 25 deg. results in a con- 
siderable pressure loss and a somewhat flattened pressure curve, 
suggesting a loss due to shock or turbulence in the blade channel. 

The efficiency curve of the fan with the 20-deg. entrance angle 
is better than the curve for the fan with the 25-deg. entrance 
angle. The discharge angle happens to be the same for both 
fans. 

An increase of entrance angle to 30 and 35 deg. results in a gain 
in pressure and capacity but, except at extreme velocities, the 
efficiency is not as good as that obtained with the 20-deg. en- 
trance angle. 

It is of interest to note that, for the same tip speed, a decided 
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gain in pressure and capacity is obtained by increasing the en- 
trance angle up to 30 deg. A comparison of the 30- and 35-deg. 
curves indicates that no special advantage is to be expected by 
making the entrance angle greater than 30 deg. 

Analysis of these tests and other observations and investiga- 
tions lead the authors to believe that for backward-curved blades, 
of the type tested, an entrance angle of approximately 20 deg. 
gives the best efficiency and type of pressure curve over the 
greatest range of performance. 

A theoretical analysis seems to support this view, but, due to 
unknown factors and constants, the analysis is not conclusive. 
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Fig. 12 VARIABLE ENTRANCE ANGLES—EFFICIENCY 


It is reasonable to expect that some of the internal losses in a 
fan wheel are due to the form, length and character of the channel 
through which the air must pass between the blades. The great 
volume of work entailed in this portion of the investigation makes 
it impossible to give data on blade channels at this time. How- 
ever, a number of investigations into various forms of blades and 
types of fans lead the authors to believe that a change in blade 
channel will not materially affect the value of the most desirable 
blade entrance angle. 

A comparison of the total-pressure curve and static-pressure 
curve in Fig. 3 shows a marked similarity in form of curve, and 


would seem to indicate that the air follows the blade reasonably 
well even at extreme velocities. 

Discharge Angles. Investigations into other types of fans and 
blading have shown that the blade discharge angle has a pro- 
nounced effect on capacity, pressure, and efficiency. To deter- 
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mine the effect of the discharge angle on a backward-curved 
multiblade fan three wheels were built. These wheels had the 
same width, effective diameter and inlet diameter as the wheels 
used in the entrance-angle tests. The entrance angles were made 
20 deg. on all wheels, and the discharge angles were 20, 27, and 35 
deg., respectively. 

Figs. 13, 14, and 15 show the resulting performance curves. 
These curves show that the pressure and capacity increase as the 
blade discharge angle increases. The increase is most marked 
with an increase from 20 deg. to 27 deg. in the discharge angle 
There is relatively little gain in increasing the blade discharg' 
angle to 35 deg., as the greatest gain appears at extreme veloc 
ties, and is well beyond the rated point of operation of the fan. 

At approximately the point of maximum efficiency, namely, 
3000 cu. ft. per min.—rated point of operation—it will be ob 
served that the 20-deg.—20-deg. wheel produced a static pressut 
of 0.8 in. water gauge, the 20-deg.—27-deg. wheel a static pre 
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sure of 0.99 in. water gauge, and the 20-deg.—35-deg. wheel a 
static pressure of 1.04 in. water gauge. This illustrates the 
relatively small gain in pressure at the rated point of operation as 
the discharge angle changed from 27 to 35 deg., and suggests 
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that there is relatively little gain to be expected from a further 
increase in blade discharge angle. 

The efficiency curves show plainly that the 20-deg.-27-deg. 
blade is the most efficient throughout the greatest range of per- 
formance. Assuming an operating range of from 2000 to 4000 
cu. ft. of air per min., the 20-deg.—27-deg. blade shows the highest 
eficiency, and an efficiency greater than 60 per cent over 94 per 
cent of the range; the 20-deg.-35-deg. fan shows an efficiency 
greater than 60 per cent over 75 per cent of the range, and the 
20-deg.—20-deg. fan shows an efficiency greater than 60 per cent 
over 56 per cent of the range. At extreme velocities the 20-deg.— 
35-deg. blade has the best efficiency. 

Fized Angles and Varying Diameters. The wheels tested had 
diameters of 22°/, in., 24 in. and 26 in., respectively. The ratio 
of inlet diameter to wheel diameter and ratio of width of fan to 
wheel diameter were constant. The fans were run in the same 
housing and at the same tip speed. 

Figs. 16, 17, and 18 give the results of the tests. As was to be 
expected, the capacity and pressure increased with increased di- 
ameter. This was especially noticeable toward full gate. 

An examination of the pressure and horsepower curves shows 
that the 24-in. wheel gives performance curves that differ slightly 
from the curves obtained with the 22%/,-in. and 26-in. wheel. 
Careful measurements on the wheel show that, due to an error 
in building the fan, the wheel was not quite symmetrical when 
compared with the other two fans. : 

It will be noted that there is a considerable gain in efficiency by 
an increase in wheel diameter when the fans are operated in the 
same housing. The 26-in. wheel shows an efficiency of between 
0 and 70 per cent over a range of 2000 to 5500 cu. ft. of air per 
min. 

The areas of the inlet passages of the fan were 3.6 sq. ft., 4.2 
%. ft. and 4.8 sq. ft., respectively. With 5000 cu. ft. of air per 
nin., this means that the average velocity of air entering the inlet 
passages was 1390, 1190, and 1040 ft. per min., respectively. 

Since entrance losses are a function of entrance velocity and 
‘atrance angles, the lower entrance velocity of the 26-in. wheel 
indicates why this wheel should have the best efficiency. 


CoNCLUSIONS 


This investigation indicates that loss by shock at entrance is 
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influenced by the entrance angle. 


For the type of backward- 
curved multiblade fan tested it is evident that an entrance angle 
of approximately 20 deg. gives minimum shock at entrance to 
the blade, and that departure from this value affects adversely the 
efficiency of the fan. 

With constant entrance blade angles and diameter of wheel, the 
pressure and capacity are increased with increases in the value 


of the blade discharge angle. For the type of fan tested, the 
most desirable angle of discharge is approximately 27 deg., as 
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this value gives maximum efficiency over the greatest desirable 
working range. 

It is recognized that the shape of passage ways through the 
wheel is a factor in fan losses, but the authors do not believe 
that their investigations of blade channels will lead to any great 
change in the choice of entrance and discharge angles. 

Increasing the diameters of symmetrical wheels, used in the 
same housings and operated at constant tip speeds, increases the 
pressure capacity characteristics and greatly improves the effi- 
ciency. The tests conducted by the authors would seem to 
indicate that this gain is largely due to the decreased intake 
velocity and resultant decrease in entrance-shock loss. 
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Discussion 


H. F. Hacen.* The theory given in the first part of the paper 
omits an important term in the expression for static pressure. 
Furthermore, general conclusions have been drawn from data 
that appear to admit of only particular conclusions. 

A complete expression for the head developed by a fan im- 
peller is as follows: 
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in which = angular velocity in radians per second 


R, r = radii, as given in the paper 


s = relative velocity of the air to the wheel at inlet 
S = relative velocity at exit from the wheel 

v= air velocity relative to the earth at wheel inlet 
V_ = air velocity relative to the earth at wheel exit. 


The increase in static pressure due to the action in the fan 
impeller is given by the first two terms. If we multiply by the 
density w, and use the authors’ K for w/g, we shall have pressure 
instead of head and can then write 


K 
Static-pressure increase = 2 ((U2 — u?) (s?— S*)].. .. [4] 


The authors have omitted the quantity (s? — S?). 

In the inlet of the ideal fan the total pressure is 0, as there has 
been as yet no work done on the air and, with ideal, frictionless 
passages, there would be no loss. However, there exists at the 


inlet a velocity v to which corresponds a static suction 2 V2. 

The static-pressure increase given in Equation [4] should be 
K 

decreased by the amount of this 7 V?, as this amount is a neces- 


sary result of the air velocity into the fan. The static pressure 
that can be credited to the fan wheel is then 


P = ((U2— ut) + (9? [5] 


The velocity pressure leaving the wheel, KV2/2, can be converted 
partially into static pressure in the fan housing, as the authors 
state. 

Another and, from a designer’s standpoint, a more useful 
expression for the head developed by the fan is 


where C is the rotative, or spin, component of the air velocity at 
exit from the wheel, and c is the rotative, or spin, component of 
the air velocity at the inlet. In the usual casec = 0. Equations 
[3] and [6] are both given by Prof. Charles H. Innes in his book, 
“The Fan,” and the identity of the equations is commented 
upon therein. 

The writer believes that the use of the expression “type of fan” 
is not justified. Since the experiments were applicable only to 
the exact design of wheel and housing used, the authors should 
have used the words “particular design of fan.” No description 
of this design is given other than that the impeller has back- 
wardly curved blades with inlet angles of from 15 to 35 deg., 
and discharge angles of from 20 to 35 deg. Commercial back- 
wardly curved-blade fans have entrance angles as low as 12 
deg.—the highest known to the writer being 21 deg.—and outlet 
angles of from 22 to 45 deg. Many of these commercial fans have 
higher efficiencies than are recorded in the paper. The particular 
test fan used, then, does not appear to be representative of a type. 

Tests of wheels of different sizes and with different blade angles 
in an identical housing do not warrant conclusions as to the 
effect of such wheel changes. Certainly the shape of any one 
housing scroll cannot be assumed as equally suitable for a blade 
discharge angle of 20 deg. and also of 35 deg. A change in 
efficiency credited to the wheel under these conditions might 
easily be due to more advantageous directions of flow in the fan 
housing. A different shape and width of housing or different 
dimensions of wheel might easily have led to quite different 
results. 
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M. G. Rosrnson.* Allowing for shock losses at the entrance 
to fan or pump wheels does not admit of theoretical treatment. 
A study of Figs. 4 to 12 for the effect of variation in entrance 
angles seems unsafe except in cases where the discharge angles 
are known to be the same. Inspection of Figs. 10 and 12, with 
particular reference to the performance of the fans having an 
entrance angle of 20 and 25 deg. (which have the same discharge 
angles), shows plainly a loss of several per cent, presumably due 
to shock only, the machines being identical in all respects except 
the entrance angles. A plot of percentage of loss against devia- 
tion of actual angle from that theoretically required by the ve- 
locity triangle at the inlet should prove of real value to the 
student and designer. 

The curves of Figs. 13, 14, and 15 definitely indicate an in- 
crease in pressure capacity, and the shifting of the efficiencies 
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to larger volumes with an increase of the discharge angle. This 
is as would be expected theoretically, since, other conditions 
being the same, a higher discharge angle of the blade implies 
a greater theoretical pressure-generating capacity. Tests were 
made by the Centrifugal Compressor Department of the General 
Electric Company on three wheels having discharge angles of 
45, 60, and 80 deg., respectively. The three wheels were rue 
in the same casing, at a speed of approximately 3600 r.p.™ 
The test curves are shown in Fig. 19. The results are similar 
to those obtained by the authors on wheels with very much 
smaller angles. 

A study of the test set-up gives the writer the impression that 
the difference between the total-pressure curve and the statie- 
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pressure curve of Fig. 3 is merely the velocity head in the duct, 
and hence does not really help to interpret the action of the air 
in the fan channels, as suggested in the paper. 

The data presented in the paper show good consistency and 
should prove of considerable interest. The danger should be 
avoided, however, of drawing conclusions as to relative efficiencies 
of component parts or elements from overall tests on a given piece 
of apparatus. The wheels themselves may be equally efficient, 
and it is merely the fact that the particular casing is more suitable 
for one wheel than the other that causes the difference in overall 
efficiency. 


f. R. Sritu.? The conclusions of the authors were reached by 
Heenan and Gilbert® in 1895, and by Bryan Donkin over 30 
years ago. It was the work of these investigators that led to 
the design of fans with backwardly curved blades in 1895. 
These had a tip angle of 27 deg., which is the standard today for 
catalog ratings. 

Fans with backwardly curved blades are known as high-speed 
fans, as compared with the multi-blade or paddle-wheel type of 
fan. For instance, of two fans, each 48 in. diameter, one with 
forward-eurved and the other with backward-curved blades, 
each delivering 43,000 cu. ft. per min. at 1.75 in. static pressure, 
the fan with forward-curved blades runs at 303 r.p.m., and the 
other at 662 r.p.m. Each requires the same power for driving. 
For equal efficiencies the air velocities into the fan, through the 
impeller, and through the outlet must be the same in both fans. 
To accomplish this the high-speed-fan housing must be 23 per 
cent larger, and its weight 20 per cent more than that of the low- 
speed fan. With higher pressures the difference in proportionate 
sizes increases up to about 50 per cent, and the weight increases 
to about 80 per cent more. 

The high-speed fan is structurally weak, whereas a fan of the 
slow-speed type is structurally strong. At corresponding ve- 
locities and pressures there is little difference in the mechanical 
efficiencies of either type. 

The principal reason for the demand for a high-speed fan is 
that it accommodates itself better to alternating-current-motor 
speeds than does the low-speed fan without having to use large 
and costly motor frames. Furthermore, with a widely fluctuating 
ar load the power required to drive the high-speed fan remains 
more nearly constant over a considerable range of capacity than 
is the case with the low-speed fan, particularly at moderately 
low pressures. At extremely high pressures the difference in 
the power variation is not very great with either type of fan. 

Considering the premium on space, the difference in the cost of 
the fans, and the cost of motor regulating equipment, it is prefer- 
able to regulate air flow by a damper rather than by speed control. 
The power required to drive a fan is directly proportional to the 
volume passing through it at a given speed. It thus is easy to 
baffle a slow-speed fan to a maximum load and to vary the volume 
beyond the baffle for any other requirements below the maximum. 
This simplifies the regulation and eliminates most of the troubles 
lue to overload characteristics, dangerous high speeds, dirt- 
collecting propensities of high-speed fans, and air noises due to 
tleavage, turbulence, and high velocities, all of which are com- 
mon to all makes of high-speed fans. 

There is no excuse for backwardly curved blades in fans used 
‘or building ventilation, because of their noise and excessive size, 
weight, and cost. With alternating-current-motor drive, where 
quiet operation is necessary, a Texrope drive is recommended, 
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although for industrial plant use, where noise is unimportant a 
Morse or Renold chain may be used. 

The point of this discussion is that the subject-matter of the 
paper is not a new discovery or a field that has not been thor- 
oughly explored. The particular type of fan described , was 
developed and perfected more than 35 years ago. If it possessed 
of all the advantages that have been claimed for it, it hardly 
seems reasonable that the many other types that have been de- 
veloped during that interval should have continued in favor to 
the extent that they have. A fan can be designed to perform 
almost any duty required of it, but it is not elways expedient 
to install one built on theoretical lines. 


Tue AvutHors. It was the authors’ intention to derive only 
that part of the expression for static pressure depending directly 
upon centrifugal force. As the statement on static pressure is 
worded, Mr. Hagen’s criticism is well taken and it would be 
better to have included a more complete statement. 

W. J. Kearton in his book, ‘““Turbo-Blowers and Com- 
pressors,”’ gives the following expression for static-pressure 
increase: 


Ap = (Vin? Vro?) + (uz? u;?) + (V2? — 
where V,; = absolute air velocity entering impeller 

V. = absolute air velocity leaving impeller 

V., = relative air velocity entering impeller 

V.. = relative air velocity leaving impeller 

u; = peripheral velocity at inlet 

u, = peripheral velocity at outlet 

Vm = mean specific air volume. 


The first term multiplied by the common factor represents 
the pressure rise due to change in relative velocity within the 
impeller. The second term represents the change of pressure due 
to centrifugal force in the impeller. The third term represents 
the change of pressure due to the change of absolute velocity 
within the diffuser passages. 

The pressure rise in the impeller is” 

1 


Ap = 2889V m — Ves?) + (us? — u:?)} 


and the actual pressure rise in the impeller is this expression 
multiplied by the manometric efficiency. 

In the usual fan design the area of the inlet and outlet port is 
such that the relative velocity is essentially a constant, and the 
value of the first term in the expression becomes zero. 

Mr. Robinson’s discussion and suggestions are both interesting 
and helpful. The authors agree that there is danger in drawing 
conclusions from the overall tests and are studying the problem 
with the hope of being able to devise special tests for the com- 
ponent parts of the unit. 

The authors are reasonably familiar with the earlier develop- 
ments in centrifugal fans and have not, as might be implied by 
Mr. Still’s statement, intended to claim anything original in 
their design. They have previously done a considerable amount 
of experimental work on forward-curved and radial blades, and, 
to secure up-to-date experimental determinations with a par- 
ticular backward-curved blade, conducted the experiments 
reported in this paper. 

No statement in the paper, should be construed as a discussion 
of the relative merits of backward-, forward-, or radial-blade 
fans. 
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Vibration of Frames of Electrical Machines 


By J. P. DEN HARTOG,' EAST PITTSBURGH, PA. 


In connection with the attempts to reduce the noise of electrical 
machinery in general, and more especially of small motors for do- 
mestic use, it is of importance to be able to calculate the natural 
frequency of the vibration. It is shown that the frame, which 
usually emits a large portion of the total noise, can, in many cases, 
be regarded as a part of a ring with rigid ends. Formulas and 
curves are given in the paper for the calculation of this fundamental 
frequency. The derivation of these formulas is not given in the body 
of the paper, but in an appendix. 


to fulfil are reliability in service, high efficiency, light 
weight, etc. As these machines become more and more 
perfected, other requirements come up which are not so vitally 
important as those mentioned above but are more in the na- 
ture of refinements. One of these refinements to which rather 
much attention has been given recently is the reduction of 
noise. For certain applications, notably small motors for do- 
mestic use, this assumes great importance, so that the require- 
ment of silence may overshadow that of high efficiency. 
The means of reducing noise in machinery can be divided into 
two groups: 


ts requirements which an electric motor or generator has 


a Reducing the cause of the noise: the vibromotive or 
impressed force 

b Leaving the impressed forces as they are and designing 
the mechanical parts in such manner as to make them 
little responsive to these forces. 


The forces which set the machine vibrating are either mechani- 
cal or magnetic. The mechanical forces, of which that due to 
unbalance of the rotor is the principal one, are generally not very 
important from a noise standpoint on account of their relatively 
low frequency. But the electric and magnetic forces are of im- 
portance due to the fact that their frequency mostly is within 
the range of audibility. 

The main frequencies in the noise of any alternating-current 
motor are (a) double the line frequency, due to non-uniform 
torque,? (b) the number of revolutions per second times the num- 
ber of rotor teeth, and (c) the r.p.s. times the stator teeth. These 
last two tones are caused by a pulsating magnetic flux. 

In this paper the author will not deal with the calculation and 
elimination of these impressed forces, because these constitute a 
purely electrical problem. It is a well-known fact that even 
with a very small impressed force large vibrations can be caused 
in a structure if it is nearly in resonance with the impulses. 
Therefore the determination of the natural frequencies of vibra- 
tion of the various component parts of the machine is of impor- 
tance. For cantilever beams, complete rings, etc., this problem 
has been entirely solved; all results can be found in Lord Ray- 
ligh’s book on “Sound,” Vol. I. However, for a frame such a 
solution has not been available, but will be given in the following 
pages, 

The frame of an alternating-current machine mostly has the 
appearance of Fig. 1(a), which can be regarded as an arc a of a 
tirele, practically built in at the ends [Fig. 1(6)]. Such a struc- 
ture possesses an infinite number of natural frequencies, the 
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*See paper by Kimball and Alger, Trans. A.I.E.E., 1924, p. 730. 


lowest of which is generally the most important. The shape in 
which the frame will vibrate at this lowest frequency is indi- 
cated in the figure by the dotted line. The top of the frame 
vibrates only tangentially and has no radial component of vibra- 
tion. The calculation of the natural frequency of this type of 
motion is given in the Appendix, the result being 


where 
J = natural frequency in cycles per second 
R = mean radius of the ring in inches 
E = modulus of elasticity in pounds per square inch 
I = moment of inertia of the cross-section of the ring in 
inches‘ 
‘ = mass per inch circumferential length of the ring in 
weight in lb. 
poun 386 
C = aconstant, depending upon the angle a, to be taken 
from Table 1 or Fig. 2 
TABLE 1 
a, deg. 20 40 60 80 100 120 140 160 180 
an 504 124 53.8 29.2 17.9 11.85 8.22 5.93 4.38 
a, deg. 200 220 240 260 280 300 320 340 360 
CG 3.31 2.54 1.98 1.57 1.25 1.01 0.821 0.677 0.567 


For frames, angles larger than 180 deg. come into considera- 
tion only. However, for other applications it may be desirable 
also to have the natural frequencies for angles below 180 deg. 
From Table 1 it is seen that the constant then becomes incon- 
veniently large, so that for these cases the formula has been 
brought to a slightly different form, namely, 


~ 
| 


= length of chord in inches (Fig. 3), and 
another constant, given in Table 2, or Fig. 4. 


2 


TABLE 2 


a, deg. 0 20 40 60 80 100 120 140 160 180 
C2 61.7 60.7 58.0 53.8 48.3 42.1 35.6 29.0 23.0 17.55 


The assumption that the ends of the ring are rigidly built in 
[Fig. 1(6)] will hold practically in most cases, but there may be 
applications where this is not quite true. If the ends are free 
to turn through a certain angle, we shall have the case of a part 
of a ring with hinged ends. This will give a much lower fre- 
quency. The actual case will be somewhere between hinged ends 
and fixed ends. For this reason the following formula has been 
calculated for an arc of a deg. with hinged ends: 


[3] 


in which C; has to be taken from Table 3 or Fig. 5. 


TABLE 3 
a, deg 0 20 40 60 80 100 140 
Cs © 321 78.5 33.6 17.8 10.65 6.80 4.55 3.14 2.20 
a, deg. 200 240 8260 280 300 320 340 8360 
C3 1.56 1.11 0.796 0.562 0.386 0.255 0.145 0.063 0 


. 
C2 EI ; 
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Again, for small angles @ it is more convenient to use the fol- 
lowing formula: 


where C;, is to be taken from Table 4 or Fig. 6. 


TABLE 4 


20 «640 60 80 
33.6 29.4 


140 
16.1 


160 
12.15 


180 
8.80 


100 120 
25.1 20.4 


a, deg. 0 2 
Cs 39.4 38.6 36.7 


NUMERICAL APPLICATIONS 


Equation [1] has been applied to the following cases. 

a A large cast-iron turbo-generator frame had a mean radius 
of 43 in. The angle a was approximately 240 deg., and the 
weight per inch was 20.4 lb., including punchings and copper. 
The moment of inertia of the cross-section was 105 in.‘ We find: 


20.4 
y = — = 0.053 
386 


and Table 1 gives C; = 1.98 for a = 240 deg. Then 


(b) 


Fig. 1 Gernerat APPEARANCE OF FRAME OF ALTERNATING-CURRENT 


MACHINE 


1.98 12 X 10° x 105 
f= = 26 per sec. 
2743? 0.053 


For a 4-pole rotor this machine will run at 1800 r.p.m., that 
is, at 30 per sec. The natural frequency 26 per sec. is the 
“upper limit.”” Any departure from rigid ends will lower 
this figure. Therefore in this case no resonance has to be 
feared. 

b A small '/s-hp. split-phase induction motor had the 
following data: 


220 deg. 
2.75 in. 
= 0.0037 in.‘ 
= 2.56 sec.—! 


Ib. 
27 X 106 or (cast steel) 
in. 


b-sece 2 
0.0052 : 


in.? 


The natural frequency from Equation [1] becomes: 


2.56 
2x(2.75)? 
The speed of this motor was 1775 r.p.m. The number of slots 


in stator and rotor was 32 and 26, respectively, the observed 
177 32 177 2 
1775 X 32 = 940 and 1775 X 2 oy 


f 0.00052 


= 745 per sec. 


tones coinciding with 


cycles per sec. It is seen that this last frequency is very near 
the natural frequency of the frame. Actually by making this 
frame heavier, the noise was considerably diminished. 


Constant C, 


c A direct-current motor with 4 salient poles in the stator had 
the following characteristics: 


270 deg. 
17 in. 
27 X 10° (cast steel) 
= 1.41 
0.0298 Bee" 
in.? 
= 15 in.‘ 


The stator frame without the poles attached would have a natural 
frequency of 90 per sec. The poles attached to the frame do not 
add to its rigidity, but increase its inert mass. This will bring 
the natural frequency down. This case is too complicated to be 
reduced to a single formula of the type of Equation [1], but in 
the Appendix it is shown how such cases can be taken care of, 
For this machine it was calculated that with poles the frequency 
came down to 41 cycles per sec. 


Appendix 


CALCULATION OF THE LOWEST NATURAL FREQUENCY OF AN Axi 
Witrn Hincep Enps 


The deformed shape which any thin ring assumes during vibra- 
tion will in general consist of a bending of the ring in its plane 
combined with an extension of its center line. The lowest natural 
frequencies, however, are practically totally due to bending de- 
formation,* while the extension of the center line can be safely 
neglected. 

We shall designate by w the radial displacement of any point of 
the are from its equilibrium position, and by » the corresponding 
tangential displacement. Both w and v are functions of the |lo- 
cation and the time t; their positive directions are shown in Fig 
7. The condition that no extension will take place in the center 
line can be then expressed analytically as: 


Ov 
op 
The deformations w and v have to satisfy some conditions at the end 


the displacements radially as well as tangentially and the bending 
moments have to be zero at the hinges: 


\ 
\ 
\ 
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Constant Cy 


w 
i=] 


160 200 
ain Deg rees 
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The differential equation of motion which » has to satisfy becomes 


3 Cf. Love, ‘“‘Theory of Elasticity’’ (3rd edition), p. 433. 
4 Cf. Rayleigh, ‘‘Theory of Sound”’ (2nd edition), vol. I, p. 354. 
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The solution of Equation [7], satisfying conditions [5] and [6], leads 
to a transcendental equation from which the natural frequencies could 
be calculated. However, this equation is so complicated that a solu- 
tion of the natural frequencies as functions of the angle a is practically 
impossible. The course followed here is an approximate calculation 
of the fundamental or lowest frequency by the method of Lord Ray- 
leigh. 

This method assumes a certain deflection curve, satisfying the con- 
ditions [5] and [6], and conforming to the picture we can reasonably 
make about the general shape of the deformation of the ring. For the 
fundamental frequency, this shape has been indicated in Fig. 7. A 
possible mathematical expression of this deformation is: 


A sin sin wt 
a 


40 80 100 120 140 160 180 


a in Degrees 


Fia. 4 


60 


satisfying [6]. The expression for v can be calculated from [5], and 
by giving a suitable value to the integration constant, [6] also can be 
met: 


= 4S (cos —1) sin 


For the kinetic and potential energy K and P of any circular are or 
ning, we have the general formulas: 
— di 
( ) 
2 


+ 


in which y = mass per inch circumference of the ring 
I = moment of inertia of the cross-section 
R = mean radius of the ring. 


Substituting the assumed deformations [8] and [9] into these expres- 
ions and performing the integration, it is found that 
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= aR: sin? wt 


At the time t = 0, P is zero and K assumes a maximum value, while 


att = on’ K vanishes and P becomes a maximum. It is clear that 


the maxima of K and P have to be equal, because the total energy 


must remain constant: 


130 13 
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% 20 40 60 ~80 100 120 140 160 180 
a in Degrees 
Fia. 6 
yRA%a 3a? EI A*%a 2 
4 a? 


from which we find for the angular frequency: 


2= 
ta! 1 + 0.07602 


This gives us an approximation for the fundamental frequency for 
any angle a. 

The assumptions [8] and [9] can be replaced by any other set, 
satisfying [5] and [6]. As an example we may take the algebraic 
expressions: 


3 

# 

ie: 
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Substituting these expressions in [10] and equating the maximum 
values, it is found: 
EI at—78.5a? + 1585 
yRta4 1 + 0.094a2 


wo? = 


There is a very simple rule to determine which of the two expressions 
{12] or [14] is the better approximation. Prescribing certain defor- 
mations [8] or [13] to our system, instead of letting it vibrate naturally, 
is the same thing as adding some constraint to it. This has the effect® 
of giving a value for w which is larger than the actual w. Therefore 
the expression which gives the smaller result for w is the better ap- 
proximation. In our case it appears that for small angles a< 60 deg., 
[12] is the better formula; for 60 deg. < a < 270 deg., [14] is superior; 
while for a > 270 deg., [12] again gives smaller values for w. 


Fig. 7 


It is interesting to see what these approximate formulas reduce 
to for the extreme cases a = O (straight beam on hinged supports) 
and a = 360 deg. (complete ring), for which exact solutions are 
known. 

For the straight bar a = 0, we remark that Ra = 1 expresses the 
length of the bar. The exact solution in this case coincides exactly 
with [12], due to the fact that the expressions [8] and [9] happen to 
be solutions of the differential equation of motion for the straight 
bar. For the complete ring (a = 360 deg.) it is seen from Fig. 7 that 
this type of vibration is nothing but a rocking of the whole ring 
about its (only) hinge, while there is no elastic force tending to keep 
it in an equilibrium position. It is evident that in such a case w has 
to be zero. This again is the case with Equation [12]. 

The final result [1] is derived from [12] and [14], remembering 
that w = 2zx/, and taking in Table 1 the smaller of the two values 
calculated from [12] or [14]. 


Arc Wits Fixep Enps 
The boundary conditions to be satisfied by w and v here are: 


Expressions for w and », satisfying [5] and [15] and having the general 
shape indicated in Fig. 8(a) are: 


A (sin 22% — sin sin 
a 2 a 


4ro 


from which, in the same manner as above, the result follows: 


EI at — 126a? + 6250 


Instead of assuming the deformation in a trigonometric form, we may 
as well represent them by an algebraic expression: 


5 See Rayleigh, l.c., page 112. 


which leads to 


[18] 


: EI at — 88a? + 3960 , 
yRtat 1 + 0.06402 (19) 


It is seen that [17] and {19] do not show a satisfactory agreement 
with each other. For the case of a straight bar (a = 0) for instance, 
where the exact solution is known, we obtain® 


exact solution 


by [19] 


by [17] 


The reason for this behavior is clear from Fig. 9 where the shapes 
of the deformation curves [17], [19] and for the exact solution are 
plotted. The trigonometrical shape is quite far removed from the 
exact shape in this case. 

From the large difference between the results [17] and [19] it seems 
to be necessary to carry the approximation further by means of the 
method of Ritz. 

By this method we assume expressions for w and » satisfying [5 
and [15] and containing more than one arbitrary constant. Taking 


(b) 


Fie. 8 


two constants A and B, we write: 


2 3 4 
w= [- A + (4A + B) (2) — (5A +5B)(*) 
a a 
€ 7 
+ (2A + 9B) (2) —7B (2) + 2B (2) ] ain ost 
a a 
3 4 6 
3 \e@ 4 a a 
o\* 
—(—+- = =) —=(= 
(5 +52) ] me | 
¢It is seen that the general deformation curve, Fig. 8(a) in the 
limit a = 0 reduces to the curve Fig. 8(5) for the straight bar. This 
is the second harmonic for the straight bar. The fundamental vibra- 
tion for the straight bar (without nodes) has no counterpart 10 the 


arc, because such a vibration would there become extensional, 
due to the curvature. 


Y 
Y 
— 
/ 
| | 
: = () = =— = 0 mm 
fe cos cos *) sin wt | 
a 4 a 4 J 


Substituting these expressions in [10], integrating and equating their 
maximum values, we obtain: 


in which 


76930 18018 a? (315.385. 
1 {4 4 2 
— A? — — AB + — Bt 


+ 0.286 B?} 


Now we know that the smallest obtainable value for w is the best 
approximation. ‘Therefore we will determine A and B, our arbitrary 
constants, such that w becomes a minimum. Differentiating [21], 
the minimum conditions are 


OKo 
These expressions are of the third degree in A and B, but with the 
aid of the relation [21] they can be reduced to 


dPo) 

EI” 0A ~ OA | 


EI OB 3B 

being linear and homogeneous in A and B and of the form: 
mA + 
aA + aB=0 


in which the ai,2,3,4 are fairly complicated expressions. In order that 
asolution of A and B be possible, the determinant of the system must 
vanish : 
aja: 


Writing this fully and using the notation: 
yR4w? 
EI 


Q= 
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ALGEBRAIC TRIGONONETRICAL 
"4 


Deflection 
a 


0.7 


Fieg.9 DerormMatTion Curves or Equations [17] Anp [19] AND 
Exact SoLutTion 


This procedure has been followed in the third numerical example 
given in the paper. If the mass of the three poles in question had 
been distributed uniformly over the angle a, the result would have 
been 46 cycles per second instead of 41, which gives a fair approxima- 
tion and does not require any calculation work except substitution in 
Equation [1]. 


Discussion 


R. Exseraian.’? While the primary harmonic and its natural 
frequency corresponding to the frequency set up by mechanical 
force resulting from unbalanced rotor or magnetic forces due to 
non-uniform air gap are likely conditions for serious vibrations 
in the frame, the author has shown that the overlapping of the 
teeth causing a pulsation in magnetic flux may agree with the 
primary frequency of the frame, particularly for small machines 
where the frame is relatively stiffer-and therefore its natural 
frequency is comparable with the high frequency set up by the 
teeth. 

It appears to the writer that such a condition may exist due 
to the overlapping of the teeth with large induction machines 
between the higher harmonics of the relatively more flexible 


The author has considered a particular 


we obtain 
1.0789 - — 2.7960 - 105a* + 3.2921 - + 6.5351 - 108 
(1.2321 - 104 + 1.0789 - 108a? + 8.440004) frame. 
12121 - 10ta* — 5.1255 + 9.9948 - 10%at — 7.1040 - 10a? + 2.3088 - 1012 


a® (1.2321 - 104 + 1.0789 - + 8.4400a*) 


The values of Q have been calculated from [23a] for several values of 
the angle a. As Q in [23a] corresponds to Ci? in Equation [1], the 
result of these calculations can be found in Table 1. 


INFLUENCE OF CONCENTRATED MASSES 


When we are dealing with a machine having salient poles on the 
stator, we cannot use Equations [1] to [4] in general. In the case 
that there is a large number of poles, a fair approximation can be 
obtained by distributing the mass of these poles uniformly along the 
stator. But in case there is a small number of poles, the results 
obtained in this paper still may be used. It is assumed that the def- 
omation curve retains its shape. This means that potential energy 
of the frame is not changed. The kinetic energy will consist of two 
parts, that due to the ring and that due to the poles. The motion 
of the poles, consisting of a translation and a rotation can be calcu- 
lated from the assumed expressions for w and ». 

It is necessary, therefore, to compute these two parts of the kinetic 
‘nergy. Now w? is inversely proportional to the kinetic energy, 
when the potential energy is constant. Thus if Ki be the kinetic 
thergy of the ring and K; that of the poles, the natural frequency of 
the combination can be found from the natural frequency of the ring 


‘lone by multiplying by 


Ki 
Kit Ke 


= 0 [23a] case of the more general solution given by 
Rayleigh; namely, for the primary har- 
monic where the equation of energy may be directly applied; 
that is, the equating of the maximum values of the kinetic and 
potential energies and the solution for the frequency. If, then, 
for a more general solution we introduce the higher harmonics, 
we have: 


where it can be shown that h, are the normal coordinates of any 
higher harmonic of the frame. 
that of the author, we have, neglecting the tangential displace- 
ments along the center line for the larger harmonics: 


Proceeding in a similar way as 


7 Engineer, Baldwin Locomotive Works, Philadelphia, Pa. Mem. 


A.S.M.E. 
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Substituting in Equation [10] for the values of the kinetic and 
potential energy, 


K 


P = 


ow ov 


and F., and F, are actually applied forces acting radially or 
tangentially. However, practically, we are only concerned with 
the radial applied force due to the magnetic pull set-up by the 
permeance wave of the teeth. It is to be observed that for the 
natural primary frequency, H, = 0 and h, = h = A sin wt, 
which reduces to the energy form of the expression given by the 
author. 

The advantage of the Lagrangian form, however, is that it 
enables us to express the effect of any applied force on any har- 
monic of the system. Thus for various types of loading: 


H.= foR sin for a distributed loading 


= Fy sin 


for a concentrated loading at ¢u, 
where f, and F, are periodic time functions of the electrormag- 
netic loadings. In a wave train as in the permeance wave due 
to the teeth, ¢; = wt, where w is the angular velocity of the wave 
train. 

AvuTHOR’s CLOSURE 


It is quite possible that higher harmonics of the frame vibration 
may also cause troubles as Mr. Eksergian points out, so that a 
calculation of the natural frequencies and shapes of vibrations of « 
few higher modes would be desirable. 

In the paper only the fundamental mode is given because the 
calculation for higher-order vibrations will become extraordinary 
complex. 

The expressions (a) and (b) of Mr. Eksergian’s discussion may 
represent such a higher vibration of a circular frequency Su, 
if the coefficients A,, A» are chosen correctly. 
But this is as difficult a problem as solving the differential Equa- 
tion [7], which is practically impossible. 

Substituting (a) and (b) in [10] will not give Mr. Eksergian’s 
Equations (c) but rather expressions containing not only the hj, 
but also all possible double products hmh» (m not equal to n), which 
shows that the A, are not ‘“‘normal coordinates.”’ 

At present it seems to the author that the determination of 
higher harmonics can be done only approximately and entails an 
amount of calculation work entirely out of proportion to the im- 
portance of the results to be obtained. 

Since the publication of the paper the author has had several 
opportunities of testing the theory on actual vibrating frames, 
and it appears that the assumption of clamped ends seems to be 
fairly good. The observed natural frequencies were about 10) 
per cent lower than those calculated by Equation [1]. A more 
accurate theory taking account of the flexibility of the feet, which 
is in very good agreement with the experimental facts, has been 
developed and will be published soon. 


s 
hea 2nS 
= 
0 
> yRhta 3a? | 
4 ( 4r? 
Ae? 
=>) aR 
oe From the Lagrangian method, we obtain: 
where 


| 
2 
bi 
Oe 
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Absorber 


By J.ORMONDROYD!' anp J. P. DEN HARTOG,? EAST PITTSBURGH, PA. 


The ‘‘vibration absorber"’ discussed in this paper consists of a 
small vibratory system tuned to the operating frequency of a larger 
machine and attached to it in a suitable location. When properly 
designed this will reduce the vibrations of the machine itself mate- 
rially. The absorber, without damping, annihilates vibrations of 
its own frequency completely, but creates two other critical speeds in 
the machine system. Therefore it is suitable only for applications 
on constant-speed machinery. When damping is introduced into 
the absorber it constitutes a simple and efficient means of diminish- 
ing the vibrations of a machine of variable speed. An analysis of 
its operation in simple cases with and without damping is given in 
the paper, tests made on a model are described, and actual applica- 
tions are discussed. 


forces act between its members. The vibrations are 

usually harmless or even unnoticeable unless resonance 
occurs—that is, where the frequency of the disturbing force 
coincides with one of the natural frequencies of the machine. 
The fundamental cure for vibration is to remove the periodic 
disturbing force causing it. Where it is impossible to accom- 
plish this an attempt is usually made in the design of the machine 
to avoid resonance. When resonance is discovered in a machine 
already built it is possible sometimes to eliminate it by changing 
the flexibility or the mass of the parts affected. The direct 
application of damping is theoretically also a possible means of 
reducing the amplitude of vibration at resonance, but it is 
seldom used in practice. A final method of eliminating vibration 
is to impose on the machine parts affected a periodic force equal 
in frequency and amplitude to the disturbing force but acting 
in the opposite direction to that force. The Lanchester “‘anti- 
vibrator’ used on four-cylinder gas engines is an example of the 
application of this principle. 

The ‘“‘vibration absorber’’ discussed in this paper reduces 
vibrations by means of its own dynamic action automatically 
put into play by the disturbing force itself. It is so designed 
and applied that at the frequency where the vibrations are most 
undesirable, it exerts a force equal and opposite to the disturbing 
force. It thus acts without converting energy into heat. 

For the purposes of engineering approximation it is usually 
possible to consider even complicated vibrating systems in 
idealized simple forms. The action of the vibration absorber 
will be explained on some very simple systems; in fact the 
paper is actually a detailed analysis of vibrating systems of 
two degrees of freedom. 


Prices oct b vibrations in a machine occur when periodic 


Tue ABsoRBER Without DAMPING 


A very simple mechanical system which represents the idealized 
form of numerous practical problems in vibration is shown in 
Fig. 1. The equation of the forces acting on M for this system 
(neglecting damping) 1s 


_ 


' Motor Engineering Department, Westinghouse Electric & Manu- 
facturing Company. 

* Power Engineering Department, Westinghouse Electric & Manu- 
facturing Company. 

Contributed by the Applied Mechanics Division and presented 
at the Spring Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of Tue 
American SocreTy OF MECHANICAL ENGINEERS. 


dt? 


where M is the mass, K the spring constant, and Pysinwt the 
external force acting on M. The steady-state solution of Equa- 
tion [1] is: 


——— sin wl 


Po 


When the frequency is such that w? = K/M, the amplitude 
of x becomes infinite. In reality the solution is not valid when 
w* is near to K/M, because it is no longer permissible to neglect 
damping; but the motion 
does tend to get very large 
in the neighborhood of 
this frequency. 

When the force Pysinwt yw 
cannot be avoided and * te, 
it is desired to operate at k 
frequencies near reso- 
nance, the vibration ab- 
sorber described in this 
paper is a very effective 
means of reducing the mo- 
tion to within safe limits. 

Fig. 2 shows the same system as Fig. 1, but a new small body 
m has been suspended from M by means of a spring with a 
stiffness k. The force equations for this system are: 


x 


Fic. 2 SysTeM oF 

Fie. 1 Provipep 

WITHA VIBRATION 
ABSORBER 


Fie. 1 SIMPLE 
MECHANICAL VI- 
BRATING SysTeM 


M — + Kx, +k; —2) = Posinat | 
dt? 


m + k(z,— =0 


the steady-state solutions of which become: 
k — mw? 
(K + k — Mw?) (k — mw*) — k* 
k 
°(K + k— Mw?) (k — — k? 


= sin wt 


= sin wt 


If k and m are taken with the proper values to make 
k — m? = 
the motion of the main mass M is eliminated and [4] reduces to 


0 
Po 


= k Sin wt 
The motion of m is such that the spring force acting on M due 
to the relative motion between M and m is kx, = — P sin ot, 
which is exactly equal and opposite to the impressed force. 
The system consisting of k and m may be called a “vibration 
absorber.” 


[2] 
M 
; 
| 
[4) 
9 
tar 
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The addition of the spring-suspended mass m to the original no effect at all if they are tuned on opposite sides of the fre- 
system eliminates the motion of M completely at the frequency quency of operation. 

to which the small system is tuned. This fact is made all the Suppose the disturbing force on the main mass M has such 4 
more remarkable when it 1s noted that it is only the ratio be- frequency that 

tween k and m which produces the result and not their absolute 
yralues; & and m may be very small and still be completely 
effective in stopping the motion of M. However, the second 
equation of [6] indicates the practical limitations. As k be- 


K — Mw? = 0 


then it follows from [8] that the motion of M becomes 


comes smaller, gets larger, until the stresses in the spring 
become excessive or the physical limits of possible motion in r:=— — —— sin wl.......[10] 


w* ky(w? — + k2(w? — w,?) 


the spring k are passed. The value of Py therefore determines 
the smallest possible values of k and m. Equation [5] and the where 

second Equation of [6] give the conditions for the practical 7 ; 
design of the absorber. In certain cases it might be deemed ee 7m, and w,? = ie 

desirable to use several vibration absorbers in parallel on the i 

same machine. It is reasonable to suppose that this will keep Let it be supposed that < > w?, and ki = ke. Under 
the stress in the springs of the individual absorbers low. A these conditions the motion z may become very large. ‘This 
Ie happens when the denominator of [10] becomes zero, or when 


= w,? + we?.... [11] 
Let 

Engine » 22 
A, Generator w,2 = w? — mw? and = w* + nw’... 12| 

boo. 
SIONAL System Fic. 5 Axssorsper Ar- Where m and n are usually small. Substituting in [11] we find 
2 TACHED TO Bopy Svus- that the effects of the two absorbers neutralize each other when 
JECTED TO Non-UNIFORM 
n= m od 13] 

A k This indicates that if one absorber is tuned to a certain per- 
Fic.,3 SYSTEM OF us £ centage below the operating frequency and the other one to 

Fic. 1 Wits Two 
exactly the same percentage above the operating frequency 
PARALLEL Z a the effects will cancel each other and the system will vibrate 
r . . as violently as if the absorbers were not present. The two 

‘1G. 6 ABSORBER’ AT- 
yodlng 6 absorbers then move 180 deg. out of phase with each other. 


TACHED TO OpposITE END 
oF MAacHINE AS SHOWN 
In Fia. 5 


If the percentages of tuning are not equal but are still opposite 
in sign, the vibration will be only slightly reduced. 
‘ i eee The simple torsional system (Fig. 4) is also of practical interest 
simple case of two absorbers in parallel as shown in Fig. 3 will __,, 
Che mathematical considerations are fundamentally the sam 


be investigated. 
B as before, except that torque equations replace force equations 
The force equations are 
moments of inertia replace mass, and torsional spring constants 
d?z . (torque units per radian twist) replace linear spring constants 
M — 2) — — = Posin ot 
) The natural frequency of this system is 


Xi 7 : l 
— + k,(z, r) = O [7] | 


C4 (Xe If the disturbing torque has this frequency, large t 

dt? ) vibration will result. This can be stopped by mounti: 
7, a new system as shown in Fig. 5. If k/i is made e 


The steady-state solutions are: 


(ky (ke Mow") 


r= Po = — sinwt | 
(KA +k +k — Mw?) (ki — mw?) (kz — m2w*) k2?(ky — myw*) 
ky 
ky — myw? kz — mow? 


If ky = ke = and — mw? = kz mw* = 0, [8] becomes: 
18) the vibratory motions of J; and J; will be complet 
3 


eliminated: 


P ) 
oe sin wt 

; It is of interest to investigate the action of the absorber when 
However, with _ it is mounted on the body which has no disturbing torque acting 
upon it as shown in Fig. 6, 


Each “vibration absorber’ carries half the load. 
two vibration absorbers in parallel it is entirely possible to obtain 


4 
] tv 
z=U 
6, = & =0 
z= sin wt [9] | 
=- sin wl 
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In this case, when the absorber is designed as before, the 
solution becomes 


2.0 
1.6 


> 


i 


Ye) 


02 
Values of 


Fic. 7 Narurat Pertops or UNDAMPED System Two Decrees 
oF FREEDOM 


— — sin wl 


— — sin wl 


, = 
I,K 


/ 


If /, is large compared to J, the design of a vibration absorber 
to be attached to the heavy body would be very difficult, since 
it would have to absorb a large multiple of the actual disturbing 
torque. The motion of J, would still be small since the value 
of 7, K is usually small. 

Systems may occur in which J, is smaller than J;, in which 
case the absorber would be correspondingly easy to design and 
the motion 6, would be negligible. 

So far the action of the absorber has been discussed for only 
The motions of M and m for all values of w 
When these equations 


one frequency. 
can be obtained from Equations [4]. 
are examined in detail they show that two critical speeds exist 
If K/M = w,? (corre- 


sponding to the original critical speed), k/m = ax,2 and M/m = 


instead of the one in the original system. 


p, the new critical speeds of the system have the following re- 
lationship to the original critical speed: 


2p 2p 
This relationship is shown in Fig. 7. ’ 

The application of a vibration absorber without damping 
is therefore restricted to constant-speed machines. 


PracricaL APPLICATION OF THE UNDAMPED VIBRATION 
ABSORBER 


Due to the fact that an absorber without damping throws 
the system from one into two critical speeds, the applicability 
of the scheme is restricted to machines with substantially con- 
Stant speed. 

) All cleetrie synchronous or induction machines fall under this 
Class. 

Fig. 8 shows the outboard generator bearing pedestal of a 
30,000-kw. turbine. This pedestal happened to be very near to 
resonance with the operating speed, 1800 r.p.m., and conse- 
(uently vibrated quite noticeably in the direction of the generator 
axis. The (double) amplitude of this vibration as measured 
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was 0.0108 in. Two cantilever beams 20 in. long and 7/; in. 
25/; in. in cross-section, weighted at the end with 25 lb., were 
bolted to the pedestal. These beams had been calculated to 
have a natural frequency of about 1800 per minute and the 
weights were made adjustable, so that fine tuning to exact 
resonance was done on the turbine. 

The effect on the longitudinal vibration of the pedestal can 
be seen in Fig. 9, representing a record of this vibration before 
and after the tuned cantilevers had been attached. The ampli- 
tude was reduced from 10.8 mils to 3.8 mils. 

With two vibration absorbers mounted on the pedestal the 
phenomena discussed earlier (Equations [10] to [13]) were 
actually observed. It was noticed that when both cantilevers 
were in violent resonance (having double amplitudes at the 
end of nearly '/: in.) the effect on the pedestal vibration was 
either very marked or hardly noticeable, depending on whether 
the vibrators were in phase with each other or not. These 
phase relations could be very simply demonstrated by pre- 
venting one of the cantilevers from vibrating by holding it 
with both hands. When the vibrators were in phase the ampli- 
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tude of the second was seen to increase when the first one was 
held, and vice versa. In case they were out of phase the ampli- 
tude was seen to decrease. This condition could be remedied 
by displacing the weight on one of the absorbers a very small 
distance. 

It made hardly any difference on the pedestal vibration whether 
one or two absorbers were employed. This and also the fact 
that the vibration was not decreased more than to 35 per cent 
of its original value, suggests that there was considerable damp- 
ing in the apparatus. In fact, for these experiments vibrators 
made of soft boiler plate were used, and the observed ampli- 
tudes would stress this material above the yield point, so that 
considerable internal friction can be expected. 

In order to apply this remedy permanently to the turbine, 
one single vibrator of high-grade steel will be attached to the 
pedestal. 
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THEORY OF THE DAMPED VIBRATION ABSORBER 


In order to make the addition of an absorber to a large vi- 
brating system effective over an extended range of frequencies, 
it is necessary either to introduce damping in the vibrator or to 
limit the amplitudes of the small mass by means of elastic 
stops. 

To make clear why damping in the small absorber is so much 
more effective than in the main system, let us consider the 
shapes of natural vibration. Taking again K/M = k/m and 
M/m = p = 20, it is found that the amplitudes of the masses 
M and m are as shown in Fig. 10. The small mass vibrates 
much more violently than the large one, and if the damping be 
proportional to the velocity, it is clear that its effect is much 
more pronounced when located in the small system than in the 
large one. 

Two possibilities of damping exist. In the first place it may 
be located in the spring k and will then be considered proportional 
to the relative velocity (z,; — x2). This is the case which most 
frequently occurs in practice. The other possibility is that the 
system is damped proportional to the absolute velocity 22, 
for instance, due to air or hydraulic friction on the mass m. 

The effects of the damping in these two cases will now be 
discussed. 

(a) Damping Proportional to Relative Motion. To bring 
out the results clearly it is assumed that no damping whatsoever 
exists in the main system. In the case that the damping in 
the absorber spring is also zero, the amplitude of the main 
mass will become infinitely large at two frequencies. When 
the damping in the absorber spring becomes infinitely large, 
no relative motion between the two masses can exist, so that 
again the amplitude of the main mass will go to infinity at one 
frequency: 

For a certain value of the damping between zero and infinity 
the amplitude will become a.minimum. The magnitude of 
this optimum damping cannot very well be expressed analyti- 
cally; therefore a number of cases have been calculated numeri- 
cally, the results of which are plotted in curves. 

If c be the damping in the small spring (Fig. 2) the differential 
equations of motion are: 


Mz, + Ka, + — 22) + — = Posin 118] 
+ 21) + — 21) = 0 


12 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


The solution of this system can be found very easily by con 
sidering an equivalent electric system (Fig. 11), the equation oi 
which can be written as: 


li, dig 
L— +2 4+-(i~i) + > — Bassin at 
> ..[19} 


It is seen that [18] and [19] are the same if the following rela- 
tions exist between mechanical and electrical quantities: 


L=M 1/C =K l=m = k\ 


[20] 
= le = r=c Ew = Pf 
> 
xX _k 
'x, 
5x, ig" 
5k, 


Fic. 10 SuHapres oF Mopes or NaTURAL VIBRATION 


The impedances of the two branches of the parallel circuit of 
Fig. 11 are jwl and r — j/we so that the total impedance of the 
two branches in parallel becomes: 


jel Jj 
The impedance of the whole circuit is found by adding to this 
1 
i(.t — +). The absolute value of this sum is calculated by 
WwW 


means of the formula: 


Fic. 9 VisRATION WITHOUT AND VIBRATION ABSORBER 


: 1 
. 
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a+ 4 5 For instance, the optimum damping for M = 1000 lb. and 


w, = 360 at p = 50 is found from: 


c+ jd c? + d? 
and is found to be: Cc L 100 x 120 - 
1000 x 360 * 
1 1 1 = 0.115 
we wl we wt OF Copt. = 3.46 
= 
Atpid-— Therefore Fig. 14 
we vA represents the com- 
plete solution of 


By means of the relation i = E)/Z and after translating to the aK : : — the problem for any 
mechanical case by [20], the amplitude z, becomes mass or frequency. 


(b) Damping Proportional to Absolute 
Po c? + (wm — k/w)?* (21) Motion. The terms c(z; — 2) in the 


Ky? K k, differential Equations [18] should be re- 
c w(M +m) — + (-m mk placed by cz, and the only change in the 

m 


solution [22] is that the expression 

a a K _ (p + 1) — p@ in the denominator is replaced by p — (p + 1)8. 
. "M The most important effect of this on the curves of Fig. 12 is 
M , that the second resonance peak becomes higher than the first, 
= 2 p, [21] can be written finally as follows: which is reasonable (Fig. 10) since the absolute velocities of the 
small mass in the first resonant mode are larger than 

inthesecond. Fig. 15 shows one case for M = 20 

8 + (1— 8)? p = = 120, and = 0.155, which has been 


= w? and assuming that 


m 


i mira)? (22 calculated. Since this type of damping is of no great 
P 2 practical importance, the case has not been investi- 
(c) Damping in Both the Main System and 
where the Absorber. In actual practice there will always be damp- 
2 
B= (=) and = == (z:).=0 
w K 16 
From this formula the amplitudes z have been calculated for /\ 2° 100 Lb 
various systems, that is, for various values of c, p, and m. In 1.2 pre | 
Fig. 12 two curves are shown for a definite system with different ae so | / . | 
values for the damping c in the absorber. An increased damping Ye | SX \ 
acts more severely on the second resonance peak than on the .~ / \ -032\ 
first, for which a simple physical reason can be found by con- 3 06}— 4 T 
sidering Fig. 10. In the first resonance the motions of the two 7 : | =< ™ 
masses are in the same direction, while in the second resonant — WA 
mode these motions are in opposition. The relative amplitudes 027 egg 
of the first and second mode have the ratio 4:5, and consequently O 
06 07 0.8 0.9 12 3 
the damping is more effective in the second mode. ; Values of &, 
At any rate the maximum amplitude in Fig. 12 always occurs " 
at the first peak. Plotting this maximum amplitude as a function 
of the damping c, the curve shown in Fig. 13 is obtained, in 
which the fact that an “optimum damping” exists is very clearly 
established. The curve of Fig. 13 is very restricted in its appli- 30 W=700 1B a 
cation, in so far as it only refers to one pafticular value for p, p20 a . 
is,,to one and the same mechanical system with variable 
amping. 


A series of curves [13] have been calculated for various values 


of p, and from these a new plot has been made in Fig. 14, showing % 

the optimum damping c) and the maximum amplitude at this 3 
damping, both as functions of p. S10 


The data given in Fig. 14 are still restricted to a main system 
Weighing 100 Ib. and having a natural frequency of w, = 120. 
However, it is seen that formula [22] remains unaltered with 0 
changes in m, w, or ¢ if only the quantity c/me, is kept constant. 
By changing the seale of cop. in Fig. 14 in a proper manner the 
diagram can be adapted to any other value of M or w. We 
only have to read 100 X 120 Copt. for the ordinates instead ‘of ing in the main system itself. Therefore, some calculations 


Mo also were made with damping both in the main system and 
Copt. in the absorber. If C be the coefficient of damping in the 
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main spring, and c the one in the spring of the absorber, the 
solution [22] modifies to: 


these speeds will no longer be critical and the amplitudes will 
remain finite through the entire speed range. 
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3. 14 AMPLITUDE AND DampiING AS FUNCTIONS OF 
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Fic. 15 Dampine In Mass ABSORBER 


The effect of this change on the magnitude of the optimum damp- 
ing is negligible, as can be seen from Fig. 16, showing the change 
in Fig. 13 due to the introduction of a damping in the main 
system, which alone would limit the resonant amplitude of 
the main mass to 15 times the statical amplitude (at w = 0). 
The curve becomes flatter and is located lower, but the mini- 
mum, though not so pronounced, lies at approximately the same 
value of c. 

(d) Motion-Limiting Stops. Another method of avoiding 
resonance in the system including a vibration absorber is to 
limit the motion of the absorber mass relative to the main 
mass by means of elastic stops. It is a well-known fact that in a 
system which has the elastic properties represented by Fig. 17 
no resonance can occur even if no damping exists in the system. 
That is, there is no frequency at which a periodic force of finite 
amplitude tends to excite infinite amplitudes of motion. An 
absorber with elastic stops represents such a system. 

It was seen before that an undamped absorber has finite 
motions at the particular frequency for which it is designed. 
Stops can be made such that the motions are left undisturbed 
at this frequency, but that, as soon as the relative amplitude 
of the absorber tends to become larger than this, the stops come 
into play and limit the motion. This will happen near the two 
critical speeds of the combined system. Due to the fact that 
when the stops change the elastic properties of the entire system, 


This fact was observed in model tests. The theoretical 
investigation of this phenomenon is very complicated and will 
not be given here. 


Mopet Tests 


A simple model, shown in Figs. 18 and 19, was built in order 
to verify the theory. 

It consists of a steel bar 2 in. X */,4 in. X 60 in. simply sup- 
ported at itsends. A small d.c. motor weighing 26 lb. is clamped 
in the middle of it, and two weights of 8 lb. each are attached 
at '/, and °/, of the length. The system has natural frequencies 
at 750 and 2800 r.p.m., which can be excited by mounting two 
eccentrics on the. motor either in the same or in opposite direc- 
tions and running the motor at the resonant speed (see Fig. 20). 
Two small cantilevers weighted with 1 Ib. at the end and tuned 
to 750 r.p.m. are attached under the motor, and two other 1-|b. 
cantilevers tuned to 2800 r.p.m. are put on to the weights at 
'/, and %/, of the length. The absorbers when tuned properly 
take the vibration practically completely out of the system 
both at 750 and at 2800 r.p.m. 

Fig. 21 shows the amplitudes of the middle of the bar as a 
function of the speed both with and without absorber. 

The ratio p = M/m in this model is 23, and the two critical 
speeds calculated from formula [17] or Fig. 7 are 830 and 675 
r.p.m., While the test showed 825 and 670 r.p.m. 

Since the second resonant peak is higher than the first, the 
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Fig. 16 INFLUENCE OF DAMPING IN 
MAIN System 


damping in this system is primarily due to air friction on the 
small mass. The enormous ratio of 40:1 between the peak 
and the valley of the vibration curve, moreover, indicates that 
this damping is extremely small. 

For the second mode of vibration the two critical speeds ob- 
served were 2650 and 3160 r.p.m., while the calculation yields 
2500 and 3110 r.p.m. The rather large discrepancy bc! wee? 
the two values of the lower critical speed remains unexplained. 


APPLICATIONS OF THE DAMPED VIBRATION ABSORBER 


One of the earliest applications of this principle was made 
in 1911 by Frahm in his famous “Schlingertank” for stabilizing 


ships. It consists of two tanks partially filled with water, 
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Fraum’'s ‘“ScHLINGERTANK™ FOR STABILIZING SHIPS 


connected by two pipes (Fig. 22). 
an air throttle. 


The upper pipe contains 


The ship rolling in the water corresponds to the system K, 
M of Fig. 2, the impulses of the ocean waves take the place of 
the disturbing foree, and the water surging between the two 
tanks is the vibration absorber. 

Since the impulses of the waves on the ship may have any 
frequency, it is necessary to introduce damping in the system, 
Which is regulated by means of the air throttle. The arrange- 
ment has been used successfully on large passenger steamers. 

The torsional absorber can be utilized to minimize torsional 
vibrations in crankshafts of internal-combustion engines, par- 
ticularly if the springs are so designed as to give a curved load- 
deflection characteristic, or if motion-limiting stops or dashpots 
are provided. In this form it is being applied on several auto- 
mobile engines. 


Discussion 


Max Patrrz.* Vibration in a machine can be counteracted 
by * mechanism vibrating in the opposite direction to the primary 
impulses and both vibrating moments must be alike. The values 
of k and m in Formula [5] may vary from K and M but they 
fannot both be very small, as mentioned in the paper, and “‘still be 
completely effective in stopping the motion of M,” for, as said 
furthe r along in the paper, “the value of Po, therefore determines 


7 Sp Consulting Engineer, Allis-Chalmers Mfg. Co. Mem. 
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Fie. 21 Resonance Curves OBSERVED ON 


the smallest possible value of k and m,’’ but P, also determines 
the primary impulses. 

The absorber must exert impulses of equal moment to the 
primary ones in an opposite direction and k and m cannot be 
made so ‘‘very small’ to stop completely the motion of M. 

The authors also state, ‘In order to apply this remedy perma- 
nently to the turbine, one single vibrator of high-grade steel 
will be attached to the pedestal.’ It would be interesting to 
know whether the high-grade steel vibrator has been attached, 
and how successful it has been in reducing the vibrations. 


Rost. F. Voar.* The problem of reducing vibrations in operat- 
ing machine units is usually a very difficult one and a com- 
paratively simple solution would indeed be welcome. 

The authors’ presentation of the simple vibration is very inter- 
esting. 

It seems, however, that the vibration absorber consisting of a 
small mass on a spring of limited deflection could be applied 
only in very rare cases. 

The impulse force actuating the vibration would have to be 
small enough so as to come within the narrow limits of the size 
of the vibration absorber and the speed of the vibrating unit 
would have to be absolutely constant, in order to give the vi- 
brator an opportunity to stay in synchronism. 


‘Cons. M. E., Allis-Chalmers Mfg. Co., Milwaukee, Wis. Mem. 
A.S.M.E. 


15 
‘ 
Fig. 19 or Mopet 
4 
0 
| 
ft 
| 
ale | 
| 
| 
9 
| 
650 700 50 600 
Rev. per Min 
hy 
— 
“a, 


& 


From the authors’ Equations [2] and [3], we find by assuming 
sin wt = 1 for Ximax that 


Po 


K — Mo? 


X imax 


In order to materially reduce Xjmax, mw*z, must be about as 
large as Po. 

The difficulties of keeping the vibration absorber in synchro- 
nism and of making it practically large enough for most cases 
of vibration troubles make the usefulness of the device ques- 


tionable. 


E. O. Waters.’ The authors of this paper are to be com- 
mended for their analysis of the problem of two vibrating bodies, 
and their demonstration of its practical value in reducing harm- 
ful vibrations in both translational and rotational motion. Of 
particular interest are the facts that (1) an undamped system 
can be designed to absorb the entire vibration of the main body 
at a given speed, but in so doing two new critical speeds are 
introduced; (2) by applying a damping force proportional either 
to the relative or absolute velocity of the auxiliary body, these 
two critical vibrations are reduced from infinity to a safe value 
(i.e., less than would occur without a vibration absorber), while 
at the same time this advantage is somewhat offset by the loss 
of the totally vibrationless point characterizing the undamped 


system. 
In analyzing the motions of mechanical vibrating systems 


without damping, the authors give what they call “steady-state” 
solutions. This implies that there is also a “‘transient”’ solution; 
but this, strictly speaking, is not the case. If damping is neg- 
lected, the system will have two superposed periods of vibra- 


tion, one of natural frequency (ys for Fig. ') and the other 


The complete solution for the simple 


of forced frequency w. 
one-mass system is 


IK IK 
z =A sin Boos 
M 


and taking as boundary conditions the fact that x = x» and 
x = x2 when t = 0, this becomes 


sin wt [24] 


Inspection of this equation shows that at resonance, when 


K 
+ u7” the infinite amplitudes are exactly balanced and no 


excessive vibration results. The “catch” to this line of reason- 
ing lies in the fact that just above or below resonance the two fre- 
quencies are enough out of step to produce long-period beats of ex- 
cessive amplitude, alternating with nodes that are practically 


K 
quiescent. It is only for the case when ys is exactly equivalent 


to w that the high-amplitude vibrations cancel out the Equation 
[24], a case which, like unstable equilibrium, is a practical im- 
possibility. 

5 Assoc. Prof. M.E., Sheffield Scientific School, Yale University, 
Assoc-Mem. A.S.M.E. 


New Haven, Conn. 
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For the two-body system, the corresponding equations are 
=bAsingt+hAcosgt +6; Bsinyt + bh Boos pt 
(Po sin wt) 
and 
= b, sin gt + b: cos gt + b; sin + by cos Yt + fe (Po sin 
where bi, bz, bs, bs are constants determined by the initial posi- 
tions and velocities of the two bodies, 


A= 

k (M —m)—Km + [(M + m)*k?—2 mk K (M —m) + m?K?| 
2kM 

B= 

k(M — m) — Km — [(M + m)*k? — 2m K(M — m) + m?K?| 
2kM 


+m) +Km+[(M + m)*?—2 mkK(M —m) + m?K?2]'/2! 


y = 
{k(M +m) +Km—[(M + m)*k? —2mkK (M —m) +m?K?]'/*| 


In this case the natural vibration is compound, being mace 
up of two fundamental motions which are neither synchronous 
nor symperiodic, nor are they equal to the vibrations which 
either body would perform if removed from the other. Here 
again, the critical speed occurs when the forced frequency equals 
the natural frequency; and since there are two of the latter, 
there are two critical speeds, instead of one. This agrees with the 
authors’ statement, and the values for g and y given above 
check exactly with Formula [17] of the paper when the proper 
substitutions are made. 

In order to prevent violent resonance without damping, the 
authors suggest the use of an absorber spring having the char- 
acteristics shown in Fig. 17. It is indeed difficult to prove 
mathematically that this is true; in fact, I would be inclined 
to suspect that the short duration of a vibration on the low-é 
part of the curve would on reaching the resonant speed for this 
value of k, build up higher and higher velocities at the transition 
point which would increase indefinitely the amplitude of the 
swings on the high-k part of the cycle. The high-k part of the 
spring action cannot have any damping effect, but will return 
the vibrating mass to the low-k region at the same velocity with 
which it left this region. Actually, there is doubtless enough 
impact at the transition point to damp the vibrations on the 
resonant part of the cycle just enough to prevent excessively 
heavy vibrations. ‘ 

On the other hand, it is not difficult to show that resonance 
cannot occur when the load-deflection relation of the absorber 
spring is a continuous curve, and damping is absent. Take 
for example the case of a single vibrating body, and let 


Mz =—k2x? + Posin wt 


On the basis of our experience, we may assume that z is expressible 
as a function of sin wt and sines of multiples of this angle. Place 
z, x, and sin wt in the form of power series in t, and solve for the 
undetermined coefficients. Two arbitrary constants wil! ap- 
pear, one of which represents the displacement and the other 
the velocity when t = 0. Letting the first of these equal zero, 
we obtain the expression 
3 
Je 


Pw 
(ze 20m 


This may be converted into a Fourier series in sin wt + Si! 
yi in the usual manner. For instance, the first ter™ 


in the series is 


| IK . K 
= — sin @&— 
w? 
M 
K 
+ cos +a kK 
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As far as carried, this coefficient is finite for all values of w, 
since each term is inherently positive. A continuation into 
further terms, together with an investigation of the conver- 
gence of the series, would make the exposition complete. 


A. L. Jr.6 The vibration damping, encountered 
in engineering applications, except for a certain amount of air 
friction, which may come in, is seldom of the type assumed by 
the authors of this paper, that is, a damping where the frictional 
dissipation per vibration cycle of the system increases in pro- 
portion to the applied frequency as it does in the case of vibra- 
tions in an electric circuit containing a fixed resistance. 

In ordinary cases the vibration damping per cycle is a con- 
stant for a given amplitude showing no increase with the fre- 
quency of performance of the cycle, like the magnetic hysteresis 
loss per cycle in iron. This is true of the frictional dissipation 
in all solid materials so far as test results have been obtained, 
including all spring materials. 

It must therefore be true of all springs which depend for their 
damping upon the friction within the material of which they 
are made. It is also true of the usual methods of application 
of external damping to springs such as the use of the leaf spring 
in automobiles, where the friction between the leaves exerts 
a powerful damping action. Most shock absorbers introduce 
the same kind of damping. In no case does the increase of the 
frequency alone increase the dissipation per cycle. 

The mathematical formulation of this type of damping as 
applied to the vibration absorber would be of considerable prac- 
tical interest. 


M. Stone.’ The theory and discussion of what the authors 
have called the “dynamic vibration absorber,” is presented in 
a very clear, simple, and pointed manner. The authors have 
treated this problem of coupled vibrations, with two degrees of 
freedom, from four distinct points of view: (1) coupled vibrators 
without damping for constant-frequency application; (2) 
coupled vibrations without damping for variable frequency, 
(3) coupled vibrations with damping linearly proportional to 
the relative velocity for variable frequency; and (4) coupled 
vibrations with damping linearly proportional to the absolute 
velocity for variable frequency application. 

The basic idea consists of introducing into a mechanical sys- 
tem of one degree of freedom, a second degree of freedom, whose 
natural period of vibration can be varied, so that the critical 
frequencies of the combination can be shifted to avoid any reso- 
hance condition of vibration. The useful feature, from the point 
of view of application, is that the second system may be a rela- 
tively small one, provided that it has the proper character- 
istics, 

The authors cite an existing application of the first type of 
Vibration absorption; the Frahm “schlingertank” or anti- 
rolling tank. This has been in use for a considerable time, and 
has demonstrated the success of its application. Especially 

* Research Engineer, General Electric Company, Schenectady, 
New York. Mem. A.S.M.E. 


"Research Laboratory, Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa, 


was Frahm!’ aware of the possibilities of the application, as he 
published the theory of the anti-rolling tank in 1911. His theory 
was somewhat elaborated upon later by Horn® but they both 
were essentially the same as that which the authors have sketched. 
Eason™ has considered the application of this principle quite 
in detail in a paper published in 1919. His application consisted 
of mounting a piece of machinery on springs, which, together 
with the elastic action of the floor, produced a vibrating system 
with two degrees of freedom. By varying the stiffness of springs 
K, see Fig. 22, various critical speeds of operation could be elimi- 
nated. He made the significant statement that the best operat- 
ing speed was between the two critical speeds caused by the 
introduction of the second degree of freedom. This corresponds 
to the authors’ Fig. 21, when the operating speeds of the model 
rotor is recommended to be 750 r.p.m. Mr. Eason’s appli- 
cation of this idea strikes me as capable of successful extension 
to the design of foundations for large machinery installations, 
such as turbo-generator units. Here, for constant-speed appli- 
cation, the natural period of the foundation could be designed 
to be at the operating speed, and then by running at this speed 
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the foundation would vibrate. If such a combination had detri- 
mental effects due to vibration transmission to external places, 
some other rates of natural frequencies could be designed for, 
so that the critical frequencies of the rotor plus foundation to- 
gether would not coincide with the operating speed. Treat- 
ments of similar applications have appeared due to Stodola!! 
and Féppl,'* the latter considering the case of small vibrations 
of the “double pendulum” which is an example of case (1). 
The application suggested by the authors for killing of vibrations 
in a large turbo-generator installation probably would be suc- 
cessful only to a limited degree, however. Such a machine vi- 
brates differently in its various parts, and no single application 
of the ‘vibrator’ could hope to eliminate the vibration. As 
has been shown, in the case of the vibration of a bearing, this 
condition could be eliminated quite easily, the most effective 
position of application being at the position of most violent 
vibration. 

If one tries to apply the above vibrator to a system which is 


8H. Frahm, ‘“‘Neuartige Schlingertanks zur Abdiimpfung von 
Schiffsrollbewegungen und ihre infolgreiche Anwendung in der 
Praxis,’’ Jahrbuch der Schiffbantechnischen Gesellschaft, 1911. 

* F. Horn, ‘‘Theorie des Frahmschen Schlinger-dampfungstanks,’ 
ibid., p. 453. 

#4. B. Eason, “On Critical Speeds of Machinery Placed on Upper 
Floors of Buildings,’’ Phil. Mag., vol. 38 (1919), p. 397; later in his 
book, “‘The Prevention of Vibration and Noise,’’ Oxford Technical 
Publications, London, 1923. 

11 Stodola, ‘‘Dampf und Gas Turbinen,”’ 5th ed., p. 945. 

12 A. Féppl, “Vorlesungen iiber Technische Mechanik,”’ 4th ed., 
p. 98. 
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forced to respond to varying frequencies, it is clear that serious 
vibration conditions would occur at two frequencies instead of 
one, as would be the case if the vibrator were not applied. This 
idea has led the authors to investigate the effect of damping 
on the forced vibrations of coupled systems. The two cases 
considered (3) and (4) give coupled equations of the types. 


ax, +b 2, thet: +e, 2, + 0,2, = dsin wt 

ax,” 2, + be’ te + =0 
and 

ax, + bet. +e, + = dsin wt 

a'a, + bo’ + ¢,'% + 2, = 0 


and the solutions of these equations and the discussion of the 
same necessarily constitute the theory given in the paper. 

Equations of this type have been most frequently met in the 
fields of wireless telegraphy and telephony, where the currents 
in coupled and turned circuits are of importance, the coupling 
being inductive or resistive, according to the application. Solu- 
tions of equations of the foregoing type may be found in Pierce! 
and Fleming.’ However, in the field of mechanical vibrations, 
we find solutions of this type of differential equations by Holzer, 
Hort,!* Schuler,!7 and Schneider.'® Holzer considers the case 
of forced torsional oscillations of a system of n degrees of free- 
dom with damping proportional to both the absolute and rela- 
tive velocities. Hort solves the case of forced oscillations of 
the anti-rolling tank with friction coupling, as does Schuler. 
Schneider’s book gives solutions of many combinations of force 
velocity and acceleration coupling. 

Of Holzer’s work, it must be said that although he solves the 
most general cases, the methods are difficult to follow, and the 
cases so complex that generalities are not easy to obtain. Hort 
however, gives a perfectly straightforward solution of the prob- 


‘lem mentioned, where the differential equations are exactly 


those of the authors for absolute velocity damping. The case 
is very clearly discussed, with the effects of varying the damping 
followed through in the conclusions. Schuler’s paper follows 
a slightly different line than either Hort’s or the authors’ since 
in his analysis of the ‘‘schlingertank,’’ he assumes that both 
the tank and ship oscillate about the same fixed point, the mo- 
tions being coupled through friction damping proportional to 
the relative velocity. The solutions given in Pierce and Fleming, 
although correct, are quite involved and introduce complica- 
tions since they discuss several phases that do not interest the 
engineer trying to eliminate vibration. In general, previous 
work on this subject is for the most part complex of solution or 
in German. 

The authors’ solutions of the differential equations are both 
exact and simple—the solution by the electrical analogy being 
beautiful. The physical explanation of the difference in char- 
acteristics of the curves in Figs. 12 and 15 is simple and appeal- 
ing. An important fact that has probably not been pointed 
out prior to this paper (except to a limited degree in Schuler’s 
paper) is the existence of an “optimum damping” at which it 
is best to operate. With such facts recognized, the possibilities 


13G. W. Pierce, ‘Electrical Oscillations and Electric Waves,” 
pp. 76 and 156. 

14 J. A. Fleming, “The Principles of Electrical Wireless Telegraphy 
and Telephony,” 3rd ed., p. 310. 

H. Holzer, Berechnung der Drehschwingungen,” 1921, p. 
128. 

16 W. Hort, ‘Technische Schwingungslehre,”’ 2nd ed. (1922), p. 648. 

M. Schuler, ‘‘Resonanzerscheinungen beim Schlingertank,”’ 
Proc. cf 2nd International Congress for Applied Mechanics, 1926, 
p. 219. 
E. Schneider, ‘‘Mathematische Schwingungslehre,’’ 1924. 


can be easily seen of using this principle for killing of vibration 
in a variable frequency system, and probably accounts to a 
large degree for the success of the application to automobile 
crankshafts. The fact that damping in the coupled system is 
exceedingly more effective than damping in the original system 
(without the addition of the vibration absorber) for reducing 
maximum vibration amplitudes, demonstrates the necessity of 
applying the absorber. 

The question of obtaining, in a design, any desired value of 
friction damping is a consideration worthy of effort. In the 
“schlingertank”’ application, this is adjusted to suit the condi- 
tions by operation of the air throttle. 

The authors’ proposition of using a motion-limiting stop to 
change the elastic characteristics of the system has merit, but 
it would be difficult to realize the optimum condition in this 
manner. Holzer, in his book mentioned earlier, goes to some 
detail in the theory of the design of a relative motion friction 
damper for torsional application, which would be pointless to 
review here, but it seems to me that in this way considerable 
help might be obtained in developing the optimum value of the 
damping. 


C. RicHarp SoperserG.'® The present paper represents a 
welcome contribution to the subject of vibration absorbers. The 
dynamic vibration absorber has been used in a number of in- 
stallations, but the real nature of its performance has not been 
fully understood. Some of the most interesting results of the 
paper are those concerning the influence of damping invariable- 
speed applications. It is necessary to point out, however, as 
already mentioned by Mr. Kimball, that the damping usually 
encountered in mechanical systems is not viscous damping, and 
it is probable that the results referring to an ultima damp- 
ing factor may be modified when this is taken into account. 

I have followed personally with great interest the experi- 
mental application of this vibration absorber in reducing the 
axial vibrations of a bearing pedestal (Fig. 8). The actual re- 
duction in pedestal vibration is unquestioned, but there is some 
doubt as to the actual benefit of reducing the pedestal vibra- 
tion in general at the expense of introducing ten times as large 
an amplitude in the vibration absorber. Naturally, this objec- 
tion is not justified when the original vibrations have been shown 
definitely to be detrimental to the operation of the machine. 

There is a more general.application of the fundamental results 
presented by the authors, and that is in the design of the ma- 
chine foundation itself. A considerable percentage of vibra- 
tion troubles could be eliminated if the fundamental theory for 
systems of two degrees of freedom were more frequently applied 
in foundation design. 

The general discussion of systems with two degrees of free- 
dom, which is given in this paper, will be of value in many vi- 
bration problems. In order to avoid confusion in a maze of com- 
plicated mathematics, it is necessary to have ready reference 
to the behavior of simple systems, representing approximations 
of the actual systems. 


Lypik JAcopsEN.” I was especially interested in this paper 
as I am at the present engaged in some experimental work con- 
nected with the effect of earthquakes on structures. 

At Stanford University a machine has been designed and built 
to perform model experiments on structures, satisfying, as far 
as possible, the conditions of dynamic similitude. The machine 
consists of a truck, weighing about 6000 Ib., and is built-up of 

19 M.E., Westinghouse Elec. & Mfg. Co., E. Pittsburgh, Pa. 
Assoc-Mem. A.S8.M.E. 

20 Asst. Prof. M.E., Leland Stanford Junior University, Stanford 
University, Calif. 
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8-in. structural steel beams, welded and bolted together. This 
truck is mounted on ordinary car wheels and can be set into a 
vibratory motion by a continuous disturbing force which is pro- 
duced by an unbalanced rotating mass. The truck is anchored 
to a pier by means of a spring so that by changing the speed of 
the rotating disturbing force the system is brought into resonance. 
On top of the truck the experimental models are mounted, very 
simple models being used to begin with. The object of the ex- 
periments is to find the relative strengths of the model structures 
when they are subjected to vibrations. 

Of course such a model in its simplest form would constitute 
a second vibrating system, comparable to the first and coupled 
to it. It is the problem that Ormondroyd and Den Hartog 
have so ably discussed in their paper. 

The remarks that have been made by Mr. Kimball and by 
Mr. Soderberg in regard to the friction have been borne out 
completely by our tests. We do not have velocity damping. 
The damping is different, but in spite of that it is my opinion 
that the theoretical result obtained by Ormondroyd and Den 
Hartog will be in close agreement with experiments. 

Another thing that interested me in the paper is that the authors 
have switched over elegantly from a mechanical system to an 
electrical. I think that it is especially interesting as it shows 
that our minds are getting used to electrical systems more than 


to mechanical. It will be remembered that Lord Kelvin, in his 


early text books, whenever he had to explain mutual induction 
did so by constructing a somewhat complicated mechanical 


system. I think that the authors are to be congratulated on the 
simplification introduced by changing their mechanical problem 
to the more familiar electrical problem. 
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M. W. Torser.*! This paper is an exposition of a valuable and 
creditable practical application of the solutions of the differ- 
ential equations of forced vibrations and the authors are to be 
congratulated. 

One sentence in the first paragraph of the paper stands out 
with a particularly strong appeal to the ship-builder, “The 
fundamental cure for vibration is to remove the periodic dis- 
turbing force causing it.’’ The structure of a ship is necessarily 
cellular, stiffened both longitudinally and transversely. Any 
periodic disturbing force applied to such a structure will quite 
probably find some part where resonance will occur. 

The very pronounced variations in the torque of Diesel-engine 
crankshafts demand the adoption of absorbers or dampers to 
eliminate torsional vibrations, but marine turbines and electrical 
installations present a different sort of problem. In any turbine, 
generator, or motor rotor there may be present simultaneously 
a centrifugal force acting through the center of gravity and a 
dynamic couple exerted upon the axis of rotation. At any given 
angular velocity the centrifugal force is proportional to the mass 
of the rotor and the eccentricity of the center of gravity, hence 
its unit is a foot-pound or inch-ounce. The couple, however, is 
proportional to the mass of the rotor, and to the sum of the mo- 
ments about the center of gravity of the centrifugal forces acting 
upon transverse sections of the rotor, hence its unit is a foot- 
pound-foot or inch-ounce-inch. The units of the two rotational 
effects being inconsistent, neither analytic nor mechanical solu- 
tions for simultaneous determination of the components are 
immediately possible. If, however, motion of a rotor can be 
reduced to two degrees of freedom—both rotations—the effect, 


*! American_Brown Boveri Electric Corporation, Camden, N. J. 
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magnitude, and unit of the couple are unchanged, but the effect of 
the centrifugal force through the center of gravity becomes the 
couple produced by the force and the reaction at the secondary 
axis of rotation. Both rotational effects having been reduced 
to couples, a complete analysis becomes possible. 

Let the rotor shown in Fig. 24 be supported in bearings which 
may be fixed or resilient and resonant. By experiment place a 
temporary weight upon the rotor near the resonant bearing— 
the opposite bearing being fixed—so as to produce equilibrium 
of the system of the angular velocity at which resonance occurs. 
We have then an equilibrium equation stating the relation be- 
tween the temporary weight, the centrifugal force, the couple, 
and the angle between the planes of the centrifugal force and the 
temporary weight. If the process be repeated with bearing char- 
acteristics reversed, a second equilibrium equation is obtained. 
Measurement of the angle between the planes of the temporary 
weights gives a third equation. With three simultaneous equa- 
tions, the three unknown quantities, centrifugal force, couple, 
and angle between them, can be obtained. The solution of the 
general case here presented is original and when disclosed in 
1918 was supposed to be new. 

Referring to the figure, let the B end bearing be fixed, the A 
end bearing be resilient, and A be the moment about the axis 
of the temporary balancing weight which produces equilibrium. 


Then A,l = Mr(n +) = p; Ad =H 
Aal All Al 


be sin (@ — a) sin (180 — ¢) 


sin @ 
H Pp Al 


sin a sin( ¢ — a) sin (180 — ¢) 


p? = (Al)? + H? — 2(Al) H cos (¢ — a) 


also 


Again, let the A end bearing be fixed, the B end bearing be 
resilient, and B be the moment about the axis of the temporary 
balancing weight which produces equilibrium. 

Then BU’ = Mr(m + v) = q; Bal’ = H 


Bul’ BI’ 
gin [180 —(¢ + sing 


sin 8 
q = 
sin8 sin [180 (¢ + 8)] sin 
also g? = (Bl’)? + H* + 2(Bl’) H cos (¢ + 8) 
Now, if we add 

p? = (Al)? + H? — 2(Al) H cos (¢ — a) 

q = (Bl’)? + H* + 2(Bl’) H cos (¢ + 8) 

2pq = 2pq 
we have 
(p + q)? = (Al)? + (Bl’)? + 2H? + 2pq — 2(Al) H cos(¢ — a) 
+ 2(Bl’). H cos (¢ + 8) 


or 


(AD) sin (Bl’) sin 8 
sin (180 — ¢) 
(Al)(Bl’) sin asin B 
sin? @ 


_ sin [180 — + 8)] 


sin 


(Al) sin (¢ — a) 


Iso p = 
sin (180 — @) sin @ 


2 (Al) (Bl’) sin (¢ — @) sin (@ + 8) 
sin? 


Hence 2pq 


Substituting these values of H? and 2pq, we have 


(p = (AD? + (Bl)? 
- 2(Al) (Bl’) sin asin 8 “a 2(Al) (Bl’) sin 8 cos (@ — a) 
sin? @ sin @ 


2(Al) (Bl’) sin (6—a) sin (@ + 3) 
sin? @ 


+ 2(Al) (Bl) a cos + 8) 
sin 
which, when simplified, becomes 
(p + 9)? = (Al)? + (Bl’)? + 2 (AD)(Bl’) cos (a + 8) 
which can be written 
(p + q)? = (Al)* + (BI’')? — 2(Al)(Bl’) cos [180 — (a + 


which in turn defines Fig. 25 giving the solutions for \/,, 
H, and ¢, and from which can be computed the weight and posi- 


+y) 


Fig. 25 


tions of the permanent balancing weights to be attached to the 
rotor. 

This is the general solution. 
and short cuts. 

The experimental determination of A and B at angular ve- 
locities whose periods are synchronous with the periods of the 
resilient bearings can be done with great accuracy and when the 
permanent balancing weights are located according to this 
analysis a rotor is about as accurately balanced as is humanly 
possible. 

All this presupposes that the rotor is a rigid body and that no 
temperature or mechanical distortions take place. When they 
do the vibration absorber will have to be called upon. 


There are several special cases 


S. TrmosHenko.”? [I want to mention here one application 
of the vibration absorber, which I think is very much related 
to what has been presented here. I mean Frahm’s vibration 
absorber. He applied it not only for absorbing the rolling mo- 
tion of the ship, but he was interested also in the vibration of 
the hull of the ship, and he attached some small vibrating springs 
at points of the highest vibration of the hull of the ship. | 
think it was on the aft end. Then by introducing hydraulie 
damping, he damped in this manner the vibration of the hull. 

So he used this type of absorber. I do not know whether it 
was the very first application, but I do know that, for insts.ce, " 
1911 it was presented with a complete theory in the literature 
so that they had this particular case of vibration absor! er. 


22 Univ. of Michigan, Ann Arbor, Mich. Mem. A.S.M.E. 
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In this paper by Ormondroyd and Den Hartog, another 
method of damping vibrations is mentioned, that is by intro- 
ducing stops which prevent the oscillation of a small mass from 
going beyond certain limits. This is an interesting question 
which has to be pursued further in the investigation of this type 
of vibration absorber. It may have some practical interest in 
connection with some patents, because in vibration absorbers 
which are used, for instance, in automobile industry, the effect 
of friction plays an important part. But the energy is dissipated 
not by the use of direct friction, but by a suitable application 
of stops some new possibilities are offered. 

I will also mention one case where a vibration absorber of this 
kind was used in this country. J remember it was in the spring 
of 1923 on a problem of very heavy vibration of a building in 
the textile industry. Vibration absorbers were installed in this 
building with a very successful result. 


L. B. TuckerMaN.?? The paper presents in a clear and in- 
teresting manner an application of the theory of coupled oscillat- 
ing systems to a mechanical problem. The use of the resonant 
system to damp out the vibrations of the generator pedestal 
is ingenious and the model tests are well conceived. 

The paper, however, suffers from a defect all too common in 
American engineering publications. A reader, unfamiliar with 
the literature of the subject, would hardly gain the impression 
from reading it that the equations treated are merely special 
cases of equations which are treated in great detail in many publi- 
cations in the fields of acoustics, alternating currents, more es- 
pecially telephone engineering and radio, and seismology. If 
he desired to pursue the subject further, he would find in the 
article no clew to the publications in which he would seek infor- 
mation. 

The paper would be greatly enhanced in value if this back- 
ground of related topics were briefly indicated and references 
to a few of the more important papers were given. 


Warrer Tatimapce.** It is rather hard for me to agree 
with Mr. Den Hartog in the limitation of this device. Of course, 
everything has its limitation, but there are, no doubt, many 
problems encountered in the field which would be more easily 
solved with the assistance of this device. 

It is evident that something can be done with complicated 
vibration couples in steam piping. For an example, there is 
the plant with reciprocating engines, where the periodicity of 
the pipe vibration will be 300 more than an engine speed of 150, 
and it can be checked up with a tuning fork. 

Then there is the vibration of a building from an engine in 
the basement. I knew of a case 15 years ago where a consulting 
engineer who had a little foresight hung a heavy ring on the 
flagpole on the top of the building, and raised it up and down 
to tune it. 

There was the same problem in the old-style Westinghouse 
governor, in which there were repeated breaks in the governor 
spindle at the root of the thread, where it connected with the 
more massive structure. This was something that would seem 
to be capable of solution. 

A 50,000-kw. turbine would be pulling full load on a system 
with 200,000 kw. connected in, when the spindle would break 
and greatly overload the rest of the system. 

The problem was given serious consideration, and a new spin- 
dle was screwed on an auxiliary spindle with a very heavy base, 
Whereas if the problem of damping the vibration had been prop- 
erly thought out, it could have been solved. 


8 Bureau of Standards, Washington, D. C. 
— Tallmadge & Co., Inc., New York, N. Y. Mem. 
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These illustrations show quite a few applications in practical 
work that seem to be of little importance, in which the alteration 
of the original design will materially change the deflection and 
critical speed. 


Avtuors’ CLOSURE 


Mr. Patitz and Mr. Vogt remark that the usefulness of the 
device is rather restricted on account of the fact that the ab- 
sorber cannot be made sufficiently small. 

The counter-force exerted by it is proportional to m222, where 
the deflection x, determines the stress in the spring. When in- 
stalled on a machine, the amplitude z, will adjust itself to such a 
value as to nearly completely anhihilate the vibration. If the ab- 
sorber is designed too small, this means that the stresses in it 
will be excessive and the spring will fail, as explained in the 
discussion of Equation [6]. Since in a well-balanced machine 
the impulse forces are not so large, and obnoxious vibrations 
are in most cases caused by some resonance condition, it will 
be possible in many practical cases to design an effective absorber 
of moderate dimensions (for instance, in the case shown in Figs. 
8 and 9). The authors do not contend that the application 
of vibration absorbers should take the place of balancing the 
rotating parts. In any case the balancing process has to be 
carried out as perfectly as possible, but experience shows that 
balancing alone does not overcome all troubles in many instances. 
It is for applications of this nature that the absorber may per- 
form a useful function. 

Professor Waters gives a valuable analysis of the transient 
vibrations in the system. However, for applications on constant- 
speed steam turbines these transients are not of importance 
since the slightest amount of damping will destroy them. It 
is only the steady-state vibration which persists. 

The mathematical discussion of the motion-limiting stops 
constitutes a welcome addition to the paper. 

Mr. Kimball’s remark is of especial importance and is based 
on his publication on the Internal Friction in Solids.* 

The law found experimentally by him states that the energy 
dissipation per cycle is proportional to 2%max, is independent 
of the frequency, and gives a logarithmic decrease of the ampli- 
tudes. 

For a single degree of freedom the vibration with viscous- 
fluid damping (as considered in our paper) is expressed by the 


well-known equation: 
mzrt+cer+kr= 


Po sin wt [25] 


The vibration with Kimball's solid damping can be expressed by: 


4+ ke = [26] 


c 
It is only necessary to replace the damping constant c by =. 
Therefore if in all formulas of our paper this substitution is made 
they will be true in the case of Kimball’s solid damping. 
In particular our final result [22] modifies to: 


=p [27] 


c;?2 1 
+5 {p(1— 8)?— B}? 


Mow, 


The numerical calculation of this will give a slightly different 
result than the one which is shown in Fig. 14. But if the word- 


% Mechanical Engineering, vol. 49, no. 5, May, 1927, p. 440. 
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ing of the right-hand ordinate scale of Fig. 14 be changed to: 


12,000 c opt. 
values of ——— —— 


the results will be true with a very good approximation. The 
error introduced is due to the fact that with damping the reso- 
nant frequency and the natural frequency do not coincide (Fig. 
12). From the structure of [27] it can be seen that the error 
in per cent will be less than half the difference between these 
frequencies, i.e., in no case an error larger than 5 per cent is 
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to be expected. The value of the constant c, can be found from 
Mr. Kimball’s values for — in his paper by a simple integration 
process over the geometrical shape of the spring employed. 
This solves our problem completely also for the case of solid 
friction. Mr. Stone’s discussion brings a complete list of the litera- 
ture on the subject and thus answers Mr. Tuckerman’s request. 

The discussions of Messrs. Jacobsen, Soderberg, Torbet, Timo- 
shenko, Tuckerman, and Tallmadge are all very interesting and 
the points brought out in them have been sufficiently answered 
in the review of the first few discussions. 
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Strength of Steel Columns 


Theory of Steel Columns Which Are Stressed Beyond the Proportional Limit and Which 
Are Eccentrically Loaded or Initially Curved 


By H. M. WESTERGAARD,' URBANA, ILL., anp WM. R. OSGOOD,* ITHACA, N. Y. 


SYNOPSIS 
ONSIDER a straight, slender column of homogeneous 
> elastic material. When the ends are forced together 
gradually by a central axial load, this column deflects 
transversely according to the diagram OAB in Fig. 1. One 
may compute by Euler’s formula the critical load, OA, at which 
the column buckles. If the column is made so much shorter 
that the stresses exceed the proportional limit when buckling 
begins, the load-deflection diagram will be of the type of OAB 
in Fig. 2. The load falls off according to the curve AB. If 
the load is slightly eccentric, or the center line of the column 
is slightly curved, or the material is not entirely homogeneous, 
or if these conditions combine, the load-deflection diagram will 
be of the nature of the curve OCD in Fig. 1 for 
the longer column, and of the nature of the curve 
OCD in Fig. 2 for the shorter column. The two 
curves OCD, in Figs. 1 and 2, may be obtained = 4 


sufficiency of the purely experimental method, it appears desir- 
able to account for the physical behavior of the medium-long 
compression member by theoretical analysis. 

The action of columns in which the proportional limit is ex- 
ceeded has been studied by Engesser, Considére, Jasinsky, T. 
v. Kérmdan, and others.* Kdérman, whose theoretical and ex- 
perimental investigation of centrally loaded and of eccentrically 
loaded columns is particularly noteworthy, obtained a close 
agreement between theory and test. 

The method of the present analysis is based on the same 
principles as were used by Kdérmadn. Whule the method is not 
dependent on any particular stress-strain diagram, the numerical 
computations are based on the definite stress-strain diagram 


experimentally. 

The problem of determining the diagrams in 
Fig. 1, which refers to the long column, is im- 
portant. The solution is well known, and is 
simple enough, since no stresses beyond the pro- 
portional limit need be considered. Another 
major problem in the physics of compressive 
strength is to derive the significant properties of 
the diagrams in Fig. 2, which refers to the shorter 
or medium-long column, especially the following: 
the ordinate of the apex C of the curve OCD, 
that is, the maximum load. The object of this 
investigation is to determine this maximum load 
by theoretical analysis. The difficulty of this 
analysis lies in the fact that it is necessary to 
consider the stresses beyond the proportional 
limit. 

It is satisfactory, of course, to refer to tests 
this question of the apex C or the maximum 
load on a medium-long column. One may 
plot the experimental results in a diagram of 


Load 


Load 


the familiar form, with the average axial com- 0 


pressive stress as ordinates and the slenderness 
ratio as abscissas. Points representing the in- 
dividual results form a belt, like the Milky Way. 
Through this belt one may draw curves or lines representing 
the current formulas for columns, such as Rankine’s formula 
or the straight-line formulas, and by this procedure one may 
justify the formulas. The attempted derivations of Rankine’s 
formula that one sees occasionally, in which no consideration 
8 given to the changed condition of the material after the pro- 
portional limit has been exceeded, are, it should be remarked, 
of little value, and leave the proof to the tests. Granted the 
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Fie. 1 Loap-DEFLECTION CURVES FOR 
SLENDER COLUMNS 


deflection beflectior 


Fic. 2 Loap-DeFLecTion CURVES FOR 
SHort CoLuMNS 


which is shown in Fig. 5. In this diagram lines are indicated 
representing stresses which are falling off from a maximum value 


3 F. Engesser, Zeitschrift des Arch.- und Ing.-Vereins zu Han- 
nover, vol. 35, 1889, p. 455, also Schweizerische Bauzeitung, vol. 26, 
1895, p. 24, and Zeitschrift des Vereines deutscher Ingenieure, vol. 42, 
1898, p. 927. 

A. Considére, Congrés international des procédés de constructions, 
Paris, 1891, p. 371. 

F. Jasinsky, Schweizerische Bauzeitung, vol. 25, 1895, p. 172. 

Theo. v. K4rman, Untersuchungen iiber Knickfestigkeit, Mit- 
teilungen tiber Forschungsarbeiten auf dem Gebiete des Ingénieur- 
wesens, no. 81, Berlin, 1910. 

W. Gehler, Die Spannungs-Dehnurgslinie im plastischen Druck- 
bereich und die Knicksparnungslinie, Proceedings of the Second 
International Congress for Applied Mechanics, Zurich, Sept. 12-17, 
1926 (published 1927), pp. 364-367. 

M. Ros, Die Knicksicherheit von an beiden Enden gelenkig 
gelagerten Stiben aus Korstruktionsstahl, ibid., pp. 368-378. 
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reached previously. This feature of the diagram applies to the 
convex side of the column, where, during the progress of bending, 
the compressive stresses fall off after having reached a maximum 
value. The strain at any point in this region depends not only 
on the existing stress, but on the history of this stress: it is a function 
of the existing stress and of the greatest stress that once existed. 
The usual, surely acceptable assumption is made that the 
plane cross-section remains plane after bending. Then the 
following assumption is introduced, after a discussion of its 
admissibility as a basis of computations in spite of its being only 
approximately correct: the compressive stresses are distributed 
within the cross-section as though they had 

XLiilll first been distributed uniformly, and then al- 
lowed to take the values necessary for equi- 
librium under the load. With this assumption 
admitted, there will be an ‘axis of average 
stress” in each cross-section. On one side of 
this axis the stresses will have increased and on 
the other side decreased from the average 
stress, as indicated in Fig. 4. With a given 
axial load and a given maximum compressive 
strain one finds now a definite distribution of 
the stresses in the particular cross-section, a 
definite minimum compressive strain (on the 
convex side of the column), and a definite 
curvature of the center line of the column 
at the particular place. With these relations 
established, one may determine the possible 
shapes of the deflected center line of the 
§ column. Among these possible shapes one is 


to pick out that which corresponds to a maxi- 
mum of the axial load. The methods used 
in establishing this condition of a maximum 
are partly graphical. 

The general methods which are used can be 
applied to columns with a cross-section of any 

i” shape. The numerical work, however, refers 
YIM: to columns of rectangular section only. 
Fie. 3 InitTiaL It is assumed ordinarily that the behavior 
SHAPE OF A of the initially curved pin-ended column 
may be investigated satisfactorily by as- 
Wuicu Tue Tue- Suming instead of the initial curvature an 
ORY OF THE Ec- “equivalent eccentricity of the load,” and 
CENTRICALLY treating the column, then, like an eccen- 
trically loaded straight column. A study 
Can Be Appirep iS undertaken here of the structural be- 

havior of both eccentrically loaded straight 
pin-ended columns and initially curved pin-ended columns, 
with reference especially to the action after the proportional 
limit has been exceeded. This study is made with the purpose 
of comparing the results in the two cases, and for the sake of 
the interest attached to each case separately. 

Fixed-ended columns are ordinarily dealt with by considering 
corresponding pin-ended columns of half the length. These 
pin-ended columns may be either eccentrically loaded or initially 
curved. If they are eccentrically loaded, the fixed-ended col- 
umns to which they correspond will have the shape shown in 
Fig. 3. Such a shape is not likely to occur in the case of an 
actual column. On the other hand, an initially curved pin- 
ended column will correspond to a smoothly curved fixed-ended 
column. It is preferable, therefore, to base conclusions about 
fixed-ended columns on the analysis of initially curved pin-ended 
columns rather than on the analysis of eccentrically loaded pin- 
ended columns. This application to fixed-ended columns repre- 
sents an additional purpose of the investigation of initially curved 
pin-ended columns. 
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In the case of the eccentrically loaded pin-ended column the 
attention is concentrated on the middle cross-section, and the 
diagram of deflections is assumed to be a part of a cosine curve. 
This assumption was not made by Kadrmdn, whose method 
is therefore more nearly exact, but also more complex. The 
errors introduced by this assumption cannot affect the results 
greatly. 

In the case of the initially curved pin-ended columns the 
initial center line is assumed to form one half-wave of a cosine 
curve. The diagram of deflections is expressed in terms of a 
Fourier series (cosine series) with either two or three terms, 
The attention is concentrated on particular cross-sections. 

The investigation leads to three sets of curves which show the 
relation between the slenderness ratio and the average stress 
for steel columns of rectangular cross-section: the first set 
of curves (Fig. 7) is obtained for straight, pin-ended columns 
with various eccentricities of the load; the other two sets (Figs. 
11 and 17) are obtained for initially curved pin-ended columns 
having various degrees of initial curvature. 


NOTATION 


The following notation is used in the development of the 
equations: 


l = length of pin-ended column 

A = cross-sectional area of the column 

P = load on the column 

oo = P/A = average compressive stress in any cross-section 
of the column 

o = compressive stress at any point in a cross-section of the 
column 

o; = minimum compressive stress in the same cross-section 

o, = maximum compressive stress in the same cross-section 

€) = longitudinal compressive strain corresponding to the 
average stress oo 

e = longitudinal compressive strain corresponding to the 
stress o 

€«. = minimum longitudinal compressive strain, corresponding 
to the stress o; 

€: = maximum longitudinal compressive strain, corresponding 
to the stress 

Ae = & 

z = distance measured in a given cross-section from the 
axis of average stress 

£ = distance of a given point of the center line, measured 
vertically from the- horizontal plane through the mid- 
point of the column (the column is assumed to be 
vertical) 

¢ = distance of the same point, measured horizontally from 
the original center line; that is, ¢ is the deflection of 
the column 

n = distance of the same point before loading, measured 
horizontally from the line of action of P 

e = maximum value of 7. In the case of the eccentrically 
loaded pin-ended column, » = const. = e, and ¢ is the 


eccentricity of the load. In the case of the initially 
curved pin-ended column, e is called the crookedness. 

r, y, U,V, W,... = parameters in terms of which the shape 
of the center line is defined 

h = depth of the cross-section of the column, measured in 
direction parallel to the plane in which the center 
line deflects 

b = width of the cross-section of the column 

r = radius of gyration of the cross-section measured in the 
direction of h; for rectangular cross-sections, ' ~ 


h/V/ 12 


|_| 
fi. 
a 
b 
t 
il 
tl 
0 
tl 
( 
if 
st 
tl 
0 
is 
a 
e 
0 
(| 
fe 
& 
it 
tl 
} g 
0 
d 
re 
st 
pl 
at 
pl 


APPLIED MECHANICS 


radius of curvature of the center line of the column at 
any given cross-section 
p) = initial radius of curvature of the center line at the same 
cross-section 


— ao) (€ —e€) de 


S = ———-;S is called the coefficient of the resisting moment. 
Ae)? 

I GENERAL THEORY 

Score OF THE PROBLEM 
The scope of the problem has been defined in the synopsis. 
The investigation is concerned with the determination of the 
maximum loads which can be carried by eccentrically loaded 

pin-ended columns, by initially curved pin-ended 
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e«. The difference e —«, is denoted by Ae. The maximum com- 
pressive stress is denoted by o; and the minimum compressive 
stress by o;. The depth of the cross-section is denoted by h. 
The distribution of stress just outlined may be obtained by 
loading a straight, homogeneous column with vertical, central 
loads only. In general, if the load on an eccentrically loaded 
straight column or on an initially curved column is increased 
gradually, the distribution of stress will at no stage be uniform. 
In the portion where a reduction of stress takes place, the stresses 
will not all be reduced from the same stress oo, but some of them 
probably from smaller stresses. For straight columns on which 
the load is applied with a small eccentricity or for columns having 
only a slight initial curvature, no great error can be introduced, 
however, by assuming the same distribution of stress as is indi- 
cated in Fig. 4. Even if the eccentricity of loading or the initial 


columns, and by initially curved fixed-ended 


— 


columns. 


GENERAL ASSUMPTIONS 


Four general assumptions will be made. They 
are essentially the same as those upon which Karman‘ 
based his analysis. The first three assumptions are: 

(a) The column is of uniform cross-section, and 
the material is homogeneous; 

(b) For small deflections, the relation between 
longitudinal stress and longitudinal strain in any 
individual fiber is the same as that indicated by 
the tension and compression stress-strain diagram 
of the material; and 

(c) Cross-sections remain plane and normal to 
the center line of the column after bending. 

Assumptions (b) and (c) are the same as_ those 
made in the ordinary beam theory. Assumption 
(c) has been shown experimentally by E. Meyer 
to apply approximately, in the case of beams, for 
stresses beyond the proportional limit, even when 
the deformations are much larger than those which 
occur with columns at their maximum loads. 

Consider a column every cross-section of which 
is subjected to the uniform compressive stress oo, 


S/ress 


1 


Center Line 


and in which the stress has nowhere previously 0 
exceeded a. Now let the column be deflected with- 

out changing the vertical loads. By assumptions 

(b) and (c), a new distribution of stress takes place, which is as 
follows: there will be in every cross-section a straight line, the 
axis of average stress, along which oo remains unchanged; on 
one side of this axis the stresses will be increased due to the bend- 
ing, and the distribution of stress will be in accordance with 
the relations of stress to strain as given by the stress-strain dia- 
gram of the material for a single application of the load; on the 
other side of this axis the stresses will be decreased from o» and 
will vary from oo at the axis of average stress to a minimum 
at the outside fiber. In this portion of the cross-section the 
relations of stress to strain are those given in the stress-strain 
diagram for the case of decreasing loads. Fig. 4 shows a possible 
relation between stress and strain in the column. Since the 
strain varies uniformly over the cross-section, the horizontal 
distances in the figure may, with proper choice of scale, be inter- 
preted »s distances in the cross-section. The compressive strain 
at the axis of average stress is denoted by ¢, the maximum com- 
pressive strain by e, and the minimum compressive strain by 


Fic. 4 


‘Loc. cit. 
d * Eugen Meyer, Die Berechnung der Durchbiegung von Stiiben, 
— Material dem Hookeschen Gesetze nicht folgt, Zeitschrift des 
ereines deutscher Ingenieure, vol. 52, 1908, p. 167. 


RELATION BETWEEN STRESS AND STRAIN IN A DeFLECTED COLUMN 


curvature is somewhat larger, the error may be assumed not to 
be serious when the load is close to its maximum value; for at 
this stage the deflections increase considerably for a small in- 
crease in the load, and the stresses will all be reduced from a 
relatively uniform state of stress. Since the determination of 
the maximum load is the main object of the analysis, the following 
fourth assumption will be introduced (this assumption was made 
by K4rmian in his investigation): 

(d) The compressive stresses vary within the cross-section 
in accordance with Fig. 4, as though they had first been distrib- 
uted uniformly, and then allowed to take the values which are 
necessary for equilibrium under the particular load. 


Tue Stress-STRAIN DIAGRAM 


The method presented here is not dependent on any particular 
stress-strain diagram. The numerical results have been obtained, 
however, by using a definite stress-strain diagram, namely, 
that shown in Fig. 5. It is based mainly on data which have 
been obtained by Prof. J. O. Draffin at the University of 
Illinois, as the results of several tests on structural steel. The 
diagram is made up of straight lines except for values of the 
stress between 30,000 Ib. per sq. in. and 36,000 lb. per sq. in. in 
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to the upper end of the line from the origin to the strain 0.001 
and the stress 30,000 lb. per sq. in. 


FUNDAMENTAL EQUATIONS 


The following Equations [1] to [4] are substantially the same 
as the corresponding introductory equations in Karman’s analysis. 
Fig. 6 (a) shows an originally straight pin-ended column 
bent under a vertical load P, the eccentricity of which is the 
same at both ends. Fig. 6 (b) in the same way shows an initially 
curved pin-ended column bent under a vertical load P which 
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compression. This part of the diagram consists of a parabola, The further analysis will be limited to columns of rectangular 
the axis of which is vertical. The vertex lies at the strain 0.0014 —_ cross-section with depth h and width 6. Equation [3] may then 
and the stress 36,000 lb. per sq. in., and the parabola is tangent be written 


bh? e2 
(o — ao) (€ — €)) de = (n + 


(Ae)? 


where » = const. 
introducing the radius of gyration, r = h/ V 12, and by writing 


(5) 


is applied centrally at the ends. In both cases the initial center Equation [4] becomes 


80000 
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Fie. 5 Assumep Srress-Srrain Diacram (Strucrurat STEEL) 


line is shown by a dotted line. With the la) 
distances =, n, and ¢ as indicated in Fig. P 
6 (a) and (6), the following condition of 


= e for eccentrically loaded columns. By 


ool Ae)? 


3 


Inthe case of the eecentrically loaded column 
this equation may be written 


Tue COEFFICIENT OF THE RESISTING 
MoMENT 


One may begin the numerical work by 
computing, for different values of o» and 
Ae, values of the quantity S which occurs 
in Equations [6a] and [6b]. This quantity 
will be called the coefficient of the resisting 
moment. In Equations [5] R is the sum 
of the moments of the shaded areas in Fig. 
4 with respect to the axis of average stress. 
For a given value of oo, one may begin 
by choosing afvalue‘of From the stress 


fc) e) 


equilibrium is found for any cross-section: Z 


dd = Py 
(A) 


where z is the distance from the axis of 
average stress to any point of the cross- 
section, positive when measured toward 
the concave side of the column, o is the 
stress at the same point, and A is the 
area of the cross-section. In the case of 
the eccentrically loaded column, 7 is con- 
stant and equal to the eccentricity e of the 
load. The stress o is a function of « and 
oo [assumption (b)}. In view of the as- 
sumption regarding plane cross-sections 
[assumption (c)], one may write 


77 
a 


where 
Ae = 2 — 6 


(see Fig. 4). Equation [1] then becomes 


h 
(e— €) dA = P(n + £) P 


[3] Fig. 6 Diacrams oF DEFLECTIONS FOR Pin-ENDED CoLUMNS 
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strain diagram of the material the values of « and « are then 
determined and the upper shaded area is defined. The lower 
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of these quantities for any particular value of ¢2 follows in the 
column headed by this value. 


en 
shaded area is equal to it, and this fact makes it possible to de- Table 3 contains values of Ae and S which have been obtained 
termine «, and to define the lower shaded area. When the in this manner for a series of values of o) ranging from 12,000 
4) shaded areas have been defined, their moments with respect to lb. per sq. in. to 75,000 Ib. per sq. in. , 
the axis of average stress may be computed. Thus one obtains 
one set of corresponding values of oo, Ae (= « —«), R, and S. Il THE ECCENTRICALLY LOADED STRAIGHT PIN- 
By The computation just outlined is given in Table 1 for oo = ENDED COLUMN 
2 >. per sq. in. and in Table 2 for = 36,000 lb. per sq. 7 
in. At the top of each table, diagrams are shown which repre- Gesinn: 
sent the relations between stresses and strains in the column : 
5] according to Fig. 4. The shaded areas of Fig. 4 have been In the case of an eccentrically loaded straight column, an 
divided into areas I, II, III, ete., and the value of Ae has been approximate solution may be obtained by assuming that the 
shape of the deflected center line is 
TABLE 1 COMPUTATION OF VALUES OF THE COEFFICIENT OF THE RESISTING MOMENT : ine 6 : 
HEN THE AVERAGE STRESS IS 12,000 LB. PER SQ. I a portion of a cosine curve. This 
ia} curve is indicated in Fig. 6 (a). Its 
20006 20006, equation is 
e = 20s at..... 
por ag where a is equal to 2x divided by 
= the full wave length of the cosine 
5b] 
curve. The cosine curve represents 
of th i 
correctly the shape of tk e center line 
: ” so long as the proportional limit is 
Max. stress o: 30000 24500 35500 36000 36000 36000 36000 geeee not exceeded. It also represents 
Min. stress —6000 11875 —14625 17200 -—21000 —24000 —2 
Areas I 0.00 —0.34 —0.80 —0.80  —0.80 —0.80 —0.80 shape of the center 
n II 5.40 9.60 12.15 15.00 15.00 15.00 15.00 5 ine : w 
oe I+ 5.40 950 1181 14.20 14.20 14.20 14.20 14.20 at the maximum load when ¢ 
“ III 5.40 9.50 11.81 14.20 18.15 21.60 28 03 35 as = 0, even if the proportional limit 
ty IV 3.95 7.40 13.8 21.05: 
Differences of Strain 101 6.600 ‘0.900 i600 1-000 1.000 1.000 1.000 i8 exceeded, for the load-deflection 
ing 1034 0.600 0.796 0.887 0.973 1.100 1.200 1.367 1.533  eurve is then like the curve OAB 
. = 10* de 1.200 1. 506 1.787 1.973 2.265 2.508 2.943 3.410 in Fig. 2, from which it is seen 
‘ig. Moments X 0.000 —0.075 -—0.280 —0.720 -—0.720 -—0.720 -—0.720 —0.72 
$120 7.290 10.000 19.000 10 000 10.000 10.000 load occurs 
. 2.160 5 7.010 9.280 9.280 9.280 9.280 9.280 a deflection which is zero or n 
III 2.160 5040 6990 9.210 13.310 17.280 25.560 36.020 
IV 4.270 8.540 17.800 30.280 zero. Finally, the cosine curve is 
RX 10 4.320 10.085 14.000 18.490 26.860 35.100 52.640 75.580 accurate when e is large, no matter 
S = 0.0002887 a, 0.866 1.143 1.265 1.371 1.511 1.610 1.755 1.875 what the stresses are, for a becomes 
small Fig.6 (a) |, and the portion 
TABLE 2 COMPUTATION OF VALUES OF COEFFICIENT OF : P . 
THE RESISTING MOMENT WHEN THE AVERAGE STRESS 1s 0 the cosine curve representing the center line of the column 
36,000 LB. PER SQ. IN. is practically the arc of a circle. For intermediate values of 
e, and for stresses exceeding the proportional limit, the cosine 
0008333 003925 % shape may be assumed to represent a fair approximation. 
| ‘wee ‘ In consequence of the assumption regarding plane cross-sections 
| Z +3600 | Ww {assumption (c)], one finds at any section 
| /b. ip 
| 2 per $4. Z 
p h 
. : TABLE 3 RELATIONS BETWEEN Ae AND S FOR DIFFERENT 
~ € 
Max. stress 45900 51000 56000 57000 58000 60000 win per 
Min. stress —34000 —34000 —34000 -—34000 -—34000 —34000 12000 18000 24000 30000 34500 
La 7. at at ae 1.200 0.866 0.800 0.385 0.400 0.144 0.727 0.164 0.165 0.0250 
IV 100.0. 200.0 400.0. 1-596 1.143 1.194 0.567 0.792 0.278 0.933 0.188 0.316 0.0408 
10.0 40.0. 1-787 1.265 1.566 0.711 1.267 0.398 1.258 0.211 0.667 0.0538 
VI 1025 «210.0. 440.0. 1-973 1.371 2.144 0.862 1.817 0.478 1.633 0.229 1.267 0.0604 
Differences 10% 25.600 2.265 1.511 2.711 0.959 2.467 0.534 2.058 0.242 2.067 0.0639 
= 2.508 1.610 3.344 1.038 3.085 0.570 2.790 0.257 4.267 0.0674 
— 1.464 3.000 ogg 3-410 1.875 4.547 1.138 4.529 0.623 4.933 0.280 
5.000 10.000 000 
Ib. per sq. in 
10?Ae 18.833 28.843 39.257 45.721 52.257 65.543 
Moments I 0.000 0.327 1.038 36000 44000 53000 56000 75000 
II 3.124 7.410 8.575 8.575 8.575 1034e 103 Ae Ss 10?4e S 10*Ae 
1-026 0.127 
IV 3.583 7.667. 17.333 18-83 0.278 20.98 0.254 5.710.057 39.75 0.140 48.13 0.127 
0.092 0.400 1.867 28-84.0.414 22.840.276 6.84 0.067 48.75 0.171 65.12 0.170 
VI 0.682 «1.559 «39-26 0.536 28.64 0.330 11.29 0.092 59.86 0.208 81.97 0.210 
1036 «8 «12.932 18.201 31.765 45-72 0.595 34.51 0.368 16.78 0.116 76.95 0.260 111.0 0.274 
R 52.26 0.642 40.44 0.399 30.47 0.168 94.530.310 141.1 0.334 
$=0.00009622 Taji 0-278 (0.414 0.536 0.505 0.642 0.71165. 54 0.711 46.43 0.426 58.36 0.264 112.6 0.360 204.9 0.446 
Ae)? 52.49 0.450 87.68 0.353 137.5 0.422 


di 
Vided into differences of strain My My re wa, ete. The first ‘ K4rman (loc. cit.) without making use of this approximate 


line of each table shows values of o; assumed for the purpose of assumption, gave an exact but more complex solution based on 
computing a series of values of Ae and S. The computation Equations [{1]—[4], and applying to the eccentrically loaded column. 
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From Equa- 


where p is the radius of curvature of the column. 
tion [7] is obtained 


1 
- = — — = ga’ cosat..............[9] 
p 


By combining Equations [8] and [9] and introducing the radius 
of gyration r, one finds 


Instead of determining directly the maximum load a column 
can carry when loaded with a given eccentricity, a solution may 
be obtained by finding the maximum eccentricity which is pos- 
sible when a column of given length carries a given load. With 
¢ = 1/2 Equation [7] gives 


The condition that e be a maxi- 
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III THE INITIALLY CURVED PIN-ENDED COLUMN 
METHOD OF ANALYSIS 

If the initial center line of the column is a symmetrical curve 

the center line of the column under load may be defined in terms 

of the Fourier series 

us 


3 7 


¢ = z cos 


Or 
+ w cos 


where 2, y, U, ¥, W,..... are parameters to be determined with 
the help of Equation [6a]. In Fig. 6(b) it is assumed, for ex- 
ample, that the center line is obtained by superposition of the 
three cosine curves in Fig. 6 (c), (d), and (e). 

In consequence of the assumption regarding plane cross-sec- 
tions one finds at any cross-section 


TABLE 4 COMPUTATION OF CORRESPONDING VALUES OF e/r AND 1/r FOR ECCENTRICALLY 
LOADED COLUMNS FOR PARTICULAR VALUES OF oo 


mum is expressed, now, by the 


oo = 12,000 Ib. per sq. in., af = O — 


103 Ae Table 3 1.200 1.596 1.787 1.973 2.265 2.508 
relation rm = 0, which gives S = x/r Table 3 0. 866 1.143 1.265 1.371 1.511 1.610 i358 : a7 
ar Eq. [10] 0.0200 0.0201 0.0202 0.0204 0.0208 0.0212 0.0220 0.0229 
,* a r x,a-graph 0.0000 0.0006 0.0012 0.0021 0.0037 0.0044 0.0063 0. 0087 
of 0.000 0.037 0.075 0.143 0.269 0.338 0.506 0.716 
de e/x } Eq. {11} {12] 0.000 0.056 0.114 0.195 0.320 0.373 0.478 0. 570 
graphically 91 2.75 2.49 2.38 2.15 1.93 
.144 0. 267 0.483 0.600 0.839 1. 069 
157.1 150.9 144.0 134.9 119.7 112.2 97.7 84.1 
, 
cos 5 = 0 oo = 36,000 Ib. per sq. in., af = 0 

08 Ae able 18.83 28.84 39.26 45.72 52.26 65.54 

or S = x/r Table 3 0.278 0.414 0. 536 0.595 0.642 0.711 

ar Eq. [10] 0.1398 0.1422 0.1455 0.1490 0.1533 0.1632 

za’ 1 a oy x,a-graph 0.000 0.025 0.028 0.079 0.113 0.152 

[12] 0.000 0.073 0.103 0.315 0.473 0 663 

a al 1 e/x Eq. {11} {12] 0.000 0.110 0.148 0.355 0.460 0.551 

oon Mate. see al graphically 3.142 2.92 2.84 2.42 2.19 1.97 

2 e/r Si osmie 0.000 0.045 0.079 0.211 0.295 0.392 

ue 22.47 20.60 19.55 16.25 14.30 12.10 


Equations [6b], [7], [10], [11], and [12] may be solved simul- 
taneously for e and | by assigning a set of values to the three 
independent variables oo, Ae, and af. Values of o and Ae are 
chosen, and the coefficient S of the resisting moment is obtained, 
for example, from Table 3. The value of e + ¢ is then known 
by Equation [6b], and after choosing at the value of z may be 
computed from Equation [7]. Then Equation [10] gives the 
value of a (or ar). In this way, for a given value of oo, a series 
of values of z and a may be found corresponding to a series of 
values of Ae. By plotting a against z, a’ (= da/dr) may be 
obtained for the values of xz and a found from Equations [7] and 
[10]. The value of za’/a, the left side of Equation [12], may 
now be computed, and e/z and al evaluated graphically by means 
of Equations [11] and [12]. Then, finally, the values of e and 
l are determined. 

Table 4 shows the numerical computations for o, = 12,000 
Ib. per sq. in. and o» = 36,000 lb. per sq. in. The value of ag 
has been taken equal to zero; if the cosine curve is a good approxi- 
mation, the value of | obtained for a given eccentricity e should 
not be affected greatly by the value chosen for at. With at 
= 0, Equations [6b] and [7] give S = z/r. The values of e/r 
and l/r, computed as indicated, are given in the last two lines 
of each section of the table. 

Computations of this type were made for each value of oo 
which is represented in Table 3. For each value of oo a curve 
was drawn showing the relation between e/r and l/r. The 
results stated in Table 5 were read from these curves. These 
results are represented graphically in Fig. 7, which shows the 
relation between the average stress P/A (= oo) and the slender- 
ness ratio l/r for values of e/r which are multiples of 0.05. 


TABLE 5 VALUES OF I/r OBTAINED FOR DIFFERENT VALUES 
OF oo AND e/r FOR THE ECCENTRICALLY LOADED PIN-ENDED 


COLUMN 

oo 
Ib. per For e/r = 
sq. in. 0.00 0.01 0.05 0.10 0.15 0.20 
12000 157.1 156.0 152.1 147.8 143.6 139.8 
18000 128.2 126.3 120.1 113.6 107.9 102.1 
24000 111.1 107.9 97.2 87.2 78.2 69.6 
30000 99.3 88.0 70.5 53.0 38.0 24.8 
34500 76.7 56.7 15.4 
36000 22.5 22.0 20.4 19.0 17.7 16.5 
44000 20.3 19.8 18.0 16.0 14.0 12.2 
53000 18.5 16.7 11.1 9.6 8.7 8.1 
56000 ie 10.6 9.7 8.7 8.1 rote 
75000 5 9.1 8.1 7.4 

oo 
Ib. per For e/r = 
sq. in. 0.25 0.30 0.35 0.40 0.45 0.50 
12000 136.0 132.4 129.0 125.3 122.0 118.6 
18000 86.1 81.2 76.5 71.7 
24000 61.7 54.1 47.1 40.0 33.0 26.2 
30000 13.1 
34500 
360006 15.3 
44000 10.7 
53000 
56000 
75000 


where py is the initial radius of curvature of the column. From 
Equation [13] one obtains, then, 


1 1 d= x? 3x 


By combining Equations [14] and [15], one finds 


Ae 
rV/12 
al 
me 2 p Po h 
4 
| . 
+ 25ucos—i+.....)...-- [15] 
l 


on 
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3? 3r 5r 
= + 9yc08 ¢ + 251 + 


or by introducing the radius of gyration r = h/V/ 12, 


12 
€ 


A 


7] 3n u 
-cos- § + 9- cos — ~§ + 25- cos —E + 
r l r l r l 


Instead of determining directly the maximum load a column 
of given slenderness ratio can carry, one may begin by finding 
the maximum slenderness ratio a column may have when sub- 
jected to a given load. The parameters z, y, u, v, w,.... must 
be determined, then, so as to make l/r in Equation [17] a maxi- 
mum while at the same time Equation [6a] is satisfied at every 
cross-section. 


60 000 
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SoLuTION With ONE PARAMETER 


The single-parameter solution, which will be investigated 
first, is based on the assumption that the deflection may be ex- 


. 
pressed with sufficient approximation as ¢ = zx cos T é, that is, 


y, u, v, w,... in Equation [13] are assumed to be zero. If the 
stresses do not exceed the proportional limit, this type of solu- 
tion is correct when the initial center line is a flat cosine curve 7 = 


€ cos i §, and is approximately correct when the initial center 


line is any smooth, flat curve with the maximum value of 7 at 
the middle. If the stresses exceed the proportional limit, this 
type of solution is still accurate when the equation of the initial 
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Q0333 


WIP vertical 
36000 In 
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Compression 


center line is 7 = e cos — — with e equal to or nearly equal to 
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Fic. 7 Tue Srrenctu or Eccentricatty Loapep Pin-ENpEp CoLuMNS oF RECTANGULAR CROSS-SECTION 


The first term in the series in Equation [13] ordinarily is the 
Most important in defining the shape of the center line of the 
column, and the importance of the successive terms diminishes. 
In the numerical solution of a given problem, the question pre- 
Sents itself, then, how many of the terms should be kept. If 
the solution obtained by keeping only the first term is a good 
approximation to the solution resulting from considering the 
second term also, then it may be assumed that it will be un- 
hecessary to include terms beyond the second. 


zero; for in this case the load-deflection curve is like the curve 
OAB in Fig. 3, with the maximum load occurring at a deflection 
equal to or nearly equal to zero. 

With y, u, », w,.... = 0, Equations [6a] and [13] give 


7H. M. Westergaard, ‘‘Buckling of Elastic Structures,’’ Trans. 
A.S.C.E., vol. 85, 1922, p. 576 (especially p. 631). 


h ion 
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| 
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r r 
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and Equation [17] becomes 


For a given set of values of oo, , and 7 it is possible to determine 
z, Ae, and l/r so that Equations [18] and [19] are satisfied and 
so that //r is a maximum. A curve is plotted as shown in Fig. 
8, with Ae and S as abscissas and ordinates, respectively. A 
value of ¢/l is chosen and the corresponding value of /r is laid 


off as the distance OA on the axis of ordinates. Any line AB 
is now drawn from A to the curve. The vertical distance be- 
tween A and B, by Equation [18], must then be equal to 2/r 


cos ; t. The value of x determined by this distance, and the 


value of Ae which is equal to the abscissa of the point B satisfy 
Equation [18]. The value of /*/r? which is necessary in order 
that Equation [19] also be satisfied is seen to be proportional 
to the slope of the line AB. The maximum value of l/r is ob- 
tained when the line AB has the greatest possible slope, that is, 
when it is tangent to the curve, or, in the position AB’. 
Since the method is only approximate, it cannot be expected 
that the same value of //r will be obtained independently of the 
section examined. A set of approximate maximum values may 
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Fie. 9 APPLICATION OF THE D1AGRAM IN Fic. 8 TO THE 
MINATION OF l/r WHEN THE AVERAGE Stress Is 12,000 La. ver 
Sq. In. 


ordinates taken from Table 3, are shown in Figs. 9 and 1\) for 
a; = 12,000 lb. per sq. in. and ¢) = 36,000 lb. per sq. in., respec- 
tively. Values of e/r ranging from 0 to 0.50 are laid off on the 
axis of ordinates, and from these points tangents are drawn 


Ae 


Fig. 8 DraGRAM FOR THE APPROXIMATE GRAPHICAL DETERMINA- 
TION OF l/r oN THE Basis oF ONE PARAMETER 


be found by assuming different values of &/l. The smallest 
of these is obtained when the method is applied to that section 
at which 7/r has its maximum value e/r. To be on the side of 
safety, it is advisable to base the solution on the smallest of the 
maximum values of l/r. 


NumericaL CompuTaTION WITH THE Use OF ONE PARAMETER 
Curves of the kind indicated in Fig. 8, with abscissas and 


Ps IN to the curve. The slopes, —— cos— £, of the tangents are 
8 r Ae l 
ty" are measured, and finally the values of |/r are obtained from Equation 
Az + [19], which gives 
| TABLE 6 VALUES OBTAINED FROM FIGS. 9 AND 10 
} oo = 12,000 lb. per sq. in. (Fig. 9) 
e/r 0.00 0.01 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 
«721.7 715.0 687.5 655.0 626.0 598.7 571.7 545.7 520.3 495.3 471.7 4477 
I/r 157.1 156.4 153.3 149.6 146.3 143.0 139.8 136.6 133.4 130.2 127.0 1237 
ML + —oo = 36,000 Ib. per sq. in. (Fig. 10) . 
a 0.00 0.01 0.05 0.10 0.15 0.20 0.25 
14.82 12.67 11.17 9.90 8.68 7.57 
l/r 22.47 22.12 20.80 19.54 18.40 17.21 16.09 


The values of e, cos and obtained in this manner 
r 


for a» = 12,000 lb. per sq. in. and oo = 36,000 lb. per sq. in. are 
given in Table 6. The values of l/r obtained in the same manner 
for all the values of o) and e/r which have been considered are 
given in Table 7. These results are represented graphically 
in Fig. 11 which shows curves for P/A (= oo) and l/r for the 
different values of e. 


Sotution Two PARAMETERS 
The solution will be considered by which two of the parameters, 
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TABLE 7 VALUES OF //r OBTAINED FOR DIFFERENT VALUES 
oo AND e/r FOR THE INITIALLY CURVED PIN-ENDED 
COLUMN BY THE SINGLE-PARAMETER SOLUTION 


Ib. per For e/r = 
sq. in. 0.00 0.01 0.05 0.10 0.15 0.20 
12000 157.1 156.4 153.3 149.6 146.3 143.0 
18000 128.2 126.5 121.2 115.5 110.5 105.5 
»4000 111.1 108.2 99.3 90.0 81.7 73.6 
30000 99.3 90.4 73.3 56.4 41.0 26.7 
34500 76.7 58.5 16.8 
36000 22.5 22.1 20.8 19.5 18.4 17.2 
44000 20.3 20.0 18.4 16.6 14.8 13.0 
3000 18.5 16.8 11.6 9.9 9.1 8.5 
56000 + 9.7 8.9 8.3 
75000 9.5 9.1 8.3 7.6 

a0 
Ib. per - For ¢/r = 
sq. in. 0.25 0.30 0.35 0.40 0.45 0.50 
12000 139.8 136.6 133.4 130.2 127.0 123.7 
18000 100.6 95.6 90.7 85.9 81.1 76.3 
24000 65.7 57.8 50.4 43.4 36.6 30.5 
34500 
36000 16.1 
44000 11.4 
53000 
56000 
75000 


zand y, are retained in the equation of the center line (Equation 
[13]), while u, v, w, . . . are assumed to be zero. 

The initial center line of the column will be assumed to be a 
cosine curve 


of which half the wave length is the length of the column. Equa- 
tions [6a] and [13] then give 


r l r l r l 


and Equation [17] may be written 


y 


cos 

Instead of determining, as in the solution with one parameter, 
the maximum possible slenderness ratio for a column with a 
given crookedness (value of e) and subjected to a given average 
stress, it will be expedient here to determine the maximum crooked- 
ness a column of given slenderness ratio may have when the 
average stress has a given value. Two cross-sections of the 
column are selected at one of which & = & and at the other 
of which = so that 1/2 > & > £20. The corresponding 
values of Ae at these sections are called Ae. and Aes, and the 
corresponding values of S are denoted by S. and S». By sub- 
stituting these sets of values in Equation [21] and multiplying 


by see ; f. in the one case and by sec ; £, in the other case, 
the following two equations are obtained: ~ 


l l l 


3 
l l l 


Similarly, Equation [22] gives: 


+ ot id A [24a] 
r Bec 7 fe 24/1202 800 &...- 

baste — — &...[24b 


The four Equations (23a]—[24b] contain five variables: e, x, y, 
Ae, and Ae, (1 and o» are assumed to be given). These five 
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variables must be determined so that they satisfy the four equa- 
tions and so that e is a maximum. 

The determination of the above-mentioned variables in such 
a way that they satisfy the conditions stated may be accom- 
plished graphically. Two curves are plotted, as in Fig. 12: 


one, curve (a), with abscissas Ae. sec ; & and ordinates Sa, 


sec t.; and the other, curve with abscissas Ae, sec = 


l 
and ordinates S, sec i t,. For any given value of o» curves 


of this kind can be obtained directly from the curve used in the 
single parameter solution for the same value of o) (Figs. 9 and 


Ss | / y, 
a7 0A VA 
/ 
06 
Qs 
%-I6000 per $9. 


7, | | 


| | 
% aw 002 003 004 0.05 


006 
Fic. 10 APPLICATION OF THE DIAGRAM IN Fia. 8 TO THE DeETER- 


MINATION OF |/r WHEN THE AVERAGE Stress Is 36,000 Ls. PER 
Sq. IN. 


10) by multiplying the abscissas and the ordinates of that curve 
by sec 7 £. in the one case and by sec ; &, in the other case. 


Now, through any point A on the axis of ordinates, draw a line 
AB with the slope a V 12 Draw a line d’d with a slope 


one-ninth of the slope of AB and with points of intersection 
with the line AB and the curves (a) and (b) at C, d’, and d re- 
spectively. Through d’ and d draw verticals intersecting AB 
at e’ and e respectively, and intersecting the axis of abscissas 
at a’ and a respectively. Through A draw a horizontal inter- 
secting a’d’ and ad at b’ and b respectively, and through C 
draw a horizontal intersecting a’d’ and ad at c’ and c respectively. 


Assume a value of Ae, so that the abscissa of a is Oa = Ae» 


sec a and assume further that ab = A be = 4 and cd 
Tr Tr 
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y 3x 
= cos — sec — 
r l 


left-hand side of Equation [236], and, since from the definition 


Then ad becomes equal to the 


of the curve (b), ad = S, sec ; fs, ad is equal also to the right- 


hand side of Equation [23b]. Equation [236] is then satisfied 
by the values of Ae», e, z, and y introduced as stated. Again, 
since by the construction of the figure, ce = 9cd, be is equal to 
the left-hand side of Equation [246]; and since the slope of AB 

I? 
is PY and Ab 


to the right-hand side of Equation [24b]. 


Oa = Ae» sec ; £5, be is equal also 


Consequently, the lowing w 


d’'C/Cd = d'e'/ed 


ay. 
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3x 
T Ea sec 


cos sec — £5 


l 


y which was defined by the distance cd. By the same reasoning 
as applied to the case of the curve (6b), Equations [23a] and 
[24a] are seen to be satisfied by the values which have been intro- 
duced for Aea, e, and z, and the value of y’ for y. 

The condition that y’ = y may be expressed 


This condition is satisfied by locating the point d’ in the fol- 
In a direction the slope of which is one-ninth of 
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values introduced for Aes, e, z, and y satisfy Equations [23b] 


and [24b). curve (b) 
Assume next a value of Aes so that Oa’ = Aen sec = §., and 
z y’ jk equal 
assume also that a’b’ = b’c’ = and d'c’ = cos 


ga sec . ta. The values of e and z so introduced are the 


same as those which were defined by the distances ab and be. 
The value of y’, however, may be different from the value of 


curve (c). 
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Tue oF INITIALLY CuRVED PiInN-ENDED CoLUMNS oF RECTANGULAR Cross-Section; Curves BASED ON 
SINGLE-PARAMETER SOLUTION 


the slope of AB, draw any line kji intersecting AB at j and the 
Lay off on this line, to the left of AB, a distance 


located and corresponds to the point i of the curve (b). 
which correspond in the same way to other points of the curve 
(b) may be found by the same procedure. Their locus is the 
The intersections of curves (a) and (c) determine 


The point k is hereby 


Points 


Ai 
| 
- 
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two possible positions of the point d’ for which Equation [25] 
is satisfied. The point d’ will be assumed to be so located. 
Then the values introduced for e, z, y, Aes, and Ae, satisfy 
simultaneously the four Equations [23a]—[24b]. 

For a given value of the slope of AB, an infinite number of 
sets of values of e, x, y, Aea, and Ae, which satisfy equations 


(b) 


Fig 12. (b): sec FE, 
DIAGRAM FOR THE GRAPHICAL SOLUTION OF EQUATIONS 
[23a ]-[24b] 


Fic. 12 


[23a]-[24b] may be found, and these values depend on the 
position of the point A on the axis of ordinates. It remaing 
to locate A so that OA = e/r is a maximum. If AB is moved 
upward parallel to itself, it will be seen that the curve (c) moves 
parallel to itself toward the left in a direction the slope of which 
is one-ninth of the slope of BA. The relative positions of the 
curve (c) and the line AB are determined by the condition [25]. 
Since the point d’ is located as either of the intersections of the 
curve (a) with the curve (c), the highest position of AB which 
gives a solution is the position for which the curve (c) becomes 
tangent to the curve (a). This position may be found, then, 
as indicated in Fig. 13, by moving the curve (c), which has been 
constructed for an arbitrary position of AB, parallel to itself 
in a direction the slope of which is one-ninth of the slope of BA 
until it becomes tangent to the curve (a) at l’. Then the line 
"lis drawn with a slope one-ninth of the slope of AB and inter- 
secting the curve (b) at l. The line A’B’ which replaces AB 
when the curve (c’) replaces (c) intersects the line 1’l at the point 
C’ which divides the distance l’l in the ratio given in Equation 
[25]. Thus the line A’C’B’ may be drawn. The distance 
OA’ is the maximum value of e/r. 

The graphical construction may be simplified when the lower 
Portions of the curves (a) and (b) are straight, and the straight 
portion of curve (a) extends considerably beyond the straight 
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portion of curve (b). The curves (a) and (b) in Fig. 14 corre- 
spond to the curves (a) and (b) in Figs. 12 and 13. Lay off any 


convenient distance mn parallel to the straight portions of the 

curves, draw the line mo with the slope —~7=— and no 


with one-ninth this slope, and locate the point p so that 


3x 
08 sec i 


no/op 


cos — sec 


l l 


Next draw lq parallel to pm, tangent to the curve (6) at l, and in- 
tersecting the curve (a) at g. Finally, draw A’qB’ parallel to mo 
and intersecting the axis of ordinates at A’. The distance OA’ 
is equal to the maximum possible value of e/r, as will be seen by 
following considerations. Draw the line ll’ parallel to pn, and 
intersecting A’B’ and the curve (a) at C’ and l’ respectively. 
The figures ql'C’l and mnop are similar; consequently 


VC'/C = nofop 


and the points 1 and l’ bear the same relation to the line A’B’ 
as in Fig. 12 the points 7 and k bear to the line AB. By applying 


(al: 5g secz 


(a): he, sec FE, 
Ae, sec Fk, 


Fie. 13 DiaGRAM FOR THE GRAPHICAL DETERMINATION OF 
On THE Basis oF Two PARAMETERS 


the construction by which the curve (c) in Fig. 12 was obtained 
from the curve (b) to the line gl and the curve (6) in Fig. 14, 
one would obtain, therefore, the line gl’ and a curve, respectively, 
the latter tangent to ql’ at l’. The points l’, C’, and A’ thus 
have the same significance as the points I’, C’, and A’ in Fig. 
13. 
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A Two-PaRAMETER SOLUTION WiTH CONSIDERATION OF A THIRD 
PARAMETER 


With three parameters z, y, and u retained as variables in 
Equation [13], while the remaining parameters v, w, .. . are 
assumed to be zero, Equations [6a], [13], and [17] lead to the 
following two equations, which correspond to Equations [21] 
and [22] in the two-parameter solution: 


(a) a’ 7) 
| * 
= s 
4) 
A 
0 


(a): sec €, 
(@) Ae, sec 


Fic. 14 Spectat Form or THE DIAGRAM IN Fia. 13 WHEN THE 
Straicgut Portion oF Curve (a) ExTENDS CONSIDERABLY 
BEYOND THE STRAIGHT PoRTION OF CURVE (5) 


With the particular values & = 31/10 and & = 1/10 substi- 
tuted for ¢ in these equations, the terms containing u vanish, and 
these equations lead to equations of the same form as obtained 
in the solution with two parameters; that is, with the particular 
values & = 31/10 and £ = 1/10 the four Equations [23a]-[24b] 
apply to a three-parameter solution. After the determination 
of e, z, and y in accordance with the method described in con- 
nection with Figs. 12-14, and so as to satisfy Equations [23a]- 
(24b] for & = 31/10 and & = 1/10, the Equations [26] and 
[27] for any specified third value £. of — may be solved for the 
two variables u and Ae, S being a function of Ae. 

This solution may be performed, for example, by the follow- 
ing method of trial and interpolation: a value of S is estimated, 
Equation [26] is solved for u, and Equation [27] for Ae; then the 
value of S corresponding to this Ae is compared with the original, 
estimated value. A new value of S may now be estimated, 
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and after repetition of the process the final value of S may be 
found by interpolation. 

By this method the Equations [26] and [27] will be satisfied 
for — = + 1/2, + 31/10, = 1/10, and = &.._ By introducing a 
number of different values of £- representing points throughout 
the length of the column, a value of u may be found by which 
Equations [26] and [27] are satisfied at all these points as nearly 
as possible, for example, by the criterion of the method of least 
squares. 

Although some consideration is given to a third parameter 
u, in view of the fact that the sets of values of e/r, l/r, and » 
are obtained independently of the value of u, this solution wil! 
be referred to as a two-parameter solution. 


NUMERICAL CoMPUTATION WITH THE Use oF Two PARAMETERS 


In accordance with the method just indicated, the values 
&. = 31/10 and & = 1/10 have been selected, and the numerical 
computation has been carried out according to the solution 
described under the heading “Solution with Two Parameters.” 
The numerical work is illustrated in Table 8, where two values 
of the average stress have been assumed as given; namely, 
oo = 12,000 Ib. per sq. in. and a) = 36,000 lb. per sq. in., respec- 
tively. The values of Ae and S in the first two columns of the 
table are taken from Table 3. The values in the middle two 
and in the last two columns have been obtained by multiplying 


the values in the first two columns by sec 7 & = 1.701 and by 


sec ; £)» = 1.051 respectively. The curves (a) and (6) in Figs. 


15 and 16 have been plotted from the values in the last four 

columns in Table 8; these curves correspond to the curves (a) 

and (b) in Fig. 13. In Figs. 15 and 16 sets of lines have been 

drawn corresponding, in Fig. 13, to AB and U’l (full lines), and 

to A’B’ (dotted lines). The slopes, my iar of the lines 


corresponding to AB and A’B’, together with the values of //r 
and the maximum values of e/r, the latter obtained as intercepts 
OA’, are given in Table 9. In order to obtain values of //r 
corresponding to values of e/r which are multiples of 0.05, the 
values of l/r and e/r in Table 9 were plotted against each other 
and the desired intermediate values of l/r read from the resulting 
curves. These values are given in Table 10 in the lines corre- 
sponding to o» = 12,000 lb. per sq. in. and oo = 36,000 lb. per 
sq. in. The values of l/r and e/r given in Table 10 for the re- 
maining values of o) were obtained by the same method. 

The results given in Table 10 are shown graphically in Fig. 
17 by a set of curves which represent the relations between 
P/A (= oo) and l/r for the different values of e. 


VERIFICATION OF RESULTS BY COMPARISON OF THE COMPUTED 
MoMENTS OF THE INTERNAL STRESSES WITH THE COMPUTED 
MoMENTS OF THE EXTERNAL LOADS 


Three typical sets of values of oo, e/r, z/r, and y/r obtained 
in the numerical solution just described have been selected. 
These values are stated at the top of Fig. 18 together with the 
corresponding values of u/r which have been obtained with 
& = 0 as described under the heading “A Two-Parameter 
Solution with Consideration of a Third Parameter.” With 
these sets of values Equations [26] and [27] are satisfied for 
& = + 1/2, + 31/10, + 1/10, and 0. How nearly the two equa- 
tions are satisfied for other values of — may be tested by ‘eter- 
mining values of Ae by Equation [27], and then determining 
the corresponding values of S, the right side of Equation (26), 
by the Ae,S-curves of the type represented in Fig. 8. These 
values of S are compared, finally, with the values which may 


e x y u 5x 
— cos + — cos — — + — cos — + - cos —éE=S......[26] 
ee r l r l r l r l 
— cos — = cos — —cos — = = 
l r l r l ry/12 rt 
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Fic. 15 APPLICATION OF THE D1aGRAM IN Fic. 13 TO THE DeE- 
TERMINATION OF e/r WHEN THE AVERAGE Srress Is 12,000 
Ls. PER Sq. In. 


be computed for the left side in Equation [26]. Since the left 
side in Equation [26] is proportional to the moment of the 
external load, and the right side is proportional to the moment 
of the internal stresses, this comparison is actually a test based 


TABLE 8 COMPUTATIONS FOR FIGS. 15 AND 16 


Values from For curve (a) For curve (5) 
Table 3 Abscissas Ordinates Abscissas Ordinates 
S 1.701 Ae 1.701 S 1.051 Ae 1.051 S 

————oo = 12,000 Ib. per sq. in. (Fig. 15) 
0.001200 0.002041 1.471 0.001261 
0.001596 0.002716 1.945 0.001679 
0.001787 0.001879 
0.001973 : 0.002073 
0.002265 we 0.002381 
0.002508 0.002638 
0.002943 


0.01883 0.01979 
0.02884 0.03030 
0.03926 0.04126 
0.04572 0.04805 
0.05226 0.05492 


on the equality of internal and external moments. The curves 
in Fig. 18 show this comparison. The distances — are measured 
vertically from the tops of the diagrams. In each case the dotted 


€ 
curve represents the values of - cos 3 t (coordinates of the 
r 


initial conter line), the solid curve represents the whole left side 
of Equation [26], and the broken curve represents the values 
of S computed as indicated. The latter two curves have points 
in common for ¢ = 1/2, 31/10, 1/10, and 0 and should be close 
‘o each other at other points. The agreement is satisfactory 
mn the first two cases; but in the third case there is a considerable 
discrepancy, which may be explained, however, by the closeness 
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TABLE 9 VALUES OBTAINED FROM FIGS. 15 AND 16 
co = 12,000 Ib. per sq. in. (Fig. 15) 


721.7 603.1 576.8 551.9 527.7 503.3 480.0 456.8 


157.1 143.5 140.4 137.4 134.3 131.1 128.0 125.0 
0.000 0.208 0.260 0.312 0.363 0.414 0.468 0.520 


—oo = 36,000 Ib. per sq. in. (Fig. 16)——-—-———~ 
14.77 12.74 11.26 10.00 8.88 7.80 


22.47 20.87 19.61 18.48 17.41 16.32 
0.000 0.055 0.108 0.161 0.212 0.264 


N 


(a): 
1051S, 


| 
| 


a] 
(a): L€e 
(0). 108/ 


Fic. 16 APPLICATION OF THE DIAGRAM IN Fic. 13 To THE De- 
TERMINATION OF e/r WHEN THE AVERAGE Stress Is 36,000 
Ls. PER Sq. IN. 


TABLE 10 VALUES OF //r OBTAINED FOR DIFFERENT VALUES 
OF o AND e/r FOR THE INITIALLY CURVED PIN-ENDED 
COLUMN BY THE TWO-PARAMETER SOLUTION 


For ¢/r = 
05 0 


5 


CK 


= 


77 
i? 
e/r 
= 
e/r 
| 4 
a 
Wh | 
Wy, Wi 
) | 
| 
“| / 
| 0 36000 /b. per sq. in. 
2. 
| | | 
0 
0 00/ 002 003 
36,000 Ib. per in. (Fig. 16 1 = re 
0.2927 sq. in. 0 | | 10 0.15 0.20 
| ©. 4351 12000 153.5 150.2 147.1 144.0 
0. 5636 18000 122.0 117.0 112.4 107.6 
0.6256 24000 100.0 92.1 84.4 76.8 am 
0.6745 30000 75.0 59.7 45.2 31.3 x 
36000 21.0 19.8 18.7 17.7 aa 
44000 18.6 16.9 15.2 13.7 ay 
53000 12.2 10.3 9.4 
56000 9.8 9.1 
oo 
sq. in. 0.25 0.30 0.35 0.40 0.45 0.50 4 ae 
12000 140.9 138.0 135.0 132.0 129.0 126.1 
18000 103.1 98.6 94.1 89.7 85.2 80.8 et 
24000 69.4 62.2 55.3 48.4 41.9 36.0 Be Ma 
36000 16.6 
44000 12.2 
75000 


~ 
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of the average stress to the yield point. It may be observed 
that for any value of a which is slightly below the yield point 
a considerable variation of the parameters will be accompanied 
by only a small variation of e/r; consequently, the values of 
oo obtained even in this neighborhood for given values of e/r 
and l/r are probably not far in error. 
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P/A = 36,000 lb. per sq. in. and tangent to the Euler curve 


at P/A = 18,000 lb. per sq. in. 


An examination of the three figures indicates that the three 
curves which correspond to any single value of e lie fairly close 


to each other. The curve for the eccentrically loaded straight 


column lies to the left of the other two in each case. Of the 
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Fic. 17. Tue Srrenetu or INITIALLY Curvep Pin-ENpDED CoLUMNS OF RECTANGULAR CROSS-SECTION; CURVES BAsED ON 
Two-PARAMETER SOLUTION 


IV INITIALLY CURVED FIXED-ENDED COLUMNS 


APPLICATION ‘OF THE SOLUTIONS OBTAINED FOR PIN-ENDED 
CoLuUMNS 


The results of the analysis of the initially curved pin-ended 
column are directly applicable to the initially curved fixed- 
ended column the initial center line of which is a cosine curve 
with wave length equal to the length l’ of the column and with 
points of inflection at the quarter-points of the column (see Fig. 
19). Such a column, with crookedness e’, measured as shown 
in Fig. 19, will carry the same load as a pin-ended column with 
crookedness e = e’/2 and length / = l1’/2. 


V DISCUSSION OF RESULTS 
Tue SrrENGTH-SLENDERNESS CURVES FOR PiN-ENDED COLUMNS 


Figs. 7, 11, and i7 show, in addition to the results found in 
the present investigation, the Euler curve for E = 30,000,000 
Ib. per sq. in. and the Johnson parabola with maximum ordinate 


two curves for the initially curved column, the one obtained 
by the single-parameter solution lies to the left of the one ob- 
tained by the two-parameter solution. From this latter observa- 
tion follows that the simpler investigation, which leads to the 
curves of Fig. 11, gives values which lie on the side of safety. 

It is seen that when e is small, a small increase of e |owers 
the maximum load considerably; but with larger values of ¢ 
the corresponding decreases are smaller. It is seen also that for 
larger values of e portions of the P/A, l/r-curves below the yield 
point become nearly straight. 


CONCLUSIONS 


The action of steel columns which are stressed beyond the 
proportional limit and which are eccentrically loaded or ini- 
tially curved may be analyzed by the methods which have beet 
presented. Two methods were used in analyzing initially curved 
pin-ended columns. By the simpler method results are ob‘ained 
which are on the side of safety and which differ only slightly 
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from those obtained by the more involved and more nearly 


exact method. 
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Discussion 


A. Napa.8 The paper shows in a clear manner that engineers 


can no longer restrict their calculations by the assumption that 
the strains always remain elastic in steel constructions or struc- 
tural parts. One important case in practical design is the buck- 
ling of short steel columns. In the case of a straight, slender 
column of steel, loaded by two axial forces in its direction, it 
isknown that the equilibrium of the column can become unstable. 
The critical value of the force, given by Euler’s formula, is within 
elastic deflections practically independent of the deflection. 
This is no longer true for a steel column in which the stresses 
have reached the yield point. It is an interesting and important 
result of the theory that the critical value of the force under 


which a steel bar in its loaded central line and stressed beyond 
its yiel! point buckles, decreases considerably with the deflection. 

It seems to the writer that the further development of our 
knowledge of the conditions of failure by buckling in such cases 
a8 those mentioned or those in which we cannot content ourselves 
by considering that the deformations remain purely elastic will 
depend largely on some new assumptions which we introduce 
‘8 our mechanical problems. The method proposed by the 
authors seems to be useful for solving problems of equilibrium 
in which plastic deformation occurs; it is very useful in replacing 


_* Research Department, Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. Prof. at the Univ. of Goettingen (Germany). 


Assoc-Mem. A.S.M.E. 


the curve of a stress-strain diagram of a plastic metal which may 
be constructed from test data by two or more straight lines. 
By such an assumption (i.e., by the introduction of a simplified 
form of the strain-strain diagram for steel) it is often possible to 


simplify the mathematical analysis very much. If one restricts 
the deformations to small values, it occurs that the results pre- 


dicted by the theory are in a good agreement with careful tests. 
C. RicHAarRD SODERBERG.’ 


I have had very little connection 
with the practical aspects of the buckling problem and am unable 


to discuss the significance of the authors’ work in extending the 
solution of the buckling problem to the plastic range of the 
stress-strain curve. However, I am very much impressed by 
this extension of the theory and would like to point out the im- 
portance of considering the plastic properties of metals in stress 
problems in general. 

In the treatment of stress problems arising in high-speed 
rotating machinery we have a great number of problems where 


the ordinary solutions, based on the elastic properties of the 
materials, are entirely unsufficient. This applies particularly 
to materials like soft copper, where the original strength is us- 
ually inadequate, but where it is possible to obtain cold-working 
in the application itself, so that the necessary strength is de- 
veloped after the first stress cycle. 


9M. E. Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
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There is a great deal of interesting analytical work to be done 
in extending strength calculations to the plastic range of our 
materials. 


L. H. DonnELL.” It is interesting to note that load-deflection 
curves of even slender columns which start to buckle before the 
proportional limit is reached are, when carried out far enough, 
of the shape shown in Fig. 20, as the total stresses on the concave 
side increase continuously with the deflection and hence must 
soon reach the proportional limit. With decreasing slender- 
ness ratio the curves become like b and c of Fig. 20. 

The complex shape of the curves obtained by the authors 
at very low slenderness ratios is undoubtedly due to the rather 
artificial assumption of straight lines in the upper part of the 
stress-strain curve for the steel used. Ros and Brunner, in a 
recent report for the T.K.V.S.B., Zurich, compute curves, and 
check them fairly well experimentally, which check the authors’ 
results very well except for low slenderness ratios. Here they 
obtain smooth curves as shown in Fig. 2la. Their steel, how- 
ever, has a stress-strain curve as shown in Fig. 21), and this 
accounts for the difference in the results. 

Comparison of the results obtained by the authors for eccen- 
trically loaded and for initially curved columns suggests that 
we may make all our computations for one standard type, such 
as initial curvature in the shape of a single sine wave, and then 
apply these results to any other type of curvature of eecentricity 
by the use of a constant factor for each type. 

It can be shown that this is quite legitimate in the case of col- 
umns loaded below the proportional limit. The results of rather 
rough calculations along this line show, for instance, that an 
eccentrically loaded column with eccentricity e will behave in 
substantially the same way as a similar column with initial sine 
curvature having at the middle an eccentricity of 1.25 e. Simi- 
larly a column with the shape of a double sine curve, Fig. 225, 
having eccentricities of e and e’, as shown, will behave the same 
as a similar column with simple sine curvature having an eccen- 
tricity of approximately e-e’. 

It seems likely that this can be applied with good approxi- 
mation to all columns. When the eccentricities in the authors’ 
curves for eccentrically loaded columns are multiplied by 1.25, 
the curves very nearly coincide with the curves of corresponding 
eccentricity obtained by the authors for initially curved columns. 


Autuors’ CLOSURE 


Sample specimens taken from the same steel column at dif- 
ferent points are likely to show different yield points. With 
so much uncertainty existing concerning the stress-strain dia- 
gram, an analysis based upon a particular stress-strain diagram 
becomes, like a particular series of tests, an example. In inter- 
preting the results one must distinguish then between that 
which is of general importance and that which is merely charac- 
teristic of the example. 

It is important that short compression members have strength 
beyond the yield point. While these members must be so short 
that they would not ordinarily be called columns, still the phe- 
nomenon retains an important place, if not under the heading 
“eolumns,” at any rate under the heading ‘“‘compressive strength.”’ 

It is of some interest that, if the stress-strain diagram shows 
a sudden change of slope at some stress, the diagram for loads 
and slenderness ratios for the straight centrally loaded column 
has a corresponding discontinuity, with a sudden change of the 
corresponding slenderness ratio. It is not important that the 
diagrams show this irregularity at a load of 56,000 lb. per sq. 
in., but it is of some interest that the load-slenderness diagram 
possesses this type of sensitiveness to changes in the stress- 
strain diagram. Similarly, a change of curvature in the stress- 

10 University of Michigan, Ann Arbor, Mich. 
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strain diagram corresponds to a sudden change of slope in the 
load-slenderness diagram for straight centrally loaded columns 
(as shown in the diagrams at a stress of 30.000 Ib. per sq. in.) 
If a discontinuity of slope in the stress-strain diagram, like that 
shown at’ 56,000 lb. per sq. in., occurs at varying values of the 
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stress in different parts of the column, the corresponding «is- 
continuity in the load-slenderness diagram will be ironed out. 
This tendency to smooth out the curves may be combined with 4 
similar tendency, shown in the diagrams, and representing the 
influence of eccentricity of the load or initial curvature of the 
center line, respectively. 

The authors express their indebtedness to those who have 
taken part in the discussion. 
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A Simplified Method of Determining Stresses 
in Rotating Disks 


By M. G. DRIESSEN,' WETTINGEN (AARGAU), SWITZERLAND 


HE problem of the determination of the stresses in a re- 
{er disk is one of considerable practical importance as 

well as of theoretical interest. Since the centrifugal forces 
act in a radial direction it might seem at first that the stresses so 
produced would be largely radial. This is not the case, however. 
Hoop stresses, or tangential stresses, as they are called, also arise, 
with high intensities which exceed the radial stresses at most 
points of the disk. This is because the extensions or strains 
produced along radial lines cannot take place without producing 
corresponding hoop extensions. An extreme case is that of a 
single hoop revolved about its axis, in which case it is evident 
that the stress produced, which tends to burst the hoop, is at 
all points at right angles to the radial centrifugal force. 

The stresses in rotating disks, such as the disks of steam-turbine 
rotors, are usually determined by the Donath method described 
by H. Haerle in his article, “Strength of Rotating Disks,”’ which 
appeared in Engineering for August 9, 1918. 

This method employs charts especially made for the purpose 
in which the sum (S = t + r) and difference (D = t — r) of the 
tangential and radial stresses of parallel-sided disks are plotted 
as functions of the peripheral velocity u. Such a chart is shown in 
Fig. 1, which is taken from Haerle’s paper. To take an example, 
consider a disk of uniform thickness with a central hole of !/s the 
diameter of the disk, revolving at such a speed that the velocity 
of the edge of the bore is 100 ft. per sec. and that of the outside 
edge of the disk is 500 ft. per sec. The stresses in this disk are 
found by selecting from the chart one sum and one difference 
curve. It is evident that at the bore and the edge of the disk 
the radial stress is zero. For such a condition the sum of the 
tangential and radial stresses must equal their difference (S = 
t+ 0and D = t — 0), so that the sum and difference curves 
must intersect on the 100-ft. per sec. line and on the 500-ft. per 
sec. line. This requirement is fulfilled by just one pair of these 
curves. These are shown drawn in heavy lines in Fig. 2. The 
curves of radial and tangential stresses obtained from these are 
also shown. 

Such a chart may also be employed in the determination of 
stresses in a disk decreasing in thickness toward the rim, such 
as is employed in steam turbines. This is done by dividing 
the disk into a number of parallel-sided rings which give a stepped 
cross-section approximating the actual section profile. Starting 
at the center of the disk, the stresses in the rings are found from 
the chart one after another, by suitable adjustments of the 
boundary stresses between successive rings. For details the 
paper by Haerle cited above should be read. 

The principal disadvantage of this method is that it does not 
give the required stresses directly, but depends upon making 
certain initial assumptions and working up to the final result by 
trial and error. 

The purpose of this paper is, first, to shorten the various steps 
hecessary in passing from one element of the disk to the next, 
second, to provide an alternative to this cut-and-try method, 
and third, to indicate a manner by which the results once obtained 
can be used for all other conditions under which this disk is 


1 Sales Dept., Brown Boveri & Co., Ltd., Baden, Switzerland. 

Contributed by the Applied Mechanics Division and presented at 
the Summer Meeting, St. Paul-Minneapolis, Minn., Aug. 27 to 29, 
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employed, i.e., for different loads at the circumference and for 
different speeds. 

In most cases of steam-turbine disks, the radial stresses at the 
rim r, and at the hub r, are given. The former can be calculated 
from the centrifugal force with which the buckets pull on the rim 
by 


w 
= 
2m 
in which w = total centrifugal force of buckets 
x = radius at rim 
yr = thickness of disk at rim. 


The second is assumed to be zero or is given by the shrink pres- 
sure which remains when the disk is rotating. 

Assuming a tangential stress at the hub ¢, and a radial stress 
rr, the absolute value of which is negative, we know the sum 
S = + the difference D = th (Fig. 3.) From 
here we proceed along the sum and difference curves to get S and 
D at the end of section (1) which we call S;.and D;.. The length 
S:-Die is proportional to the radial stress at the end of section (1), 
because Sie — Die = (tie + rie) — (tie — Tie) = 2rie. In chang- 
ing over from the end of section (1) to the beginning of section 
(2) we assume that the radial stresses increase in inverse pro- 
portion to the thicknesses y; and y2; thus:? 


= SiecDie = [1] 
Y2 
Knowing the length S..D.., we still have to find out how far 
Sx» lies above S;. to determine the location of the two points 
Sx» and D». In the above-mentioned paper of H. Haerle it is 
shown that AS = 1.3 Arand AD = —40.7 Ar, the algebraic di‘- 
ference AS — AD being 2 Ar. Now (see also Fig. 3): 
2 Ar = — SicDie = + 
= AS — AD = 1.3 Ar + 0.7 Ar 


From this it follows that the known length S.2»D.».— S-Di. 
has to be divided into two parts: 


1.3 
AS = — 
2 


$26 — Si D, and — AD = SieDie) 
The larger part added to S;. gives the new point S», the smaller 
part subtracted from D,. gives the new point Dz». 

In this way we eliminate the usual table for u, yi, yo, 2, ete. 
and every reading from the curves, everything being done with 
an ordinary decimal scale. This may be illustrated by the follow- 
ing example. 

For a certain disk let y, = 2 in. and y, = 1.3in.; and measured 
From Equation [1] it follows 


from the curves S,-D;. = 3.9 in. 
that 


= SiecDie = 3.9 = 6 in. 


2 
Y2 1.3 


—_ SicDie = 6— 3.9 = 2.1 in. 


2 SDs is a length on the chart and not a product; so is SieDi,. 
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Progressing in this way we find at last the radial stress at the 
rim r’, which should correspond with the stress from the bucket 
load r,. In most cases, of course, we get a different value for 
r’,, 80 that we have to assume a new tangential stress at the hub 
t, (keeping the same radial stress rs), which gives us another 
r’, at the rim. With the old method it was necessary to re- 
peat this until r’, corresponded with sufficient closeness to the 
given rr. 

If, however, the tangential stress at the hub ¢, is plotted against 
the radial stress at the rim, it follows a straight line, so that if we 
know two points, the whole relationship between ¢, and r, is 
known and the ordinate for the given r, (radial stress from bucket 
load) gives directly the tangential stress at the hub (Fig. 6). 


2r, _=2x2000....B | 
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r= Po + + [2] 


From these equations it is clear that all radial and tangential 
stresses r and ¢ follow a straightline law if plotted against r,, 
because rw (tw), TrAThud and Trim Temain constant, and 
the only changing factor is r,. 

We can now express this result in a law which holds for all 
disks, and which in this form is very useful for practical caleu- 
lation: 

If a disk is rotating with a constant angular velocity w, there are four 
parameters which can affect the stresses: viz., the tangential and 
radial stresses at the hub, and the tangential and radial stresses 
at the rim. If two parameters are given the stresses in the disk are 
given, and thus also the two other parameters. If one parameter is 
given (to be constant), all stresses and two other parameters vary 
according to a straight-line law with the fourth parameter. 

It would appear desirable to handle disk stresses and keep a 
record of them in a somewhat different way than has been done 
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Fic. 7 Sum AND DIFFERENCE DIAGRAM 
(Same disk as Fig. 5 at 3000 r.p.m.) 


The proof that there is a straight-line relation between r, and tp 
consists in the superposition of the stresses, which we shall now 
consider. 

(a) Assume that the disk is rotating without buckets, so that 
rr = 0, and with no radial pressure at the hub (rn = 0); the 
only stresses under these conditions are those from the rotation 
of the disk itself (r4 and t, in Fig. 4). 

(b) Consider a stationary disk with a radial pressure of 1 
lb. per sq. in. applied at the hub causing stresses rhub and tu. 
If we apply rx lb. per sq. in. these stresses will grow to rarnuy and 
Tathub- 

(c) With the disk still stationary suppose a radial load of 
1 lb. per sq. in. to be applied at the circumference resulting in 
stresses Trim and f;im. If the radial load be increased to r; lb. 
per sq. in, the stresses will increase to rrrim and Trtrim. 

These three different stresses may be added, giving 


hitherto; i.e., only making stress curves for a certain w and § 
certain radial load from the buckets. It often occurs in turbin' 
building that it is required to use a disk of old design for a sma- 
ler number of r.p.m. and at the same time larger blades tha! 
before. With the old method the disk had to be calculate 
over again, because it was only known that the stresses wer 
proportional to the squares of the r.p.m., but it was not possible 
for instance, to read directly from the stress curves the maximu! 
size that the new blades could be made without exceeding a ce 
tain tangential stress at the hub. 

With the new method, in addition to the stress diagram a fu" 
ther diagram may be drawn up in which the dangerous stress# 
(for instance, the tangential stress at the hub and the radial stre® 
at any point of the disk, where the latter would become excessi¥' 
are plotted as a function of the radial stress r, from the buckets 

In Figs. 5 and 6 both diagrams are drawn for a disk rotatil 
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at 2500 r.p.m. From Fig. 5 we get the radial stress at the rim 
for a certain tangential stress at the hub, which has been plotted 
in Fig. 6. We get thus two points A and B determining a straight 
line giving all tangential stresses for any radial stress from the 
bucket load. 

In the same diagram we can draw the tar; line for a different 
r.p.m. It may be mentioned here, that the general rule that the 
stresses increase proportional with the square of the r.p.m. is only 
true if we assume that the shrink pressure is zero at all r.p.m. 
considered. This is at once clear from Equations [2]: the stresses 
r» due to the disk itself increase with the square of w, and also 
the stresses T,7rim, because the load from the buckets r, in- 
creases in that ratio, but the second term rarpu» does not increase 
but decreases with an increase of w, due to the fact that the 
shrink fit will become looser as the speed becomes higher. 

Now suppose we neglect the shrink pressure, the disk of Fig. 5 
being calculated for r, = 0. Equations [2] could be written: 


r= 


t 


To + 
too + Trbvim 


If we change w, only the first term (for instance ¢,) will change, 
and in a ratio corresponding to w?. The second term will remain 
the same as before if the load due to the centrifugal force of the 
buckets keeps constant. 

It will be clear that the r-t line for a different w can be found by 
increasing the value of ¢ for r- = 0 in a ratio corresponding to 
the square of w, and by drawing from this point a line parallel to 
the original line. 

The disk of Fig. 5, however, has been calculated with a shrink 
pressure of 2000 Ib. per sq. in., a value which is never employed 
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in practice but which is chosen to indicate clearly the effect 
which the shrink pressure has on the stresses. In this case 
the tangential stress t, for 7, = 0 is not only influenced by w 
as in the previous case but also by the shrink pressure, so that we 
cannot simply increase OC (Fig. 6) in the ratio proportional: to w?. 
If we call OC, tho, the latter can be written: 


tho = thow 4. thohub 


If we want the residual shrink pressure to be the same as before, 
only tiow Changes with variation of w, whereas thonu»n Temains con- 
stant. 

In order to find this constant amount thomas, we have to 
make a new stress curve for r, = 0 and ta, having any value. 
This is done in Fig. 5, ts; being 27,000 lb. per sq. in. We arrive 
at a corresponding r;3 of 12,350 lb. per sq. in., which if plotted 
in the ¢-r diagram (point D in Fig. 6) gives the amount DD’ 
by which the tangential stress at the hub increases due to the 
shrink pressure. This amount is constant for all values of r,, 
and thus also for 7, = 0, so that DD’ = thonud. 

In order to obtain the ¢-r line for a new r.p.m., we have to sub- 
tract first DD’ = thon, from OC. 

Now we must increase OF = tio in a ratio proportional to 
w*, getting OF’; to this we have to add again the constant 
amount DD’, and to draw from C’ a line parallel to the original 
t-r line. As a check Fig. 7 represents the same disk calculated 
for 3000 r.p.m., and a radial load of 3750 Ib. per sq. in. at the rim. 
At the hub again a shrink pressure of 2000 lb. per sq. in. was 
assumed. This corresponds, as could be predicted by the r-t 
diagram, Fig. 6, with a tangential stress of 30,000 lb. per sq. in. at 
the hub (point F). 
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Vibration of Frames of Electrical Machines 


By J. P. DEN HARTOG,! EAST PITTSBURGH, PA. 


The paper gives a formula and curves for the calculation of the 
natural frequency of frames with a consideration of the flexibility 
of the feet. As an illustration, an actual example met in practice is 
discussed in detail. 


ciety,? the author gave two formulas with the corresponding 
graphs and tables for the calculation of the natural frequency 

of circular frames of the type illustrated in Fig. 1 
They were derived from the two extreme assumptions that the 
feet of the frame can be regarded either as clamps or as hinges. 
Neither of these corresponds to the actual case, but the two 
formulas give a maximum and a minimum value for the frequency 


¥ A paper presented at the 1927 Spring Meeting of this So- 


Fic. 1 


2 


and it seemed reasonable that the first assumption is more nearly 
correct than the second. 

A number of cases on actual machines which have come up 
during the last year have verified this: the observed frequencies 
were smaller than, and not far removed from, the calculated ones 
for “clamped feet.” No possibility existed, however, of esti- 
mating the error in the natural frequency introduced by the flexi- 
bility of the feet. 

A new formula has now been worked out which takes account 


of this flexibilit y and contains the two previous results as limiting 
cases. 


— 


Cont Engineer, Westinghouse Electric and Manufacturing 
pany. 


* See Trans., vol. 50, no. 17 (1928), paper no. APM-50-6. 


New Meruop or 


Let Fig. 2 represent the original and the distorted shape of 
the frame. The flexibility of the feet is expressed by the ratio 
k = M/y, i.e., the bending moment in inch-pounds at the feet 
necessary to cause a change in slope of a radian. Then the ex- 
pression aRk/EI is to be computed; the meaning of the symbols 
being sufficiently clear from Fig. 2; and the units being expressed 
in radians, inches, and pounds. 

With this expression the value of a parameter @ (expressed in 
degrees) can be taken from Fig. 3. This parameter @ determines 
the flexibility of the feet, and varies between 0 deg. and 77.5 
deg., corresponding to hinged and clamped feet. The stiffer the 
feet, the larger the value of @ will be. 

Fig. 4 fixes the magnitude of a constant C when @ and the 
central angle a@ are known. 

The natural frequency is to be calculated from: 


_£ 
| 
| 
30 EI 
r.p.m. = [El 
R? 


us? 
Fic. OF PARAMETER aS A FUNCTION OF THE SPRING 
ConsTANT k 


where 7 is the mass per inch of circumferential length of the 
frame = '/s times the weight (lb.) per inch. 


NuMERICAL EXAMPLE 


Objectionable 60-cycle vibration was experienced on a turbo- 
generator exciter frame of the following characteristics: 


= 290 deg. = 5.06 radians 


= 11 

= 15 X 106 lb. per sq. in. (cast iron) 

0.031 Ib-sec.?/in.? (pole masses uniformly distri- 
buted) 


For the two extreme cases of hinged and clamped feet (@ = 0 deg. 
and 6 = 77.5 deg.), Fig. 4 gives, respectively: C = 0.32 and 
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€ = 1.12, which, upon substitution in Equation [1], leads to 
the natural frequencies: 20.5 and 72 cycles per second. The 
actual natural frequency must be between these two values 


and will be nearer to the upper limit than the lower. 
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The flexibility of the feet has been calculated approximately on 
the assumptions shown in Fig. 5. The points C and D where 
the bolts go to the foundation have been assumed stationary and 
the structure outside of the angle a = 290 deg. has been replaced 
by the one shown in the lower portion of Fig. 5. 

The flexibility of such a beam can be calculated to 


+ 
so that the quantity in the ordinates of Fig. 3 becomes 
aRk Bak +)? _ 
El 


after substitution of the numerical data. The graph then gives 
6 = 67 deg., which is quite near to the clamped case. From the 


next curve we read C = 1.03 so that the frequency becomes 66 ° 


cycles per second. Resonance curves taken with a vibrograph 
and also some bumping tests showed that the actual frequency 
was 60 cycles. 

This frame was cured by extending some ribs from the feet 


to the middle as indicated by the dotted lines in Fig. 5, which 
brought @ to 270 deg. and @ practically to 77.4 deg. so that 
the new frequency was 94 cycles. 


Appendix 


DERIVATION OF THE FORMULA AND THE CURVES 


The formula for the natural frequency is derived by the same 
(Rayleigh’s) method as used in the previous paper,? which may 
be referred to for details. 

The most important point is the assumption of the shape of 
the distorted center line of the frame. Let w be the radial dis- 
placements and let Fig. 6b represent the w diagram on the 
developed circumference of the frame. The curve taken is a 
pure sine wave. If the part AOA of this curve be taken, the 
ends A have no curvature; consequently, no bending moments 
can exist and the ends are hinged. If the curve BOB represents 
the displacements on the straight line BOB as coordinate axis, 
the curve is tangent to its base line at the ends B; and we have 
the case of clamped ends. 

When some intermediate points C are taken as the end points 
of the w diagram, there will be an angle and curvature both, 
so that we have the case of flexible feet. 

The ordinates of COC can be expressed as: 


2 0) 24 
w = sin gin 3 
a a 
| 
| 
| | 
| 
| 
D 
~~ | 


Fia. 5 


The tangential displacements v can be calculated from {3} by 
means of the non-extensibility condition: 


The boundary condition expresses the fact that the bending 
moment of the feet (k/R) dw/dR equals EI times the change !0 
curvature of the frame at the feet: 
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kw’ El 


(w+w") ato = + a/2.. 


The potential energy stored in the two feet and the ring is: 


Fia. 6a 


and the kinetie energy is: 
(v2? + 


Equating these two the following expression for the natural fre- 
quency is found: 


(w + fur’ w”) L, a/? 
El 0 

| 
a/e 


(v? + 


Carrying out the integrations involved the result becom»s: 


EI Aa + Bat + 
a” = 


A + De? 


[7] 


APM 50 11 il 

where 

A = '/,b? + a?/6b? 

B = — 2a? + 2a?/b? 

( = 4at — 4at/b? 

D= 1/ — 5/ ah? + '/ yb? a? /60b? 

a=r+é 

b = V1 +0)? 


6) 


Since the solution [7] is too complicated for numerical calculation 
its results have been calculated numerically and plotted as a 
function of a and 4 in Fig. 4. 
The relation between the spring constant of the feet k and the 
parameter @ is expreesed by [5] which can be also written as: 
El + 6)? 


k = [8] 
aR (x + 6) ctné@— 1 


plotted in Fig. 3. 

From this last expression it can be seen that fork = 0 (hinged 
ends) @ = O and that for k = 
tor of [8] must vanish or 


© or clamped ends the denomina- 


tan@dé=7 +0 
The smallest root of this is for @ = 77.5 deg., which result has 


been mentioned before. 
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Evaluation of the Technical Worth of a 
Steel From Physical Test Data 


Method of Using the Various Properties to Help Predict the Relative Ability of Steels 
to Withstand Service Stresses 
By A. B. KINZEL,! LONG ISLAND CITY, N. Y. 


N THE design of any steel structure, engineers generally con- 
| sider one property of the steel to be used, such as its ultimate 

strength, yield point, or elongation, on which to base the 
design. A factor of safety is incorporated to allow for variations 
in the material, to allow for localized abnormal service stresses 
in excess of the theoretical design stress, and to take care of un- 
foreseen stresses due to abnormal service. These considera- 
tions are intimately connected with each other in the choice of 
the factor of safety. In general, for a given type of structure 
and service the probability of high local stresses and abnormal 
service conditions is fixed and fairly well known, and the nature 
of the material to be used is the final consideration in determining 
the factor of safety. 

The engineer from his experience stipulates certain minimum 
values for the properties of the material other than that particular 
property on which he is basing the design. In this way he in- 
sures the sufficiency of the factor of safety. If the material does 
not meet these minimum requirements, it is not used for the 
purpose. However, it is quite conceivable that a higher factor 
of safety together with lower minimum requirements would 
give a structure in which the probability of failure would be just 
as small. If the properties are much better than the minimum 
requirements, no reduction in factor of safety is allowed, al- 
though the structure in this case is undoubtedly much safer and 
a reduction of the factor of safety would be logical. 

This paper shows how the various properties of steel may be 
used to help determine the most logical factor of safety. This 
is based on the quantitative evaluation of the technical worth 
of material for a particular service, the technical worth being 
the ability of the material to withstand service stresses. 

The technical worth of the material may be expressed in terms 
of that property on which the design is based. Depending on 
the application, this may be either the maximum allowable 
fiber stress of the material or the ability of the material to with- 
stand stresses which result in plastic deformation without frac- 
turing. 

Engineers generally use the results of the tensile test to enable 
them to select the best material for any particular purpose. 
Often other physical tests are reported as well. In examining 
the results of the tensile test, four properties must be carried 
in mind at once, and if other tests are added, this number is in- 
creased, so that the comparison of various steels for specific 
purposes becomes somewhat complicated and a great deal of 
engineering judgment and experience is necessary in the interpre- 
tation of the data and best selection of material. 

This paper is not an attempt to eliminate engineering judgment 
in this connection, but rather to formulate a set method of apply- 
ing this engineering judgment so that the results of tests may be 
more readily compared. It also shows how the results of the 


application of engineering judgment may be quantitatively 


‘Union Carbide & Carbon Research Laboratories, Inc. 
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expressed. It should be noted in this connection that therefis 
no absolute logical relation between the allowable working fiber 
stress of a given material and its physical properties. Working 
fiber stresses are the result of experience and are purely empirical. 
Knowing from experience the safe working fiber stress of a given 
material for a given purpose and the way this is affected by 
certain modifications of physical properties, the engineer uses his 
judgment to set the safe working fiber stress for any other ma- 
terial which he may consider for the purpose. 


Meruop USED IN THE DETERMINATION 


The area under the curve in the stress-strain diagram obtained 
in the tensile test represents the work done in breaking a piece 
of steel. Where no particular application for the steel is in 
mind, this work is a measure of the intrinsic technical worth of 
the steel. It is an integration of the simultaneous strength- 
duciility conditions. However, the elongation as shown on the 
usual stress-strain diagram is the average percentage elongation 
in2or8in. The worth of a steel is in general also affected by the 
work done over a very short distance immediately adjacent to 
the point of failure. No measurement of the elongation at this 
point is made, but this elongation is a function of the reduction 
of area. 

Generally no picture involving the reduction of area occurs 
to the engineer who considers a service failure. If reduction of 
area be considered, not as cross-sectional contraction, but rather 
as local percentage elongation at the point of failure, a definite 
picture results. A definite relation between reduction of area 
and local fiber elongation exists. A unit volume of the test 
piece before stress is applied will be the original cross-section times 
a definite length. This may be expressed as V = LA. The L 
in this case is the definite length chosen. This length will be 
chosen so small that the section under consideration may be con- 
sidered to be a cylinder even after the material has been de- 
formed. At the instant of failure 


V =(L+dl) (A—C) 


dl being the local fiber elongation at the point of failure and C 
the reduction in area. 

Combining these equations and putting area, reduction of 
area, and elongation on a percentage basis, 


or local percentage fiber elongation at fracture as a function of 
the reduction of area. 
This function will be termed R and used as such throughout 


TABLE 1 

Cc R Cc R 
5 5.25 45 81.8 
10 11.1 50 100 
15 17.6 55 122 
20 25 60 150 
25 33.3 65 185 
30 42.9 70 233 
35 53.8 75 300 
40 66.6 


he 

dl 
L 100—C 
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the paper, although r may be used for particular cases. The 
values of local elongation R corresponding to values of reduc- 
tion of area C are given in Table 1. 

In considering the work done during rupture, a stress-strain 
diagram may be drawn in which load is plotted against this 
function of the reduction of area, and the worth of the steel will 
depend upon the area under this curve as well as that under the 
usual curve. 

These curves have the same ordinate. If we choose a mean 
between the local and average elongation as abscissa, a new 
curve results. The work represented by the area under this new 
curve is probably more representative of the worth than that 
given by the usual diagram. To accurately evaluate the work 
under this curve an integration is necessary. However, a very 
satisfactory approximation may be obtained by assuming that 
the mean ordinate is the average of the yield point and the ulti- 
mate strength. As work is force times distance, the equation 


W ='/,(Y + U) (El + R) 


results. Hl will be used to denote the percentage elongation in 
a definite gage length. This equation is some guide as to intrin- 
sic worth where no particular application is in mind. 

In the application of a steel to a specific purpose, the work 
done in the static tensile test is in itself a minor consideration 
as the steel must meet certain requirements of two distinct kinds, 
strength and ductility. It must have certain strength (ultimate 
tensile); it must have a certain ability to resist deformation 
(yield point); it must have a certain ability to deform uniformly 
(elongation) and locally (reduction of area) without fracturing. 
Moreover, no matter how good any one, two, or three of these 
properties may be, if the fourth is low the steel may still be un- 
satisfactory for a definite application unless the factor of safety 
is high. 

Each of the properties in question is a factor, although not 
necessarily a factor of equal importance. Each factor must be 
appropriately weighted. The most convenient method of weight- 
ing a factor is to give it an exponent whose value may be varied 
for any particular case. In this way worth may be expressed as 


W = Y", U", El‘, 


where Y = the yield point; U = ultimate strength; Hl = per- 
centage elongation in 2 or 8 in.; R = function of the reduction 
of area previously defined; m, n, c, and d = exponents determin- 
ing the relative weight of each of the factors, depending on the 
specific application in mind. 

The previous equation gives a value for absolute worth, which 
in itself has no meaning. However, relative worth has a very real 
meaning, and is the real crux of the matter. Reasoning thus, 
relative worth may be expressed as 


(5) (5) (a) 
w\yY/ \U/ 
In this formula the small letters represent the values for the 
material under consideration and the capitals represent the 
values with which they are being compared. 
It is evident that if some absolute worth value is assigned for 
a basis of comparison, all other values become absolute as well 
as relative. This may be readily done by assigning as standards 
the properties which are known to be mean properties for satis- 
factory service. Physical tests are used to enable the engineer 
to duplicate the properties of some material which he knows by 
experience to be satisfactory for a particular service. This is 
exactly what is proposed in the use of a standard in the formula. 
Moreover, the worth of the standard may be expressed, not 


as some figure having no physical meaning, but as actual worth 
to the engineer. 

In many cases this figure may be the maximum allowable 
fiber stress in the structure. In others it may be a figure which 
measures the ability to deform without rupture. For any given 
service there is a standard material for which there is an abso- 
lute worth to be assigned from experience. For any other ma- 
terial, the physical properties of which are known, the absolute 
worth in terms of maximum allowable fiber stress, for example 
may be determined from the formula. The test of any formula 
of the foregoing type is the nature of the results of its applica- 
tion, and the specific applications which follow are submitted 
to illustrate how the formula may be used. 

It is well known that for certain applications the data obtained 
from the tensile test are insufficient to determine whether or not 
the piece will be satisfactory in service, and a number of other 
tests have been devised. Of these tests the most usual are the 
bend, shock, hardness, Erichsen, fatigue, creep, wear, and corro- 
sion tests. The values obtained from these tests may be used 
in the general formula in exactly the same way as the four values 
obtained from the tensile test. In many cases one or more of 
these physical-test values should be used in connection with the 
results of the tensile test, while in many other cases one or more 
of these physical-test values may be used in place of one or more 
of the values obtained from the tensile test. In the latter event, 
the formula may even be simplified, because basically we are 
generally dealing with only two classes of properties, strength 
and ductility. An example of such a simplification is the sub- 
stitution of a quantitative bend test as devised by the author.’ 
This test is a measure of ductility and gives a value embodying 
properties represented by elongation and reduction of area, and 
this value may be used in place of both elongation and reduction 
of area in the formula. In the consideration of strength, the 
yield point is occasionally an unessential factor because it 1s 
generally sufficiently high compared to the ultimate strength 
and sufficiently dependent upon the ultimate strength so that 
it need not be considered independently of the ultimate strength. 
This makes it possible to set up a worth formula with only tw 
terms, ultimate strength and bend elongation for certain appli- 
cations. This has been carried out in the case of welded joints 
for pressure vessels and is discussed in the following illustrative 
applications of the formula. 

The quantitative bend test, the results of which are used in the 
following application, consists essentially of bending the spec 
men in a vise or press by exerting a couple at the ends of the 
piece and avoiding the use of a tup, pin, or other local applic« 
tion of force at the point of maximum bend. The fiber clongs 
tion at the outside of the bent sample at the point of initial frae- 
ture is measured. This is the figure used as a measure of the 
performance of the specimen on bending. 


Speciric APPLICATIONS 


1 Welded Joints for Pressure Vessels 
Here the modification of the foregoing formula is 


(i) 


If W be calculated as U" B”, a figure results which repre 
sents the worth, but which has no physical significance. 3 
expressing worth in this case as maximum allowable fiber ste 


the worth figure is immediately applicable. Let 7700 |b. P* 


2 “A Critical Study of the Bend Test as Applied to Iron and Stedl 
A.S.S.T., Nov., 1927. ‘Bend Test of Welds,” W. B. Miller, A.W» 
Nov., 1927. 
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sq. in. be the worth for 55,000 lb. per sq. in. strength and 10 per 
cent bend elongation, these being taken as mean standard con- 
ditions. These figures are gleaned from experience. It remains 
simply to evaluate by engineering judgment from experience 
the values of n and m. Other things being equal, the worth 
of steel for this type of service is directly proportional to the 
ultimate strength, so that n becomes 1. 

The assignment of a numerical value to m is somewhat 
more difficult to do and requires the interpretation of engi- 
neering experience into mathematical terms. Consideration of 
allowable values for materials giving satisfactory service in this 
application indicates that the penalty for lack of ductility should 
vary as the cube root of the bend elongation. The cube root is 
indicated rather than the square root or the fourth root, as rela- 
tive worths obtained with these exponents (see Table 3) are 
not consistent with current safe practice. The general formula 
as given is entirely logical. The choice of actual numbers for 
the symbols therein represented is purely empirical, and in this 


1 
case m is chosen as !/3. Perhaps => or some other value close to 


'/; would be equally suitable. 

Substituting the mean property values and exponents in the 

general formula, the specific formula becomes 
1/ 

w u u 


— — o FS = — — 
7700 55,000 \10 7.15 \10 


Table 2 shows the results obtained for maximum allowable 
fiber stress (F'S) based on this formula. 

It will be seen that the values in Table 2 are in accordance 
with good engineering principles and experience, indicating a 


TABLE 2 


J Factor 
Elonga- of safety 
tion by Ultimate strength in thousands of Ib. per sq. in. based on 
bend test 45 50 55 60 65 70 75 ult. str. 

5 5,000 5,600 6,100 6,700 7,200 7,800 8,300 9.0 
7 5,800 6,400 7,000 7,700 8,300 8,900 9,600 7.8 
10 6,300 7,000 7,700 8,400 9,100 9,800 10,500 7.15 
12!/; 6,800 7,600 8,300 9,000 9,800 10,500 11,300 6.65 
15 7,200 8,000 8,800 9,600 10,400 11,100 12,000 6.25 
17'/3 7,600 8,400 9,300 10,100 11,000 11,700 12,700 5.9 
20 &,000 8,800 9,700 10,600 11,400 12,300 13,200 5.7 
22! 2 8,300 9,200 10,100 =11,000- 11,800 12,800 13,700 5.5 
25 5,600 9,500 10,500 11,400 12,400 13,200 14,200 5.3 

TABLE 3 
Elonga- 

tion 

by Factor 
bend Ultimate strength in thousands of Ib. per sq. in. o 
test 45 50 55 60 65 70 75 ~~ safety 


5 * 4,450 4,970 5,500 5,950 6,450 6,950 7,500 10.0 
9,000 5,600 6,100 6,700 7,200 7,8 


7,800 9. 
5,300 5,950 6,500 7,100 7,600 8.250 8,850 8.5 
7/2 5,500 6,100 6,700 7,300 7,900 8,500 9,150 8.2 
5,800 6400 7,000 7,700 8300 8,900 9,600 7.8 
5,900 6,550 7,200 «7,850 8,500. 9,150 9,900 7.6 
6,300 7,000 7,700 8,400 9,100 9,800 10,500 7.15 
6,300 7,000 7,700 8,400 9,100 9,800 10,500 7.15 
6,300 7,000 7,700 8,400 9,100 9,800 10,500 7.15 
12/2 7,100 7,800 8,600 9,400 10,200 11,000 11,800 6.35 
6,500 7,600 8,300 9,000 9,800 10,500 11,300 6.65 
6,700 7,400 8,150 8,900 9,650 10,400 11,200 6.7 
15 7,900 8,800 9,700 10,600 11,500 12,300 13,200 5.7 
7,200 8,000 8,800 9,600 10,400 11,100 12,000 6.25 
7,100 7,800 8,600 9,400 10,200 11,000 11,800 6.35 
17'/4 8,300 9,250 10,200 11,200 12,000 12,900 13,800 5.35 
7,600 8,400 9,300 10,100 11,000 11,700 12,700 5.9 
7,250 8,050 8,850 9,600 10,400 11,300 12,100 6.2 
208,950 9,950 10,900 11,900 12,900 13,900 14,900 5.05 
8,000 8,800 9,700 10,600 11,400 12,300 13,200 5.7 
27300 8,800 9,150 9,950 10,800 11,600 12,500 6.0 
21/2 9.250 10,500 11,500 12,600 13,600 14,700 15,800 4.75 
8,300 9,200 10,100 11,000 11,800 12,800 13,700 5.5 
7,700 8,600 9,400 10,600 11,200 12,000 12,900 5.8 
25 10,000 11,100 12,200 13,600 14,300 15,500 16,600 4.5 
5,600 9,500 10,500 11,400 12,400 13,200 14,200 5.3 
7,950 8,800 9,700 10,600 11,500 12,300 13,200 5.7 


_ 

warn numbers in the first line of each group of three lines are the values 

ond en © square root; those in the second line the values using the cube root; 
ose in the third line the values using the fourth root. 
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TABLE 4 
Worth Factor of 
Allowable safety 
Ult. str. % bend fiber based 
in M elonga- stress on 
Material Ib. /sq. in. tion Ib./sq. in. ult. str. 
Cast iron 20 0.2 750 «27.0 
Structural plate 60 23 11,000 5.45 
3% nickel plate 75 29 15,000 5.0 
Boiler plate 50 100 15,000 3.3 
Chrome-vanadium bar 220 10 30,800 7.15 
Chrome-vanadium bar 135 31 27,500. 4.9 


satisfactory choice of standards and exponents. It is interesting 
to note the results of the application of the formula to a variety 
of engineering materials, as shown in Table 4. Here it is assumed 
that the pressure vessel is jointless and is made of material hav- 
ing the properties indicated. 

It is of course obvious that with the present state of the art, 
jointless pressure vessels of material having the properties of 
heat-treated chrome-vanadium bars cannot be made. The 
table serves merely to show how the formula would apply in ex- 
treme cases. As yet there is no specific experience, but judg- 
ing from general experience the factors as given are probably 
safe. 


2 Steel for Structural Purposes 

Here the yield point is quite important, as any deformation 
in the structure will generally so upset the equilibrium of the 
structure as to cause undue stresses in other parts. With this 
in mind, the exponent is chosen as '/;; this figure, as in the 
case of all exponents here used, is chosen from experience. The 
method of arriving at it is analogous to that fully explained in 
the case of the exponent in the preceding illustration. The 
ultimate strength is even more important; the structure still 
holds together if the ultimate strength is not reached, and the 
exponent may be taken as '/». This exponent may be raised 
if high vibrational or alternating stresses exist. 

These exponents may at first glance appear low, owing to the 
fact that yield point and ultimate strength generally increase 
proportionately, and the effect is much the same as if one fac- 
tor were omitted and the other squared. As the elongation 
plays no role in usual service, it is difficult to weight it. How- 
ever, experience has shown the engineer that elongation is de- 
sirable, and the usual factor of safety is based on a definite 
elongation. The exponent for elongation may be chosen from 
experience as about '/;. The same may be said of the exponent 
for the reduction of area function. The formula then becomes 


Ww Y U El R 

Let U = 60,000; Y = 40,000; El = 25; RA = 55 per cent, 
and R = 122 be chosen as standard mean properties. 

For this material W may again be expressed as allowable fiber 
stress, 16,000 Ib. per sq. in. Table 5 gives worth expressed as 
proposed maximum allowable working fiber stresses in pounds 
per square inch for steel structures, assuming the material to have 
the properties indicated. 


TABLE 5 
Yield Ult. Worth Factor 
point str. Fiber of safety 
M N % stress based 
Ib./sq. lb./sq. el.in % Ib./sq. on ult. 
Material in. in. in. str. 
Structural plate 40 60 25 55 16,000 3.75 
3% nickel plate 45 75 28 54 19,000 3.95 
Special pressure vessel 
plate 30 50 35 65 17,000 2.9 
Special pressure vessel 


low carbon bar 25 43 36 70 16,200 2.7 
Chrome-vanadium bar 200 220 13 33 31,000 fe! 
Chrome-vanadium bar 120 135 20 58 33,000 4.0 


Here again the values seem reasonable, although the factor 
of safety in the case of the extra-ductile materials may be ques- 
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tioned. In view of the fact that such material would probably 
never fracture in service although it would deform under suffi- 
ciently great abnormal stress, this low factor of safety for this 
service seems justified. 


8 Material for Deep Stamping, Such as Automobile Fenders 


This is an entirely different application. Here yield point 
is not particularly important, although the finished article must 
not yield to deformation too readily. As the yield point is 
generally a function of the ultimate strength, the former may be 
dropped and the ultimate strength alone incorporated in the 
formula. If the finished article should yield, it must not frac- 
ture too readily, and the exponent for ultimate strength may be 
chosen as !/;. As in the preceding formulas the choice of the 
exponent must be based on experience. 

Elongation is very important. The material must be able 
to deform without exceeding the total elongation, in this way 
absorbing local forces. The exponent for elongation may be 
chosen as 1/2. Reduction of area is even more important, be- 
cause in making sharp turns it is the local elongation which 
is all-important, and it is at the sharp turn that failure generally 
occurs in deforming. In view of this the factor should be heavily 
weighted, and the exponent may be taken as 1. 


In this case it would probably be advisable to omit certain 
of the tensile-test data and include other tests, such as bend test, 
Erichsen test, etc. It is left to those working in this field to set 
up the proper worth formula. The foregoing is given merely 
to show another possible variation of exponents. 

The following serves to illustrate how the formula may be 
applied, the worth being expressed as allowable local fiber elonga- 
tion in the deep stamping in service modified by the strength. 
The standard is taken as a low-carbon steel. 


50 35 185 100 


Table 6 shows the worth of various materials with properties 
as indicated in terms of the ability to withstand local forces 
either by not yielding or by yielding and not fracturing. 


TABLE 6 
Ult. str. M % elonga- % reduc- 
Material Ib./sq. in, tion in 2” tion of area Worth 
Structural plate 60 25 55 53 
3% nickel plate 75 28 o4 62 
Special pressure vessel 
plate 50 35 65 100 
Special pressure vessel low- 
carbon bar 43 36 70 120 
Chrome-vanadium bar 220 13 33 32 
Chrome-vanadium bar 135 20 58 78 


Here the special pressure-vessel plate is used as a standard 
with the assumption that it will undergo local fiber elongation 
of 100 per cent without fracture. The worth figures in general 
appear reasonable, although those for the chrome-vanadium bars 
seem somewhat low. The standard values and weight exponents 
may be modified by those experienced in this field. 


Frxi1nG THE Economic WortTH 


In order to determine the economic worth of a material for a 
given purpose, it is first necessary to know its technical worth. 
This may then be combined with the cost to give the economic 
worth, the cost factor being used in a manner analogous to the 
use of any of the property factors in the foregoing equations. 


CoNncLusIONs 
The conclusions reached may be given as follows: 
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1 The technical worth of a given material for a given purpose 
may be expressed quantitatively. 

2 In the consideration of material to be applied in service, 
the technical worth for a given purpose may be expressed either 
as the maximum allowable fiber stress or as the ability to with- 
stand or absorb local stresses by plastic deformation. 

3 Once the standard of comparison and proper weight ex- 
ponents for a given application are determined by those qualified 
to do so, even those relatively inexperienced in the particular 
field may evaluate the worth of a given material by simple sub- 
stitution in the formula. 

4 The selection of material on a variable-strength and vari- 
able-ductility basis is more logical than on the basis of a fixed 
or proportional minimum ductility and variable strength. 


Discussion 


Davin Arnorr.? While it has been regular engineering prac- 
tice to specify certain minimum values for the several propertics 
of materials as a basis of design, and, indeed, to limit these char- 
acteristics to within a reasonable range of values by stipulating 
minima and maxima, it is not inconceivable that some system of 
interrelating these various characteristics, such as proposed ly 
the author, would be a very desirable advance in engineering, 
if, at the same time, it can be placed upon a practicable working 
basis. Mr. Kinzel’s contribution is therefore worthy of serious 
thought and deliberation, since he has taken the bold step of 
trying to reduce engineering judgment to a comparatively sim- 
ple analytical procedure. 

Since engineering judgment in assessing the proper allowal)le 
working stress is actually a mental balancing of the various 
physical characteristics of the material considered, no exception 
can be taken to any proposal involving a general equation com- 
bining these various factors in order to obtain an index or rela- 
tive-worth value as the equivalent of engineering judgment. 
It is difficult, however, to accept without substantiating data 
the assumption that relative-worth values will vary as the product 
of the various relative characteristics to some power other than 
unity without other constants or factors in combination. 

In the specific application to welded joints for pressure vess«'s, 
for example, the combination involves merely the ultimate 
strength and elongation, and it should be noted that while the 
worth factor which, in this case, is indicated as the maximum 
allowable fiber stress, varies directly as the ultimate strength 
of the material, that is, with an exponent of unity, it varies as 
the one-third power of the elongation as obtained by the bend 
method. In this connection it is explained that the cube root 
is indicated rather than the square root or fourth root because 
the relative worths obtained thereby are consistent with current 
practice, but since the deduction of the formula is empirical, 
it is suggested that variation of the exponent for the relative 
ultimate strengths should also be considered. 

It should be noted that the formula given is susceptible of 
further reductions so that in its simplest form it can be stated 


as follows: FS = = 3/b; from which it may be readily de- 


duced that the new factor of safety is given by f = = 
In other words, it is proposed that the factor vary inversely a5 
the cube root of the elongation by bend test, not merely of the 
material of the container, but of the combination of material 
and welding at a joint. 

Since the latter can be determined only after the container is 
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completed, however, the method proposed does not lend itself 
readily to the predetermination of design factors. 

It is therefore not the type of formula which, for instance, 
the American Bureau of Shipping could possibly include in its 
rules or regulations, nor is it certain that other administrative 
bodies such as the Steamboat Inspection Service could adopt a 
standard of this kind in marine work. 

The American Bureau of Shipping lays down certain stand- 
ards of construction and workmanship which must necessarily 
be adhered to in the case of classed vessels and their machinery. 
The administration of such work requires that plans be sub- 
mitted and approved before construction is commenced, the 
materials tested by our surveyors, and the work supervised 
during construction. It is apparent, therefore, that in such 
work strength calculations must be based on formulas which 
are definite, and which, while based on certain assumptions, 
nevertheless give concrete results that are directly applicable, 
such as the present formulas embodied in the A.8.M.E. Boiler 
Code and Classification Societies rules. 

lhe author’s formula is useful and may form a proper basis 
for the determination of a practicable working formula. In 
other words, as a means to an end it may be admirable, but it 
is not an end itself. The inspector intrusted with the responsi- 
bility of fixing maximum allowable working pressures for similar 
unfired pressure vessels building in various plants, using entirely 
different welding methods and with nothing more definite than 
Table 2 to guide him, will undoubtedly have a pretty tough job. 


Mvutier.* The paper is interesting and valuable. 
The specific application to welded joints for pressure vessels 
as given does not refer to the physical properties of the weld 
but uses the physical properties of the plate material to evaluate 
the worth of the welded joint. The author, in a way, is justi- 
fied in disregarding the physical properties of the weld if the 
weld has an equal or greater strength than the plates. Should 
the weld be the weaker portion of the vessel, it would be of interest 
to know how the author would evaluate the joint without re- 
course to an unusual factor of safety. 

The value of Table 4 is questioned in view of the assumption 
made. When considering a welded joint, it is difficult to conceive 
welds having the same properties as the plates. 

The author has omitted any reference to evaluating materials 
for high-temperature service. Pressure vessels used at tem- 
peratures ranging from 750 to 950 deg. fahr. are of great concern 
to both the manufacturers and the users. The properties exhi- 
bited by a steel at room temperature may be greatly reduced at 
high temperatures in long-time service. The tensile properties 
of plain carbon and other 8.A.E. steels show a marked decrease in 
strength at temperatures above 700 deg. fahr. As the rate at 
which the strength decreases with an incréase in temperature 
is not the same for the different steels, the ratios of the tensile 
strengths of alloy steel and carbon steel are not the same at high 
temperatures as they are at room temperatures. Such con- 
ditions would seem to preclude the use of room-temperature 
properties to evaluate the worth of different steels for long- 
time high temperatures. 

It is believed that this paper is a step forward in evaluating 
engineering material, but, as pointed out in the discussion, the 
empirical formula given will need to be modified, or interpreted 
differently, to suit the high-temperature conditions. Until such 
time as this work has been successfully completed, only arbi- 
trary standards can be created. 

Referring further to the expression which gives the comparative 
Worth of welded joints for pressure vessels, the writer does not 
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see why the value of elongation obtained from the bend test 
can be substituted for the product of the elongation and reduc- 
tion-of-area factors obtained from the tensile test. A reference 
is made to this relationship by the author, but it seems to the 
writer that this relationship must be shown more conclusively 
to be generally accepted. If it is desired, however, to forget 
this relationship and arbitrarily set up this method as standard 
for this type of construction, then there may also be some ques- 
tion as to whether the values of the exponents chosen are correct. 
There is no absolute proof that the penalty for lack of ductility 
of a material should vary as the cube root of the bend elongation, 
and any standard of this sort is therefore an arbitrary one. It 
is the writer’s opinion that, in the expression given, the factor 
of ductility, as shown by the bend test, is allowed too much 
weight in determining safe design values. 


W. L. Warner The method of evaluating the technical 
worth of materials of construction outlined in the paper is interest- 
ing to all those having to do with the use cf metals, in that the 
method attempts to include all of the physical results of various 
mechanical tests which may be applied in a formula or equation 
to determine a safe allowable design stress. Such a method is, 
no doubt, very attractive to designing engineers, provided all 
factors concerned are included for their proper value. 

The author gives an expression for the worth of any material 
which includes yield point, ultimate strength, elongation, and 
reduction of area as a product of these factors. Just why the 
product is used rather than some other mathematical form is 
not shown, and apparently there is no fundamental reason other 
than the fact that the product is the easiest form to work with. 
In this expression the symbols below the fraction lines represent 
the absolute worth of the physical properties of a standard ma- 
terial with which the corresponding properties of a material under 
consideration are being compared. These standard values to 
be used as such must, of course, be proved by experience and test 
to be satisfactory before being generally used in this formula. 

In the first illustration given, a value of 7700 lb. per sq. in. 
is considered as standard for a material with an ultimate strength 
of 55,000 Ib. per sq. in. and an elongation by a free bend test 
of 10 per cent. This basis of comparison then becomes an arbi- 
trary empirical standard which may be set up for the engineering 
profession to follow in the design of pressure vessels rather than 
an absolute standard determined by careful tests acceptable to 
the entire industry. No reflection is meant by this reference, 
but it is only desired to point out that the determination of an 
absolute standard requires the cooperation of all parties con- 
cerned in the careful preparation of a joint program and con- 
duct of tests. 


H. F. Moore.* A number of attempts have been made to 
combine measures of strength properties and of ductility proper- 
ties of metals into one value which might be used as an index 
of the general serviceability of a metal. 

The author has taken up this problem in a very interesting 
manner. He suggests the use of various factors and by an in- 
genious arrangement of ratios between test values and desired 
values, together with empirical exponents, he outlines a form of 
equation which seems to have considerable promise of useful- 
ness, and obtains a measure in terms of pounds per square inch— 
familiar units to the materials engineer. 

However, in applying his idea to the specific case of welded 
joints for pressure vessels, he seems to assume that the only 
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values to be considered ave static tensile strength and elongation 
as measured by his very ingenious bend test. 

It seems to the writer that it would not be safe to use such 
a general formula for values of welded joints for pressure vessels 
without considering the strength of such joints under repeated 
stress. Very few test data are available on the resistance of 
welded joints to repeated stress. Such data as there are indicate 
that welded joints are markedly weak in this respect. The 
term ‘‘endurance ratio’’ has been suggested for the ratio between 
endurance limit under repeated stress and static tensile strength. 
For such tests of welded joints as have come to the writer’s 
attention, the endurance ratio is very low, about 0.25, not much 
over half the endurance ratio for the original metal. Further 
investigation of the strength of welded joints to resist repeated 
stress is very much needed, and until data from such an investi- 
gation become available, or until there is available a long record 
of years of successful service by welded joints subjected to re- 
peated stress, the writer believes that it will not be feasible to 
determine the values for the fatigue-strength term which should 
be a part of a formula for welded joints for pressure vessels. 

It is to be repeated that the author has proposed a type of 
formula which is of great promise. The fact that objection is 
made to one proposed application of his formula should not be 
construed as any attempt to belittle the value of his general 
scheme. 


J. C. McCune.’ The writer has read the paper with more 
than ordinary interest because it directly affects him as a repre- 
sentative of an organization manufacturing compressed-air reser- 
voirs. 

The acting secretary of the Boiler Code Committee directed 
a communication to the company with which the writer is con- 
nected, soliciting representation at this meeting for the purpose 
of participating in a discussion of Mr. Kinzel’s proposed formula. 
It was explicitly stated in this communication that a new for- 
mula was being studied with a view to its incorporation, together 
with a suitable welding procedure, in the A.S.M.E. Code for 
Unfired Pressure Vessels. In the July (1928) issue of Mechanical 
Engineering, general notice was also given that the Boiler Code 
Committee contemplated the adoption of this formula, and a 
definite valuation of it was presented. 

The writer believes that manufacturers of unfired pressure 
vessels generally have felt that the members of the Boiler Code 
Committee in their formulation of Code for the Unfired Pres- 
sure Vessels reflected a conservative attitude toward the vari- 
ous innovations proposed for reservoir manufacture. It there- 
fore aroused a certain measure of surprise that they should 
seriously propose the adoption of a formula which, as far as any 
published records the writer can find disclose, rests upon no 
test data whatever with actual pressure vessels. If the proposed 
formula is adopted by the Boiler Code Committee, it means, 
as the writer understands it, that whenever unfired pressure 
vessels are constructed under the Code, and fusion welding is 
employed, the strength of the reservoir and therefore the thick- 
ness of sheets, etc., will be based upon the Kinzel formula. In 
view of the practical aspect of such a situation to reservoir manu- 
facturers, it seems that such a formula should only be adopted 
after it has been thoroughly verified by impartial and disin- 
terested experimenters. 

The company with which the writer is connected manufac- 
tures compressed-air reservoirs in very considerable numbers. 
In the comparatively recent past, we commenced to supply 
reservoirs welded by the electric-arc process and to date have 
supplied to our customers approximately 3000 such reservoirs. 
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In no instance whatever has any dissatisfaction been expresse« 
with these reservoirs. 

When the Kinzel formula came to his attention, the writer 
arranged for test specimens of a welded joint to be made in 
accordance with the author's directions, and the percentage 
elongation ascertained as he prescribes. These specimens, to 
the number of twenty, indicated a wide range in elongation. 
As bursting tests made from time to time had indicated a very 
satisfactory uniformity in these reservoirs, we were led to pursue 
the investigation further. 

From our regular production we took five reservoirs, the 
longitudinal seams of which had been electrically arc-welded 
preparatory to making reservoirs 20'/, in. diameter by 48 in. 
long. We cut a 2-in. hoop from the end of these welded sheets 
and from this hoop cut specimens for tests in accordance with 
the instructions laid down by the author. Brazed convex heads 
were applied to the welded sheets and the reservoirs completely 
fabricated. All of these reservoirs were made by identical proc- 
esses, with substantially identical physical dimensions, and 
with sheets rolled from the same heat. 

The five reservoirs were tested hydrostatically to 200 Ib. pres- 
sure, then to 600 and 800, and 1000, and then the pressure on 
the reservoirs was increased so that they were ruptured. The 
five specimens from the five reservoirs showed different percen- 
In one case the elongation was 4.68 per 


tages of elongation. 
In another case 


cent and the reservoir ruptured at 1100 Ib. 
the minute percentage of elongation could not be measured by 
the bend test and this reservoir failed at 1070 Ib. In another 
case the elongation was 9.37 per cent and the reservoir failed 
at 1180 lb. 

The bursting pressures varied from 1060 to 1180 lb., or, taking 
1060 as 100 per cent, the bursting pressures varied from 100 to 
111 per cent. On the other hand, the permissible working 
stresses, as determined by the Kinzel formula, varied compara- 
tively from 100 per cent to 457 per cent. In other words, the 
Kinzel formula, in its practical application, would have permitted 
the specification of a working pressure for one of these reservoirs 
4!/. times as great as another reservoir. Actually the bursting 
pressure of one reservoir was 1180 lb. and of the other, 1070 |b. 

Professor Moore’s comment on the fatigue strength of the 
weld is interesting. Some time ago a statement was made about 
the fatigue tests which attracted the writer’s attention on ac- 
count of the importance of its bearing on air-brake reservoirs. 
It was arranged to construct a reservoir and subject it to a fa- 
tigue test. The test was not continued to the extent mentioned 
by Professor Moore, but slightly more than 500,000 cycles were 
completed. The reservoir was tested at pressures which varied 
from 30 to 130 lb. and back to 30 lb. twelve times per minute. 
At the end of 500,000 cycles the reservoir was subjected to a 
hydrostatic test to measure the amount of elasticity of the ma- 
terial in order to find any change as compared with a reservoir 
which had not been given such a test. The reservoir ruptured 
at 1500 lb. There was a comparison with a riveted reservoir 
and that was substantially identical with the rupture of the 
five reservoirs which had been given that amount of fatigue 
test—that is, just one reservoir. 

The paper states: ‘The test of any formula of the foregoing 
type is the nature of the results of its application.” A test of 
five reservoirs is by no means conclusive. Our results so far 
indicate, however, that the formula is not sufficiently well founded 
to justify its adoption by the Boiler Code Committee for all 
unfired vessels without any exceptions. 

The opening paragraph of the paper mentions four factors 
having to do with material which must be considered in the de- 
sign of a structure. Further in his paper, the author empha- 
sizes the need for ductility. His paper refers to three specific 
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applications of his formula, but the one of chief interest to the 
writer is in welded joints for pressure vessels because of its pro- 
posed adoption by the Boiler Code Committee. In this formula 
the author assigns great significance to the ductility of the weld. 
What experience of the author’s with reservoirs has indicated 
to him that ductility is so important? Since air brakes were 
first applied to railroad vehicles, some 60 years ago, cast-iron 
reservoirs have been employed for storage purposes. These 
reservoirs have been made in very large numbers. The writer’s 
company has made approximately four million cast-iron reser- 
voirs of one particular type. Many more reservoirs of this type 
are in service, not only throughout the United States, but in 
all parts of the world where railroads are operated. In fact, 
this particular cast-iron reservoir is of the style supplied with 
air-brake equipments on freight cars, and therefore each freight 
car in the United States and in many foreign countries is equipped 
with such a reservoir. By the Kinzel formula such reservoirs 
could not be constructed because the material shows no measure- 
able elongation when tested by the Kinzel method. The Kin- 
zel formula for maximum allowable working fiber stresses, there- 
fore, becomes indeterminate. Using the percentage elongation 
given in Table 4, however, it is found that these particular reser- 
voirs should be made more than twice as thick as is now the 
practice. In other words, this reservoir which has been used 
in such very large quantities and in all parts of the world with- 
out, to the best of the writer’s knowledge, a single instance of 
rupture due to excessive fiber stresses, is indicated by this for- 
mula to have a thickness of material less than one half what it 
ought to be for adequate safety. Applying the Kinzel formula 
to cast-iron reservoirs is beyond the purpose which the author 
evidently intends it. It has been done, however, only to suggest 
that ductility is not as important a factor as the formula would 
make it. 

From all of the foregoing the writer is very strongly of the 
opinion that the Boiler Code Committee should defer any ac- 
tion upon the Kinzel formula until greater opportunity has been 
given for its verification by experimental testing covering the 
many different conditions to which the Kinzel formula would 
have to be applied in case it were incorporated in the code for 
Unfired Pressure Vessels. 


S. J. Raerz.¢. I was very much interested in the remarks 
read, especially those by J. C. McCune relating to the air reser- 
voirs. 

There are about 60,000 to 65,000 locomotives on American 
railroads today, all of which have from one to four reservoirs, 
and these are also on all passenger cars. On freight equipment 
the reservoirs are made of cast iron, and from the remarks made 
by Mr. McCune it does not seem that it would be advisable 
to adopt the formula. Conditions being as Ke stated them, it 
would seem that further experimentation should be carried on 
before the formula is adopted. 

The steel reservoirs mentioned before are longitudinally riveted 
and the type of welding, either the are or torch method, that 
will give the most satisfactory and safe results, considering econ- 
omy, is the one the railroads or any user is looking for in unfired 
pressure vessels. 


C.W. Oserr I wish to refer to one feature of Mr. McCune’s 
discussion which has to do with the railroads. It has been men- 
tioned that on the steam railroads cast iron is used for air-brake 
reservoirs. Air-brake reservoirs come under the control of the 
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Interstate Commerce Commission code. As far as the Boiler 
Codes Committee’s contact with cast iron is concerned, I will 
state it is very limited. There is nothing in the code for unfired 
pressure vessels that bears on cast iron, there having been little 
information on this as a construction material when that code 
was formulated. As I understand it, the states are not permitting 
the use of cast-iron reservoirs, and therefore we are not concerned 
with the treatment of cast-iron vessels. 

This discussion is, if I understand it, to bring out all the data 
it can and in some manner attempt to approach a settlement 
of this very difficult problem of evaluating welded joints. If 
this paper can accomplish that end, it will help the Boiler Code 
Committee to arrive at something that will be eligible for codifi- 
cation on welded pressure vessels. 


S. J. Raerz.8 Mr. Obert raises a question about the Boiler 
Code Committee having nothing to do directly with the rail- 
roads. I grant that as far as the I.C.C. limitation is concerned, 
but it is my opinion that this organization should be careful 
what it does, because the American Railroad Association is likely 
to adopt A.S.M.E. recommendations. They will then be followed 
by the I.C.C. and thereafter by the railroad companies, so that 
the railroads some day may be governed by rules and formulas 
set up by The American Society of Mechanical Engineers. 


J.C. McCune.’ I should like to supplement what Mr. Raetz 
has said because the I.C.C. has jurisdiction over reservoirs ap- 
plied to railroad vehicles, but the A.S.M.E. Boiler Code Com- 
mittee specifically exempts such vehicles from the Code. If 
the A.S.M.E. Code is adopted, it may apply directly to steam 
railroads. Furthermore, electric railroads are not accustomed 
to the provisions of the A.S.M.E. Boiler Code. Certain rail- 
roads have asked that reservoirs be constructed in accordance 
with the provisions of that Code. A cast-iron reservoir has 
practically no ductility, and if ductility were of the greatest 
moment in connection with the construction of a steel reservoir 
the proposition would be different from what it is in the con- 
struction of a cast-iron reservoir. It seems to me it is reasonable 
to assume that it is not of the particular consequence that the 
author has assigned to it in the construction of steel reservoirs. 


E. R. Fisn.” This paper is of particular interest as regards 
welded vessels. It is on investigations and suggestions of this 
sort that we must base our ultimate decision as to what is to 
be done. It is unfortunate that the idea seems to be prevalent 
that the Boiler Code Committee is on the verge of adopting 
the formula proposed by the author. That is far from being 
the case. The mere fact that it has been and is being tried out 
is not to be taken as prima facie evidence that it is on the verge 
of being adopted. The Boiler Code Committee is to be com- 
mended for the slowness and conservativeness with which it 
goes about making any changes, and it has also been criticized 
very severely. 

The matter of welded vessels is one that is having very serious 
consideration, and a good deal of pressure is being exerted to 
permit welding to a greater extent than it is now permitted. 
On the other hand, a good deal of pressure is being exerted against 
permitting it, from various sources, so we are rather “between 
the devil and the deep sea.”” The Committee is approaching 
the matter carefully and with as much consideration as possible. 

The question of ductility in vessels constructed of steel plate 
seems to most of us to be worthy of a good deal of attention. 
The difference between plate-steel construction and cast iron, 
of course, is very great. Cast-iron vessels are usually made 
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with a fairly thick wall and are used for purposes quite different 
from those for which plate-steel vessels are used. 

The uses to which pressure vessels are put are so wide and the 
ramifications are so great that much difficulty is experienced 
in providing working rules that will be fair to all. It seems 
to be almost impossible to work out regulations that will not 
be too generous for some purposes and too restrictive for others. 
Most of us are rather inclined, in connection with the plate metal, 
to think that it is necessary for the weld metal to have substan- 
tially the same characteristics as the base metal—the metal to 
he joined together. Whether we are entirely right or wrong 
in that opinion may be questioned. Base-metal vessels are 
subjected to distortion stresses of one kind or another that tend 
to concentrate the stresses arising from the internal pressure 
at the weakest point or the place where the characteristics of 
the metal differ to some extent from those of the majority of 
the plates. The formula proposed in the previous paper on 
which the bend test is based seems to me a logical method of 
determining that point. If we have two tensile-test specimens 
of the usual hind, one having been welded and the other solid 
metal, the welded specimen will probably break outside of the 
weld, and we at once conclude the weld is stronger than the base 
metal. An examination of the specimen will show a very de- 
cided hump or enlargement at the point of the weld, which is 
prima facie evidence that it lacks ductility in a very considerable 
degree. The solid specimen will pull down very uniformly 
throughout the whole length, and measurements before and after 
the pulling will give the percentage of elongation. If a welded 
test specimen could be pulled with substantially uniform elonga- 
tion through the length of the specimen, as in the solid plates, 
conditions would be ideal. If a welded joint with characteristics 
of that sort can be obtained we have solved the problem of welded 
construction, and there would be no question about permitting 
the use of welding generally. 

One of the great difficulties with welded construction is that 
of getting uniform workmanship. In many of the larger plants 
where great care is exercised in the character of the workmen 
and the workmanship, this is probably a less important element 
than in places where not so much care is exercised, where 
the training of the men is not so carefully supervised, and 
where, therefore, the nature of the work is much less depend- 
able. As far as the Boiler Code Committee is concerned, it 
must take into consideration all of these factors. Whether or 
not it can be done by tests of various sorts is to be found out on 
the basis of suggestions such as those in this paper under dis- 
cussion. The research laboratories with which the author is 
connected are doing creditable work. They are making sug- 
gestions which may or may not be acceptable, but which will, 
nevertheless, help in the progress of the art of welding. Un- 
questionably before very long more welding will be permitted 
than has been in the past. It is possible that the Boiler Code 
Committee may have to say simply what characteristics the 
welded vessel must have in order to be acceptable, leaving the 
methods by which these results are obtained up to the manufac- 
turers and those who do the welding and make vessels for use 
in the industries generally. 


Ety C. Hurcuinson.!! It is our opinion that the suggested 
method of establishing the maximum allowable working stress 
in fusion-welded joints is rational. The manner in which it 
takes the human factor into account, while providing a practi- 
cally uniform safety factor, seems to the writer very satisfactory 
and to form a logical basis upon which to build a code for fusion 
welding. 

11 President, Pelton Water Wheel Co., San Francisco, Cal. Mem. 
A.S.M.E. 
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Mortimer F. Sayre."? I should like to express my appre- 
ciation of the paper as one which gives a practical working method 
of evaluating the worth of a material. The use of exponents 
varying with the characteristics of the use of the material is a 
good suggestion. In some cases, I wonder whether the natural 
form of equation was used. For use for deep stamping, ma- 
terials with less than a certain elongation would not stamp and 
would consequently be worthless. If that limiting value be, 
say, 10 per cent, then the elongation factor might be the actual 
elongation minus 10, raised to some power as a fairer figure 
than the elongation itself. 

Considerable caution would have to be used in selecting the 
exponents. For instance, in structural work, in tension, a double 
strength of material would halve the area required and conse- 
quently the tensile strength might appear as a factor to the 
first power. Where material is used in bending, however, a 
doubled tensile strength does not double the value of the ma- 
terial. Both depth and thickness would have to be reduced 
in much the same ratio in taking advantage of the added strength, 
and, since strength varies as the square of the depth, the weight 
of metal required would vary about as the ?/; power of the ten- 
sile strength of the material and not as its first power. On the 
other hand, where resilience is an important factor, as in spring 
materials, the effect of a doubled tensile strength would be to 
quadruple the utility of the material. 

A good deal of caution is sometimes necessary in dealing wit) 
reduction of area as a measure of the utility of the material. 
Where rectangular test samples are used, failure may occur 
either as a cup fracture with relatively high reduction of area, 
or as a simple diagonal-shear failure with a very much lower 
percentage of reduction of area. These two different types o! 
failure may occur in different specimens taken even from the 
same sheet. As a result of these two different types of break, 
we may have quite erratic values of reduction of area. This 
statement is not intended to minimize the value of “reduction 
of area’’ as a measure of the properties of the material, in fact 
I sometimes feel that we do not pay sufficient attention to it 
The true load on the test specimen at the moment of the break, 
divided by the area of the break itself, is to some extent a measur 
of the true inherent strength of the material and may be of cox- 
siderable value in determining the ability of that material] to re 
sist high localized stresses, as at notches or sharp fillets in a con 
structed machine. 

The method suggested by the author is one which has cot 
siderable promise and I should like to recommend it, or som 


modification of it, for those problems where materials for ol 
specific application are to be compared and where the differett | 
factors, which must enter into the equations, can be proper!) 
selected. 


J. P. DenHarroa.'® I have read the paper with great inte” 
est and find that it stimulates a great deal of thought. 

The idea of “technical worth” is something unfamiliar; eng | 
neers are accustomed to work with the “factor of safety,” whic 
is the reciprocal of it. If for a given application there are WW 
materials available, and by using the first we obtain a facts 
of safety of 3, and by using the second a factor of safety of 4 
Mr. Kinzel says that the “technical worths” of these materis 
for this application are in the ratio of 1/3; to */s. 

The evaluation of this quantity by a product of the vari 
terms with proper weight factors is to a certain degree at 
trary. Other combinations are quite possible and sometil™ 


12 Assistant Professor of Applied Mechanics, Union Colleé 
Schenectady, N. Y. Mem. A.S.M.E. a 

13 Research Engineer, Westinghouse Electric & Manufactum 
Company, East Pittsburgh, Pa. 


T 
a 
in 
is t] 
teriz 
the 
tech 


Fi rr 


For 
thror 


Then 


and ji 
rathe 


A. 
it is p 


Zatior 


codify 


which 
lute st 
all ove 
ing t 
later 
amou 
to dey 
Ss 
47 (19 
16 A 


Versity 


n 
il 
li 
fa 
hi 
li 
in 
| | 
. 
2 


APPLIED MECHANICS 


more natural for the application in hand. As an example, I 
mention the method of calculating the safety of rotating shafts 
subjected to a constant stress f- with a variable stress f, super- 
imposed on it.™ 

If there is only constant stress, the yield point is the limit, 
while for only variable stress, failure will occur at the endurance 
limit. The curve connecting these two points (Fig. 1) at which 
failure occurs for a combination of the two kinds of stresses 
has been found experimentally to be approximately a straight 
line. A stress condition within the shaded area is safe; one 
indicated by a point outside this area will ultimately fail. 


A 


Fia. 1 


Variable Stress 


Y 
HY 
Z 


= 


The question arises of how to express the factor of safety on 
a construction in which the stresses are given by the point A 
in Fig. 1, this discussion, or in the author’s language, ‘‘What 
is the technical worth of a material for an application charac- 
terized by the point A?” If there were only constant stress, 
the factor of safety would be yield stress divided by f-, or the 
technical worth would be: 

= f./yield stress 
For only variable stress we should have similarly: 
= f./ endurance limit 


For a combination the most logical thing to do is to draw a line 
through A parallel to the boundary and define the ratio 


OB 
n = — = technical worth 
Oc 
Then we have from the figure 
n=m + 


and it is seen that the worth is expressed as the sum of two terms 
rather than as the product of two factors. 


_ A. E. Norton.* In following Mr. DenHartog’s suggestion, 
itis probably generally known that the Committee of Standardi- 


_ zation of Shafting and Transmission Shafting has adopted a 


codifying scheme to take account of that very same trouble of 
which he spoke. The purpose of that was not to require an abso- 
lute standard but at least one absolute enough so that designers 
all over the country might proceed with similar situations, keep- 
ing the details always, of course, for what might actually be 
later on found; and it has thus taken out of the field a useless 
amount of disvenien for the intelligent man, leaving him free 
to devote his entire energy to something more important. 


R. Soderberg, Trans. A.I.E.E., vol. 


L. Henderson and C. 
47 (1928), p. 556. 


i. 1 Assists ant Professor of Mechanical Engineering, Harvard Uni- 
ersity, ( 


‘ambridge, Mass. Mem. A.S.M.E. 
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A. L. Kimpauu.'¢ The method adopted seems to be a very 
good one. One of the difficulties in the past, and a difficulty 
that exists at the present time in specifying materials, is to get 
those interested in a certain type of material to come to an agree- 
ment as to just how to specify the material. Here is given a 
method by which a material can be specified by means of weigh- 
ing the various factors which are of importance. 

It is very important, however, for any one who is interested 
in this method to appreciate that the formula used depends 
entirely upon the use to which the material is to be put, and the 
kind of material. A given formula with certain exponents must 
not be looked upon as a panacea for all evils. 

After all, the evaluation of the technical worth of a steel is 
such a broad matter that such a scheme as this is about the 
only one that could be devised or adopted, and this looks to me 
to be about the best possible way of doing it. 


AvuTHOR’s CLOSURE 


That a subject such as this should create considerable dis- 
cussion is natural, due to the specific interest of the designing 
engineer. The author wishes to take this opportunity to thank 
the various members for the interest shown, and expresses his 
appreciation of their discussions, all of which have been very 
much to the point. 

This discussion in general may be divided into three types: 
(1) that which discusses and questions the general principles 
involved; (2) that which discusses and questions the specific 
applications made to welded pressure vessels; and (3) that which 
shows the discussing member to be more or less entirely in ac- 
cord with the author. 

To answer the various discussions in detail will require some 
repetition of statement but the author believes that this is prefer- 
able to a blanket response which may make it difficult to note 
the specific reply to any particular discussion. 

Professor Sayre evidently agrees with the principle involved, 
but has some doubts as to the best form of equation to use. 
The illustration of deep-stamping material has been somewhat 
misinterpreted. The author intended the formula to cover the 
deep-stamping material in service and not to cover its deep- 
stamping properties. Were the latter to be considered, ulti- 
mate strength would have practically no weight and elongation 
in some form would be greatly stressed. As to the suggestion 
that a limiting value be used, this had been seriously considered 
by the author prior to formulating the general formula given in 
the paper, and while it seemed to him to be well adaptable 
to certain cases, it did not have the general applicability of the 
formula given in the paper. The technical worth of the material 
is dependent on the purpose. Thus any weighting of one factor 
or another in the design formula is taken into consideration by 
the purpose to which the material is to be put. The author 
agrees entirely with Professor Sayre as to the caution necessary 
in dealing with the reduction of area and believes that this value 
is only significant when obtained upon specimens of analogous 
proportions. In working with the formula he has considered 
the values obtained on standard 0.505-in. specimens through- 
out, although this is not essential. Using other values such as 
obtained on rectangular shapes, it will probably be necessary 
to modify the exponent. Professor Sayre’s suggestion of fiber 
stress based on the final area is well worth consideration and it 
is decidedly pertinent, but the author believes that in resisting 
high localized stresses, the ability of the material to deform 
and relieve the stresses, rather than the ability to actually re- 
sist them, is the critical factor. 

Mr. Arnott’s suggestion that some relation other than a sim- 


1¢ Research Engineer, General Electric Co., Schenectady, N. Y. 
Assoc. A.S.M.E. 
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ple product of the various factors involved might be more suit- 
able, is a matter to which the author had given very serious 
attention. In starting out to derive the formula, however, an 
attempt was made to follow through the reasoning process em- 
ployed in the general application of engineering judgment. The 
author came to the conclusion that in this process each factor is 
generally considered independently and then related to the whole. 
The usual algebraic method of expressing independent factors 
is simple multiplication. Accordingly the formula was given 
in its present form. Regarding the matter of substituting data, 
the only items which are relative in the case of the formula are 
service data, that is, the knowledge that a certain steel used 
for a certain purpose performs satisfactorily in service. This 
is the basis on which the formula is built. This cannot be checked 
by laboratory tests, as in a laboratory test the unknown service 
stresses are lacking, and in general the material will undergo 
permanent deformation at its yield point independent of all 
of the other factors. Regarding the specific formula for welded 
pressure vessels, the deduction given by Mr. Arnott is obvious 
and it was purposely avoided in order to show the basis of the 
formula and to allow for its modification, should service data 
warrant a change. The value B in this formula should be ob- 
tained from that part of the structure which has the lowest bend 
elongation. In a welded structure this is generally the weld 
metal. In all applications which have been considered, the 
bend elongation of the weld metal has been substituted for this 
value. This bend elongation is not a combination of the plate 
metal and weld metal, but is the elongation of the weld metal 
proper. Moreover, while it is true that the latter can be de- 
termined only after the container is completed, it is also true 
that a safe minimum value for this may be assumed before the 
container is designed, said value depending upon results obtained 
with the materials and process used, and the fiber stress may 
then be worked out based on this safe minimum value. In 
this way the formula could be included in rules and regulations, 
such as those of the American Bureau of Shipping, and could 
be enforced by inspectors. The inspector entrusted with the 
responsibility and having nothing more definite than Table 2 
to guide him, will undoubtedly have a pretty tough job, as Mr. 
Arnott says. However, he will have more than Table 2 to guide 
him, namely, the knowledge that a welded joint made with a 
given process and given material can be safely rated at a cer- 
tain minimum value wherever good welding procedure is used. 
In this way his job will become much less difficult and a prac- 
tical enforcement would follow. 

Professor Moore’s discussion is very interesting. In effect, 
Professor Moore’s query is whether or not the use of two factors 
is sufficient in the proposed formula for welded joints for pres- 
sure vessels. In part response the author would like to refer 
Professor Moore to the discussion given by Professor Whitte- 
more on the paper presented by 8. W. Miller before the American 
Welding Society, in which this matter is taken up. According 
to Professor Moore the endurance value is a direct function of 
the ultimate strength, and for welds Professor Moore believes 
the value would be about !/, the ultimate strength. In view 
of the fact that a basic factor of safety of 7.15 was used, this 
phase should be amply covered. Were sufficient data available 
on the endurance limit of welds and also sufficient information 
as to the effect of this value on the service performance of similar 
welds, it would then be possible to incorporate in the formuia a 
factor involving the endurance ratio. However, in view of the 
lack of this information and the use instead of a basic factor 
of safety, it is certainly not considered necessary at the pres- 
ent time. 

The author wishes to thank Mr. Hutchinson for his endorse- 
ment of the principle involved in the formula, and with him looks 


forward to the time when it will be possible to use some logical] 
basis as a code for fusion welding. 

Mr. DenHartog believes that for a number of specific appli- 
cations a formula more simple and more applicable may be de- 
vised. It is very possible that for any given case some other 
formula than that given here may be used. However, it is also 
true that in any given case the formula here used is applicable, 
and the author believes that this formula is the most satisfactory 
general form. In the course of Mr. DenHartog’s calculations 
OB 
OC 
written as OB X OC. This is the formula used by the author 
Mr. DenHartog, of course, has applied the formula to a very 
specifie problem and it is very possible that by a more direct 
method of attack the formula here given may be directly 
obtained. 

Professor Norton’s discussion brings up a point which the 
author would like to stress, namely, that one of the purposes 
of the formula is to enable the engineer to express his ideas in 
a very definite way. In this connection the writer is reminded 
of a story about J. Willard Gibbs who was known for his complete 
silence at faculty meetings. The matter of apportioning more 
time to languages for students was taken up at one of the meet- 
ings. To the great surprise of all present, Professor Gibbs rose. 
After one statement he again became silent for the rest of his 
career as a faculty member. The statement follows: ‘Gentle- 
men, mathematics is a language.” 

Thus, we have attempted in this formula to give the engineers 
a language in order, as Professor Norton says, to eliminate « use- 
less amount of discussion for the intelligent man. 

Mr. Warner’s discussion brings up a number of points. The 
reason for the use of the product in the formula has been given 
in the reply to Mr. Arnott’s discussion. As to specific values 
used in the welded-pressure-vessel formula, Mr. Warner o} jects 
that the values used tend to set up an arbitrary empirical stand- 
ard, and that these figures should be determined by careful 
tests acceptable to the entire industry. As previously remarked, 
the only test of this formula is the service test, and the figures 
used are the results of a large number of service tests on welded 
pressure vessels coming under the experience of the various mem- 
bers of the organization with which the writer is connected 
These include such men as 8. W. Miller and C. W. Obert, who 
have had a wide experience in these fields. The author would 
welcome further service data. It should be remembered that 
the formula as put forth in this paper is first of all illustrativ 
in character, although it is believed that the values used d 
represent the values which would be arrived at by the engineers 
in this field. 

Mr. Muller seems to have slightly misinterpreted some 6! 
the statements made in the paper. In applying the formul 
for welded pressure vessels the author does not propose to <diste- 
gard the physical properties of the weld, and the values U ané 
B in the formula are to be taken as the minimum values of the 
plate or the weld, whichever happens to be lower. In general, 
for properly made welds, the ultimate strength of the weld mets! 
will be greater than that of the plate, so that the ultimate streng™ 
of the plate will be used, whereas the elongation of the weld 
metal will be less than that of the plate metal, so that the valu 
for B will be taken from the measurements made in the welé 
metal proper. These are the values used in Table 2. Table 
4 assumes that the weld metal would have the properties of the 
plate metal, or, viewed in another way, that we are dealing Wi 
a seamless vessel. It is given merely for purposes of illustrate 
to show how the formula works in cases where the prope! 
are extreme. 


we see the equation n = = technical worth, which may be 


Regarding the matter of high-temperature service, 28 )* 


at 
6 
‘ 
t 
t 
0 
4 1 
a 
ti 
tr 
ve 
th 
st 
th 
It 
de 
M 
80. 
ch 
i Re 
m: 
for 
‘ se! 
8ta 
me 
loc 
eX¢ 
~ bei 
nat 
for 
COL 
Set 
pre 
27, 
due 
8q. 
cou 
gre: 
nee 
at 
iro 
whq 


APPLIED MECHANICS 


the Boiler Code does not allow welds in fired pressure vessels, 
and the application as given is intended entirely for unfired 
pressure vessels; probably this should have been included in 
the title. In the case of fired pressure vessels it is very possible 
that the formula would have to be modified to take care of the 
decrease in ultimate strength and possible increase in elongation 
of the material at the temperature in question, or it may be 
that the formula could be used “as is,’’ but the values substi- 
tuted would be the values as determined at temperature. Re- 
garding the relation of elongation, reduction of area and the bend 
elongation, it is obvious that a functional relation exists al- 
though the evaluation of this function has not been carried out. 
In the use of the formula we are merely making the statement 
that the bend test is a satisfactory measure of ductility, and 
using this as our standard method of measuring ductility. This 
is justified by long experience in the trade where a band test is 
invariably called for as well as a tensile test, and by a number of 
specific measurements made at the Union Carbide and Carbon 
Research Laboratories. As to the value of the exponents in 
the formula, these are based on empirical data on a large number 
of pressure vessels coming under the experience of the various 
members of the Union Carbide and Carbon Research staff. 
Table 3 shows the effect of increasing or decreasing the exponent 
and indicates that the cube root is the most satisfactory. It 
may perhaps be that the exponent should be !/3.; or 1/2.9, but 
the author did not deem it necessary to work to this degree of 
refinement. 

Mr. Fish in his discussion emphasizes the importance of duc- 
tility in welded pressure vessels and again emphasizes the ex- 
treme difficulty of obtaining a set of standards which apply 
over the wide field embraced by the general term “pressure 
vessels.”’ His closing statement is extremely pertinent, namely, 
that in the last analysis the function of the Boiler Code is to 
state what physical characteristics are necessary and to leave 
the method by which the results are obtained to the manufacturer. 
It was precisely with this purpose in view that the formula was 
developed. 

The discussion presented by Mr. McCune and endorsed by 
Mr. Raetz is exceedingly interesting. Mr. McCune has done 
some excellent work and has made a very sincere attempt to 
check the applicability of the formula to his particular problem. 
Regarding the hydrostatic test performed, we believe the infor- 
mation therein contained is interesting but not pertinent to the 
formula in question. It is very improbable that any vessel in 
service fails due to the load’s reaching a value which causes the 
static fiber stress in the bulk of the material to exceed its ulti- 
mate strength. Failure in such tanks generally occurs due to 
local conditions in the vessel combined with loads slightly in 
excess of the working load and with fatigue or shock. This 
being the case, hydrostatic tests are not applicable to the determi- 
nation of the fundamental factor of safety to be employed. The 
formula is an attempt to set a factor of safety, and implies service 
conditions. In the simple hydrostatic test an entirely different 
Set of conditions exists. For example, we know that a welded 
pressure vessel designed for 9000 Ib. fiber stress withstands 
27,000 Ib. without rupture or even permanent elongation, yet 
due to service conditions we do not use it beyond 9000 lb. per 
Sq. in. It is very possible and even probable that such a vessel 
could be safely used at 12,000 Ib. per sq. in., or possibly at even a 
greater fiber stress. However, due to the general desire of engi- 
heers to go slowly where welding is concerned, no service tests 
at these higher stresses are available. 

_ As Mr. MeCune states, an application of the formula to cast- 
‘ron reservoirs is well beyond the purpose intended. However, 
when so applied, it fits the case of the old cast-iron vessels very 
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well indeed, even though it gives conservative values for Mr. 
McCune’s cast-iron air reservoirs. This is unquestionably due 
to the difference in the basic factor of safety employed in prac- 
tice in the two fields, and we have no assurance that had the old 
cast-iron vessels been made with half the thickness, they would 
not have functioned satisfactorily if service conditions were 
carefully watched. The author therefore does not feel that the 
record of the cast-iron reservoirs is particularly pertinent to the 
present problem. 

Mr. McCune’s service data are distinctly pertinent, and it 
would appear from these data, together with the physical proper- 
ties given, that the formula, as it stands when applied to this 
particular service, gives results which are decidedly conserva- 
tive. There are three possible reasons for this which occur to 
the author at this time: 

1 The fact that the formula is conservative not only for 
these vessels but for all vessels to which it is to be applied. This 
conservatism is based on the desire to go slowly in the appli- 
cation of welding to large pressure vessels. It may be that it is 
not essential in the case of the smaller vessels with which Mr. 
McCune is dealing. For example, if instead of a basic factor 
of safety of 7.15, such as is used here, a basic factor of safety of 
4, which is used in ordinary riveted-marine-boiler construction, 
were used, the thickness required by the formula would be cut 
almost in half. 

2 Due to safety devices to prevent overloading of air reser- 
voirs in service as well as to the method of suspension in cars 
and the special type of service, it is very possible that the ser- 
vice requirements for this particular purpose are different from 
the service requirements of the usual large unfired pressure vessel 
when various gases or liquids are stored. As the formula is 
based principally on the particular service to which the material 
is being applied, it is very possible that some other basic factors 
and exponents should be used for this application, and it is sug- 
gested that Mr. McCune give this matter his careful considera- 
tion so as to develop a formula for his particular service. Such 
a formula could probably have the same form, namely, ultimate 
strength times bend elongation to a fractional exponent divided 
by a factor of safety, and it is simply a matter of putting in the 
proper figures to meet any particular service requirement. 

3 It is perfectly true that the formula here devised and given 
for pressure vessels is based on experience with the larger pres- 
sure vessels running greater than #/; in. plate thickness. It is 
well known that flexural rigidity increases as the cube of the 
thickness, and it is probable that ability to withstand local shock 
increases as the rigidity increases. Thus, it is possible that, 
for thin-walled vessels such as Mr. McCune’s, the amount of 
ductility required for a specific service would be less than when 
a shock could be transmitted through the weld with almost un- 
diminished intensity. If this is the case it will again be possible 
to modify the formula, probably without changing the form, 
so as to meet this condition, and it is again suggested that Mr. 
McCune apply the data which he has on hand and which em- 
braces so many tanks in actual service so as to set up a formula 
having the suitable constants for thin-walled vessels for his type 
of service. 

Mr. Kimball endorses the principle involved and indicates 
that the formula will have a very real value to the designing 
engineer. He stresses the fact that any given formula with 
certain exponents must not be looked upon as a panacea for 
all evils and that the formula used in any particular case de- 
pends entirely upon the purpose for which the material is to 
be used. The author agrees entirely with Mr. Kimball, not 
only in the statement but also in the opinion that these features 
cannot be overstressed. 
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Stresses in the Drive System of Three- 
Cylinder Locomotives 


By FRITZ LOEWENBERG,' SCHENECTADY, N. Y. 


In this paper the author analyzes the stresses set up in the side 
rods and driving axles of three-cylinder locomotives of the type 
in which all cylinders act upon the same axle, taking into considera- 
tion the small inaccuracies of fittings resulting in clearances and 
play and the elastic deformations produced. Formulas are derived 
and their application illustrated by means of numerical calculations. 
Systems with more than two axles are also considered. 


HE side rods and driving axles of a locomotive form a 

statically indeterminate system. The stresses to which 

the parts of the system are subjected can only be found 
by taking into consideration the small inaccuracies of the fittings 
and the elastic deformations. The formulas by which the loco- 
motive designer chooses the dimensions of the side rods, crank- 
pins, and axles are based on certain simplified assumptions which 
are far from the actual conditions. In connection with electric 
locomotives, the question of the parallel-crank drive has been 
carefully studied and several publications on the subject can be 
found in the technical literature here and abroad.? Although 
these investigations are mainly concerned with the dynamics 
of the problem and are based on the assumption of a uniform 
torque, they can be applied to two-cylinder steam locomotives, 
at least as regards the general methods of calculation. However, 
as R. Eksergian has pointed out,* conditions are essentially 
different in three-cylinder locomotives with an angle of 120 deg. 
between the cranks of the two sides. This kind of drive is 
investigated below. 

The system which transmits the power from the cylinders to 
the main driving axle is statically determinate because the 
pistons are free to move in the direction of the cylinder axis. 
The transmission of power from the main driving axle to the 
rails, however, can, so far as statics go, take place in an infinite 
number of ways. In order to determine the necessary 
simplifications, it is necessary to resolve the system into its 
elements. 

Consider two wheels on the same rail connected by a frame and 
aside rod, Fig. 1. The first wheel (I) is subjected to a torque KY, 
one part of which is balanced by the frictional force F; and its 
corresponding bearing reaction, while another part Sr is trans- 
mitted to the second wheel (II) by means of a parallel crank 
drive, where it causes the frictional force F, and the bearing 
reaction B. In using the notation of Fig. 1 which shows the 
forces acting upon the wheels, we can write 


Kr = F,\R + Sr 
A = S— F, 


P:R 
B=F,;+S'’ S= 


= 


These equations do not completely determine the forces, therefore 
the inevitable irregularities of the system must be taken into 
account. The tangential velocities of the two wheels at the 
points of contact with the rail will always differ by a small amount. 


' American Locomotive Company. 

5 Especially A. C. Couwenhoven: “The Rattling of Electric 
Locomotives With Crank Drive,’’ Forschungsarbeiten auf dem Gebiete 
des Ingenieurwe sens, Berlin, 1919. 

* R. Eksergian: “Stresses in Locomotive Frames.” 

Contributed by the Applied Mechanics Division and presented 
at the Spring Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of Tue 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 
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Let us suppose, first, that the tangential velocity of wheel I 
at a certain moment is greater than that of wheel II. The 
result will be that, at most, one of the wheels can perform true 
rolling on the rail. Either wheel I must spin, which means that 
the translatory motion is smaller than the part of the circum- 
ference rolled off, or wheel II must slide, in which case the trans- 
latory motion is greater than the rolled-off stretch. Theoreti- 
cally it is possible for the spinning of wheel I and the sliding of 
wheel II to take place at the same time. It can, however, be 
shown that the sliding of wheel II is very improbable. For 
sliding or spinning requires that the frictional force at the rail 
have the definite value Wu, where W is the vertical load on the 
axle and uw the friction coefficient of motion. In the case of 
sliding, furthermore, the frictional force has to act in the di- 


Fie. 1 


rection opposite to that shown in Fig. 1. Taking the direction 
of the forces as shown in this figure as positive, we should then 
have 


F, = — »pW S’ = 


For equal weights on both wheels and equal frictional conditions, 
this equation for F, cannot be satisfied since F; cannot be greater 
than Wy. For it is not probable that the friction coefficient 
of rest which is valid for the true rolling of wheel I and which 
exceeds the friction coefficient of motion exactly makes up for 
the difference. Accordingly, if wheel I has the higher tangential 
velocity, it will spin. In that case two possibilities have to 
be considered: If Kr < WuR then S has to be negative accord- 
ing to Equation [1], since F; = u«W. Consequently F2 is nega- 
tive also, which indicates that wheel II has a tendency to 
slide. If, however, Kr > WuR, we obtain from Equation [1] 


Sr = Kr—uWR = 


This means that only that part of the torque is transmitted to 
wheel II which cannot be balanced by the friction of wheel I. 
If we change our assumption and consider wheel II as having 
the higher tangential velocity, then of course wheel II balances 
as much of the torque as the friction allows, while wheel I bal- 
ances the remainder. Then 


This is the case which has to be considered if the strength of 
the side rod is in question. 


7 
Ww 
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Now the design of the locomotive is based on a ratio of maxi- 
mum tractive effort at the rail to the total weight on the drivers, 
and this ratio, u’, may be taken to represent the minimum 
coefficient of friction possible even under the worst frictional 
conditions. Applying this to the two-wheel system and re- 
stricting the argument to the maximum torque, we can write: 


r 
or 
R 2,’ [3] 
which combined with [2a], gives 
[4] 


This means that the maximum stress in the side rod depends 
upon the ratio of the greatest possible coefficient of friction to 
the coefficient underlying the design. If, for instance, u’ = 
0.26 and an actual friction of 1» = 0.52 is considered possible 
on sanded rail, then the rod should be rated for 100 per cent of 
the torque. 

These considerations can easily be extended to more than two 
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drivers on one rail. If, for instance, in an eight-coupled engine 
the middle side rod is rated for 80 per cent of the load of one side, 
it is tacitly assumed that the actual friction can amount to 
160 per cent of the design coefficient. Other rules for the design 
of side rods correspond to percentages of 150, 175, and 200. 
In this investigation it will always be assumed that the actual 
friction can rise to 200 per cent of u’, which means that every 
wheel can balance by its frictional force double its share of the 
tractive torque according to the design, and that, therefore, 
in order to find the maximum stresses in the side rods, one- 
half of the wheels must be assumed to be frictionless. 

The difference in the tangential velocities may be due to 
various kinds of irregularities. In Fig. 2, for instance, it is 
assumed that there is a certain amount of play in the crankpin 
bearings which results in the first crank leading the second by a 
certain angle. The relation between the two angular velocities 
is then 


‘ c 
2rsina 


or 
sin’a 


= 


c 
sin’a — — cos a 
2r 


where a@ denotes the crank angle, c the play, and r the crank 
radius. This formula shows that the angular velocity of the 
second wheel is greater than that of the first as long as a < 90 
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deg. and less than that of the first after the 90-deg. position. 
The play, therefore, would result in a continual fluctuation 
of the friction force from one wheel to the other. A similar 
effect is caused by the play in the axle bearings. The elasticity 
of the side rods is a further cause of fluctuating tangential ve- 
locity differences. There is, however, the possibility of a con- 
stant difference in tangential velocities, viz., when on account 
of different amounts of wear the diameters of the rims are differ- 
ent, or when on curves, etc., the rims roll on circles of different 
diameter because of their conical shape. Since, therefore, all 
combinations are possible, one has to consider the wheels as 
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working or idling, simply with the view to what results in the 
highest stress. 

Similar considerations hold true for two wheels on an axle 
(Fig. 3). Using the notation of the figure, 


FrR + = Sr 
Fi(a + b) + Bi2a = (S + Fr)(b—a)....... [5] 


While in this case the play in the axle bearings cannot affect 
the distribution of forces, the torsion of the axle will certainly 
affect, to a certain extent, the angular velocity of the two wheels. 
But the possible difference in the diameters of the rolling circles 
or a different amount of wear again makes the assumption as 
to which wheel has the higher tangential velocity absolutely 
arbitrary. If the right wheel is the larger, 


or, considering again only the maximum torque, 


rou r 
= §—— = S— —— 
Fr So, st (i (6] 


and with = 2u’, 


This means that Fr balances the whole torque and the axle is 
under no torsional stress whatever, while when the left wheel 
has the larger diameter its friction balances the torque and the 
axle is subjected to the torsional moment Sr. 

This paper deals only with the type of three-cylinder drive 
in which all the cylinders act upon the same axle, because in this 
design the main driving axle and the side rods are most likely 
to be subjected to high stresses arising from the irregularities 
of the drive system. It is now quite evident that in order t 
find the maximum-stress conditions for the main driving ax! 
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and the side rods, the main driving wheels must be assumed 
to be idling on the rail, and therefore not balancing any torque. 

In the eight-coupled engine we must further assume that two 
additional wheels are idling for the reasons set forth above. 
Whether greater stresses are caused by the idling of the first, 
third, or fourth drivers or by the idling of two wheels on one side— 
in addition to the main drivers—cannot be decided for the present. 
Therefore the conditions of the following simpler problem will 
be studied: A main driving three-cylinder axle not in frictional 
contact with the rails drives (like a jackshaft) one driving axle 
which balances the whole torque (Fig. 4). 

Fig. 4 illustrates conditions when the crankpins fit into their 
bearings with a certain amount of clearance-—shown concen- 
trated at the crankpins of axle II. We have to distinguish 
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between four kinds of clearance, namely, right ‘inside’? and 
“outside”’ and left “inside’’ and ‘outside’ play. By ‘“‘inside’”’ 
play is meant the distance which the crankpins of one side can 
be moved toward each other from the position in which both 
cranks are vertical, while “outside” play applies to motion of 
the cranks away from each other. 

If axle I is driving, it must lead axle II by a certain angle, and 
the clearance of at least one side must be taken up. It can be 
asily seen that 


and a = 120°, cr, 

@ = 120° and a = 180°, cr.orer. | may be 
[a= 180° and = 300°, | taken up, 
_@ = 300° and @ = 360°, crore } 


where @ denotes the angle between the back dead center and 
the position of the right crank, measured in the direction of 
rotation. If for the present we consider the system as absolutely 
rigid, the angular lead ¢ in the period between a = 0 and a = 
120 deg. is either 


CLi 
sin (a’— 120°) 


CRo 


= 


or = 
sin @ 


depending upon whether 


CRo Cli 


sin (a — 120°) 


(See Fig. 5) 


Sin @ 
For, in an absolutely rigid system the lead of one axle relatively 
to the other is limited by the taking up of either the right or 
left clearance, as illustrated in Fig. 5. Now it is obvious that 
the transmission of the torque takes place through that side 
rod whose play is taken up, while the other, whose bearings are 
hot in contact with the pins, cannot be under any stress. There 
are, however, particular crank positions in which both clearances 
are taken up, namely, whenever 


CR CL 
sina sin (a — 120°) 
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In passing through each of these positions the load changes 
over from one side rod to the other. The four change-over 
positions can be calculated from Equation [8] and are found to be 


0.866cRo 0.866c pr: 
tane tana = —— 
0.5¢Ro 0.5cRi [9] 
—O0.866c rR» —O0.866cR: 
tan a = tana = 


Cro + 0.5¢R0 cri + 0.5eR: 


For equal plays throughout we obtain 
60°, 150°, 240°, 330° 


as illustrated in Fig. 6. But differences in play change con- 
ditions essentially; for instance, for 


Cri: Cro Cri 2 Cre @ 


the change-overs take place at 
38°, 153°, 221°, 341° 
as shown in Fig. 6. 

The forces acting on the side rods in a system as shown in 
Fig. 4 and considered as being rigid, can be found in the follow- 
ing manner. Let P be the piston thrust, which is assumed 
constant over the whole stroke, r the crank radius of both the 
inside and outside cranks, M the torque exerted by the cylinders 
on the driving axle, and K = M/r an imaginary force which, 
acting with the constant lever arm r, would produce the same 


fa ba 


/ Driven Crank 


torque. If, then, the inclination of the main rods be dis- 
regarded, we have 
K = M/r = 2Psin(a + 60) from a = 0° toa = 60° ) 
and from a = 180° to a = 240° | 
= 2Psin @ from a = 60° to a = 120° [10] 
and from a = 240° to a = 300° | °° 
= 2Psin(a — 60) from a = 120° to a = 180° 
and from a = 300° to a = 360° | 
As shown in Fig. 6, K varies between 1.732P and 2P. The 


side-rod forces Sz and S;, balance this torque, and since under 
our assumptions only one side rod is under stress at a time, we 
obtain either 


Serr sina = M or Szr sin(a — 120°) = M....[11] 


In Fig. 6 the side-rod forces are plotted against the crank 
angle. For equal clearances the maximum force appears at 
a = 150° and amounts to 4P, while for the example of unequal 
clearances quoted above the force attains the value 6P. 

Let us now consider the elastic deformations of the systeni 
shown in Fig. 4. By calculating actual designs it has been 
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found that some of the deformations are so large that the others 
can be disregarded. The large deformations are: 

(1) Alteration in length of side rods 

(2) Bending of axles 

(3) Torsion of axles 

Concerning (1), let f denote the change in inches of the length 

of the side rods under a tension or compression of 100,000 Ib. 
Concerning (2) and referring to Fig. 7, Pr, Py, and Pw are the 
main rod forces, Sp and S, the side-rod forces, and Apr and 


4Pr 


An equal force in the plane of S,’, of course, moves point R, 
the distance and point the distance fs. 

As regards the torsional elasticity of axle II, we shall only 
consider the part between the wheels. If a moment T = 
100,000 r in-lb. acts in the plane of Sr’ and is balanced by F,, 
the angle between the right and left crank due to the torsion 
of the axle may be denoted by t&. In case some part of the 


torque is balanced by Fr, the axle is subjected to the moment 


ts 
ool 
. . 
S | 
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A, the bearing reactions for the a = 0° crank-angle position. 
A force of 100,000 Ib. acting in the plane of Pr causes a shift 
in point R, of g inches and in point ZL, of g’ inches. Corre- 
sponding displacements of the points R, and L, due to 100,000 
lb. acting in the plane of Sz are denoted by f, and f,’, while 
a force of 100,000 lb. acting in the plane of Pw causes the points 
R, and L, each to move gm inches. The values g, g’, gm, fi, 
and f,;’ depend upon the crank position. For the sake of sim- 
plicity, however, the rather intricate deformations of the cranks, 
cheeks, and wheels are disregarded and the axle is considered 
to be of a uniform diameter throughout its total length. Then 
the bending deformations per unit of force are independent of 
the crank angle and can be easily figured. This simplification 
also makes the deformations due to forces in the planes S; and 
P;, equal to those due to forces in the corresponding right- 
side planes. 

Fig. 8 shows the action of the forces on the second axle. Fr 
and F,, denote the friction forces. Neglecting the bending effect 
of Fr and F,, and assuming again that the axle is of uniform 
diameter, the shifting of the points R, and LZ, due to a force of 
100,000 Ib. acting in the plane of Spr’ is denoted by f2 and fr’. 


and the angle of torsion is 


FrR 
100,000 r 


In calculating the torsion of axle I, assume the middle crank 
to be replaced by a straight shaft of uniform diameter. Con- 
sider now that a moment 7’ = 100,000r acts upon the axle in 
the plane Sr and is balanced by the three equal forces Pe, 
Pi,and Py. Then 


T = Pr{sin a + sin (a — 120°) + sin (a + 120°)] 


We have replaced the. three main-rod forces by the force P, 
disregarding thereby the direction in which the forces act. In 
order to make up for this and to obtain the torque of each of the 
three forces acting always in one direction of rotation, we have 
to disregard also the negative sign which the sines assume and 
to take their positive values only. This applies also to all the 
following equations. It follows that 


T 1 
~ sina + sin (a— 120°) +sin (a + 120°) 


\ 4 & 
P= Piston Thrust  MEQUAL CLEARANCES | 
\ 
| \ 
\ \ 
| | 
150 38 153 21 
= | / nnd | | 
| / 
/ 
/ 
| 
( 
t 
P 


APPLIED MECHANICS 


The right half of the axle, i.e., the part between the right wheel 
and the middle plane, is therefore subjected to a moment 


T sin a 
sina + sin(a— 120°) + sin(a + 120°) 


while on the left half the acting moment has the value 


sin (a — 120°) 
sin a + sin (a — 120°) + sin (a + 120°) 


If ¢; denotes the angle of torsion of the axle when subjected to a 
uniform moment of 100,000r over its total length, the torsion 
of the axle under the forces shown in Fig. 7 is given by 


( sin @ ) 
Ja sin a + sin (a — 120°) + sin (a + 120°) 
ty sin (@ 120°) [13] 
2 sina + sin (a@ 120°) + sin (a + 120°) 
2 sin (a — 120°) + sin (a + 120°) 
sin a + sin (a — 120°) + sin (a@ + 120°) ) 


to | 


ti 

9 
for which we may write 44/2. For a moment T' acting in the 
plane of S; we obtain the corresponding expression 


ty 2 sin a + sin (a+ 120°) 
p= 
- 120°) + sin (a + 120°) 


ti 
—k’. . [13a] 
2 sin a + sin (a 2 


If axle I and axle II are of equal diameter, 4; = 4; also fi = f. 
and f,’ = fe’. 
Referring again to Fig. 4, let us consider the interval between 
a = 0° and a = 69°. According to Equation [10], the total 
torque here amounts to 
2 Psin (a + 60°)r or 2 Prsin (a — 120°) 


Assuming now that the friction forces on both wheels are equal 
Fr =F, = (a — 120°) 


Axle II is therefore subjected to a torsional moment 
Sir sin (a — 120°) — Pr sin (a — 120°) 

and the angle ¢; of lead or lag of the left wheel relative to the 

right wheel is, according to Equation [12a], 


ly 
100,000 


= [Si sin (a — 120°) — P sin (a — 120°)] 


or, since all forces will be measured in units of 100,000 Ib. 


[Sz sin (a — 120°) — P sin (a — 120°)]ts.. . . [14] 


The angle of lead ¢: which the left wheel I has relatively to the 
left wheel II can be caleulated as follows: The decrease in dis- 
tance between the two left cranks due to the moment acting 
upon axle I amounts to cx: + Sif. The distance between 
- rotation centers of the left cranks is greater than the normal 


Sifi + Srfe Srfi’ Pg + Pg’ Pgu 


In this expression the play in the axle bearings should also be 
It will be assumed, however, for the present that 
the clearances cz and cr comprise the sum of the plays in the 
side rods and axle bearings, disregarding a possible inclined 


ira of the axles resulting from their play. It follows now 
that 


considered. 
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+ th +h) + fr’)]........ {15] 


The lead ¢; of the right crank of axle I over the left-crank is, 
according to Equations [13] and [13a], 


t t 
= S15 sin (a — 120°) k’ — Sr kein a [16] 


The angle of lead ¢, between the right wheel I and right wheel 


7 . . 
II can be calculated in the same way, using the increase in 
distance between the crank centers 


CRo + 
and the decrease in distance between the crank rotation centers 
Srfi + Sifi’ — — Pg + Pg’ + Pou 


and we obtain 


[ern + PQ’ + ou —g) t+Se(it+f +h) — 
[17] 


The following equation has now to be satisfied: 


rsina 


=0 
Substituting the values obtained for these angles gives 


1 


r sin (a — 120° 


(Sz — P) sin (a — 120°)t, + + P 


— gm) + fi +fo +f) Sr(fi' + fr’)] + Sz sin(a— 120°) 


— —— + PG’ + ou — 9) 
2 rsina 
+ + = 0..... [18] 


Furthermore, by using Equation [10] we can write the static 
condition 


Sr sina + Sz sin (a — 120°) = 2 Psin (a — 120°). . [19] 


¥ 
is, 
A 
= 
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By combining Equations [18] and [19], and eliminating Sz, 
Spr is found to be 
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The corresponding curves are plotted in Fig. 9(b) and show that 


the side-rod forces become infinite at the dead-center positions. 


- P[2 sin asin (a — 120°) (f + fi + fe) + 2 sin? (a — 120°) (fi’ + fo’) + sin* (a — 120°) sin a(t, + k’t))r + sin asin (a — 120°) 


Sr 


{[sin? a + sin? (a — 120°)) + fi + fo) + 2 sina sin (a — 120°) + fo’) + rsin? asin? (a — 120°) (t; + tr) 


(g' — g9 — gm) — sin? (a — 120°) (g’ + gu — g)] — [ero sin? (a — 120°) — ez; sin @ sin (a — 120°)].... [20] 


This is valid from a = 0° to a = 60°. Similar calculations 
show that from a = 60° to a = 120° the value of Sz is 


For demonstrating the use of Equation [20] we may take 
the following example: Crank radius r = 16 in.; distance be- 


[2 sinta (f + fi + fe) + 2 sin asin (a — 120°) (fi’ + fo’) + sin’a sin? (a — 120°) (k’t; + + sin asin (a — 120°) (gu + 


Sr 


[sin? + sin? (a — 120°)] + fi + fe) + 2 sina sin (a — 120°) (f\’ + fo’) + rsin? asin? (a — 120°) + t) 


g’ — g) + sin? (a — 120°) (g + gu —g’)] — [cro sin? (a — 120°) — cz; sin a sin (a — 120°)]... . [20a] 


and that from a = 120° to a = 180° 


tween main-rod center lines = 2d = 91 in.; distance between 


P[2 sin asin(a — 120°) (f + fi + fe) — 2 sin(a + 120°) sin(a — 120°) (f\’ + fo’) + sin @ sin (a — 120°) sin (a@ + 120°) 


Sr 


{[sin? a + sin?(a — 120)|(f + fi + f2) —2-sin asin (@ 120)(f;’ + fo’) + sin? asin?(a — 120°) (4 + &)r 


(te + k’t;) —sin a sin(a — 120°)(g +9’ + gu) + sin? (a — 120°)(g + g’ + gmu)| — [ero sin? (a — 120°) — er. sin a sin (a — 120°)} 


For the 180- to 360-deg. interval the same equations apply 
except that cr», cri, cri, and Cro are to be respectively replaced 
by cri, Cio, Cro, and Cz. 

One restriction has to be made regarding the validity of these 
equations. In developing Equation [18] it has been tacitly 
assumed that the clearances on both sides were taken up. This, 
however, may not be true if the clearances are very large or the 
elasticity is very little, as will be shown later. As soon as the 
clearance of one side only is taken up, the whole system becomes 
statically determinate. That the clearance of one side is not 
taken up is shown by the fact that the corresponding force 
Sr or Sz, as calculated from Equations [19] and [20], is found 
to be zero or negative. In this case, therefore, instead of Equa- 
tions [18] and [19], it is necessary to apply Equation [11], 
which was originally found for the absolutely rigid system. 

Consider first a system with no clearance at all. In this 
case it is evident that the forces in the side rods depend upon 
the elasticity of the different parts of the mechanism. If, 
for instance, in a certain system the elongation of a side rod 
per unit of force is so great that the flexibility of the rest of the 
system may be neglected, Equation [20] takes the following 
form: 

sin a sin(a — 120°) 

= + sina — 120°) P for a = 0° to 60° ..[21] 
with similar expressions for the other intervals. In this case the 
value Sp or Sy is independent of the elongation of the side rods 
per unit of force. The curves corresponding to Equation [21] 
are shown in Fig. 9(a). The maximum right-side-rod force 
appears between 130 and 140 deg. and the maximum left-side- 
rod force between 160 and 170 deg. Both forces attain a maxi- 
mum of 2.4P. 

If, on the other hand, the torsion of the axle as shown by the 
angles ¢, and ¢: per unit of torsional moment is of such a magni- 
tude that the flexibility of the axles and elongation of the rods 
can be disregarded, and if furthermore, t; equals t2, the following 
expressions are obtained: 


in(a — 120°) | ) 

For a = 0° + 60°, Sp = | 0.25 +0.75: “tee P 


in(a — 120°) | 
For a = 60°— 120°, Sr = 1.25 + 0.25 P} 
in @ 


For a = 120° — 180°, Sp = | 1.25 + 0.75- = P 
a sna | 


side-rod center lines = 2e = 78 in.; distance between wheel 
centers = 2b = 58'/, in.; distance between axle-bearing centers 
= 2a = 42in.; diameter of axles = 11'/2 in.; length of side 
rod = 76 in.; cross-sectional area of side rod = 15%/, sq. in. 
With these dimensions the following values of elasticity are 
obtained: 


fi = fs = 


in. 
= 0.016 2 
100,000 Ib. 


100,000 Ib. 


in. 
= So’ = 0.0088 


100,000 Ib. 
in. in. 
100,000 Ib. 100,000 Ib. 
0.0077 
M =U. 
100,000 lb. 


t, = t = 0.00453/100,000 in-lb. 


By substituting these values in Equation [20] the curves shown 
in Fig. 9(c) are found. They resemble the curves (a) of the 
same figure as regards the maximum force and the crank angle 
at which it appears. This shows that under ordinary conditions 
the torsional elasticity, with its tendency to cause high stresses 
at the dead centers, has little influence as compared with the 
bending of the axles and the elongation of the side rods. Al- 
lowing for dimensions different from those used in the foregoing 
example, it is safe to say that in the two-axle system without 
clearance the side-rod force does not exceed 2.5 times the piston 
thrust. 

Let us consider now a system with certain clearances. By 
the combined use of Equations [11] and [20] the curves of Fig. 
10 are obtained. In certain crank positions one of the side-rod 
forces becomes zero, and beyond these positions the curve for 
the other side rod is the same as the curve shown in Fig. 6. 
With increasing clearances the crank-angle period in which one 
side rod only transmits power grows and the curves more and 
more resemble the curves for the rigid system. Thus the forces 
depend upon the ratio of the flexibility to the play in the system. 
The three upper curves of Fig. 10 are drawn for equal play 
on both sides. The following maximum stresses are obtained 
for the two-axle mechanism: 


Play Maximum Stress 

1/s in, 2.6 times piston thrust 
1/,in. 3.0 times piston thrust 
1/,in. 3.4 times piston thrust 
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The lower curves of Fig. 10 apply for unequal clearances. 
They are calculated on the assumption that one side has no 
clearances at all, which, of course, is not very probable. It 
has been found, however, that the difference in the clearances 
has a dominant influence on the shape of the curve and the 
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that the play in the bearings allows various combinations of 
axle positions, depending upon whether the axles rest against 
the front or back part of the bearings. The position of the 
axles influences greatly the effect of the play. Thus an in- 
clined position of the axles increases the effect of the play in 
the ratio of e/a (Fig. 11). Furthermore, certain positions of 
the axles affect the two sides differently, which might be ex- 
pected to result in high stresses such as were found above for 
unequal side-rod clearances. For these two reasons the play 
in the axle bearings cannot be simply added to the play of the 
pins. In order to take both kinds of play into account, the 
following method is used: 

From Equation [20] the side-rod forces are calculated under 
the assumption of a system without clearances. Knowing the 
forces Sp and S;, the corresponding bearing reactions can be 
found in the simple static way. Employing the notation of 
Fig. 11 and distinguishing between positive and negative forces 
in the way shown in this figure, we obtain 


1 
Ar = [Pi(d—a) + Si (¢ —a) — Pua — + 
a) — Pr(d + 
A, Pm +Art+ Ser + Pel [23] 


Br 


1 
= [Sze — a) + Fi(b — a) — Feb + a) — 


Sr'(e + a)] 
B, = —[S.’ + Fr + Bae + Fr + Sp’) ) 


The signs of the bearing reactions as calculated from the 
equations determine the position of the axle, since a positive 
force can only be exerted by the bearing if its front part is in 
touch with the axle, and vice versa. Let us assume that at a 
certain crank angle between a = 0° and a = 60°, the axle 
position of the system without play is found to be as shown 


maximum stress. For instance, the curve for ce = 0, c, =~ in Fig. 11. We add now to the system the side-rod bearing 
'/,in., holds true approximately 
for cr = 1/4 in., c, = in., ap P=/iston Thrust \ 
also. With increasing clearance ~ \ 
difference the curves show a ‘\ ‘\ 
rapid increase of the maximum 
. 
stress and a shifting of the crank § ' 
position of maximum stress to- 
ward the dead center. The 
following maximum forces are 3077 180° 
found: / 
Dif- Maxi- PHS 
fer- mum 
ence force, Cr=Cz =4” 
In piston ° 
play, thrust 
in. times 
1/5 3.0 
3.9 
1/3 4.9 
Another maximum appears at 
the beginning of the stroke in 4 
the case of large differences in / 
clearance. 
Before applying these results Crank Angle 90° L 
to the drive with more than two O° 180° 30° 180° 
‘ 
found in actual operation, the “ j F 


influence of the clearance in the zee 
axle bearings has to be studied. 
From Fig. 11 it becomes evident 
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play cg = cz, and the axle play ca, the same for all axle bearings. 
These clearances cause an additional lead of left wheel I relative 
cL 


r sin(a — 120°) 


due to the displacement 


1 e 
- CA ( + 
2 a 


rsin(a — 120°) 
due to the shift of the crank rotation centers apart from each 
other. This gives a total additional lead of 


to the left wheel IT of 


of the crankpin centers toward each other, and of 


Bie 
Ch + 5 Ca += Ca 


r sin(a — 120°) 


The corresponding expression for the right-hand side is 


1 e€ 1 
Cr + = Ca- 

2 a 

rsin @ 


We now have to introduce these expressions into the derivation 
of Equation [20], which, for the sake of simplicity, may be 
written 


Fig. 11 


_ PU — [er sin*(a — 120°) — ec, sin @ sin(a — 120°)] 
V 


Sr 


and we obtain the corresponding equation 


Sr = PU — sin?(a — 120°) — (« + = - ca) sin a sin(a — 120° | 


both wheels and a wheel diameter of 36'/2 in., Fp, = Fr = 
0.44 P. 


In using Equation [23] it is necessary to give signs to the 


forces in accordance with the definition of positive forces made 
in Fig. 11. Thus, 

P, = + P; Pu = — P; P, = —P; Fr = Fy = 
— 0.44 P- Sr = — Sp’ = 1.2) P: Sr S,’ = —1.4 P. 


With these values the following bearing reactions are obtained: 


Ar = + 0.336 P A, + 0.854 P 

Br = +2.78P B, = —2.09P 
The direction of these reactions requires an axle position as 
shown in Fig. 11. Equation [24], which was developed for this 
axle position, is therefore applicable in case all clearances are 
taken up. If we assume a crankpin play cg = cy, = '/s in., and 
an axle-bearing play ca = '/, in., we obtain 


Sr = 1.045 P = 1.477P 
With these side-rod forces the following bearing reactions ar: 
found: 
Ar + 0.538 P A, = +0.894 P 
Br = + 2.57 P B, = — 2.122 P 


Since the side-rod forces come out positive, it follows that the 
crankpin-bearing clearances are all taken up, and from the fact 
that all the bearing reactions have the signs which correspond 
to the axle position on which Equation [24] was based, we 
deduce that the axles are in contact with all four bearings. 
The application of this equation is therefore justified. The 
clearances are also taken up if we assume ce = cy, = Ca = 
1/,in., the side-rod forces being then 


Sr 0.423 = 1.79 


Conditions are essentially changed, however, if we assume 
Cr = cy = '/2 in., and ca = '/, in. From Equation [24] we 
obtain, then, Se = —0.049 P. That this result is incorrect 
becomes evident if we imagine that the crankpin clearance 


This equation applies only for the axle position of Fig. 11, but 
for all other positions which might occur the corresponding 
expressions can be easily found. S, can be calculated from 
Equation [19] as before. 

These calculations are based on the assumption that all clear- 
ances are taken up, but actually, large clearances or a compara- 
tively rigid system can result in either the crankpin play or the 
axle play not being taken up in certain crank positions. The 
equations which indicate in general terms whether or not the 
clearances are taken up are very complicated. We shall there- 
fore study conditions by using a certain crank position as an 
example. 

With the dimensions of the foregoing example, the following 
side-rod forces in the system without clearance are found for the 
30-deg. crank position: 


U 1.653 
Se = = — P =1.21P 
1.371 
Sz, = 1.4 r 


The torque in this crank position is 2 Pr (Equation [10]), and 
consequently under the assumption of equal friction forces on 


increases gradually from zero on. At a certain value of cy 
the side-rod force Sg must be zero. If, then, cg grows further, 
the pin no longer follows the bearing, the system has become 
statically determinate, and a further growth of the play no 
longer changes the values of the forces. Accordingly we have to 
apply Equation [11] and obtain 
Sr = Si =2 

If we change our assumption once more and suppose that 

Cre = = 1/sin., and ca = 1/2 in., we obtain the side-rod forces 
Sr = Sr = 1.14P 

from Equation [24], and from Equation [23] we obtain the 
bearing reactions 


Ar 
Br 


— 0.274 P A, = + 0.694 P 
+ 3.4 P B, = — 1.94 P 


These values require an inclined position of axle I since Ax 
has changed its sign, whereas Equation [24] is for an axle resting 
against the front part of the two bearings. If we imagine that 
the clearance c4 increases gradually from zero, the axle follows 
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the bearings in the direction opposite the direction of the re- 
actions. As soon as a point is reached at which one reaction 
becomes zero—in this case Ag—the contact between axle and 
bearing ceases. Due to the absence of one bearing reaction, 
the system is then statically determinate. Therefore Equation 
[23], together with Equation [19], determines the other re- 
actions and the side-rod forces. Under the assumptions made 
we obtain 


Sr = 1.49 P Sz, = 1.25 P 


Using the method set forth by this example, the side-rod forces 
of a rigid system with equal axle-bearing clearances have been 
computed and are plotted against the crank angle in Fig. 12. 
The curves are characterized by great discontinuities at the 
crank positions where the axles change their positions in the 
bearings. If we compare this curve with the curve of Fig. 6, 
which also applies to a rigid system, we find that while the crank- 
pin play causes a maximum side-rod force of 4 P, the axle play 
causes a maximum force of only 2.8 P. This may seem sur- 
prising, because one expects the inclined position of the axle 
to increase the effect of the play. While this holds true for 


3Pr 
‘\ 
P=/yston Jhrus# 
\ 
- 
P 
enw” 
4 i 
340° @0° 90° 120° 150° 180° 
Cronk Angle 
Pr IS ' 
2 ' 
\ 
| 
1 SIDE-ROD FORCES 
Bight Side hod 
LEA Side Rod 
Fic. 12 Rigw Two-Axie System WitTH AXLE-BEARING PLay 


certain crank angles, the present investigation shows that actu- 
ally in the rigid system the changes in the axle position protect 
the side rods from high maximum stresses. 

In order to obtain an idea of the influence of axle play on the 
elastic system, the side-rod forces have been calculated for the 
dimensions underlying the curves of Figs. 9 and 10 and on the 
assumption of equal crankpin and axle play. The maximum 
forces are found to be as follows: 


For ce = ec, = ca = 1/3 in., maximum force = 3.0 P 
For ce = c, = ca = 1/,4in., maximum force = 3.3 P 


Comparing these results with the curves of Fig. 10 we find that 
the addition of the axle play causes an increase of the maximum 
force. The maximum force for Cre = cy = Ca = 1/3 in., however, 
does not exceed the corresponding value of the curve for cg = 
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c, = 1/4 in. developed without considering the axle play. The 
same applies if we compare the maximum force for cg = cy, = 
ca = 1/,in. with the curve for cg = = 1/2 in. We can con- 
clude from this that while the shape of the curve is changed by 
taking the axle play into account separately, it 1s allowable 
under ordinary conditions to consider the sum of the clearances 
as being concentrated in the side-rod bearings so far as the 
maximum side-rod force is concerned. 


Systems More Tuan Two y & 
AXLES =. 76 < 
We now extend our considera- | | | | 
tions to systems with more than -d-- --ll.. 
two axles. In order to show the at aaa 


way the results obtained so far can 
be applied, an eight-coupled engine e 
is assumed, the second axle being 
the main driver. First we have to 
decide which wheels are to be con- 3 
sidered as idling in addition to the 
main drivers, in order to obtain the 


highest stresses. Fig. 13 shows six 4 
typical combinations. For the pres- 


ent we shall leave out of considera- 

tion all possible differences between 

left- and right-side clearances. — 
Case 1, Fig. 13, can be considered 

as two two-axle systems. Compar- ge 

ing it with the simple two-axle 6 il | LT 

system of the same dimensions and 

under the same torque, the average 

force at the main driving pin must 

be the same, while the average forces Fia. 13 

in the side rods are half as large. 

For the maximum forces we have to refer to Equation [20]. 

If we write this equation in the form 


crW 
U 
_ PU + Ss + P 
si V P V 


OR 


the values U, V, and W depend on dimensions and crank angles 
only. Therefore, if we decrease the piston thrust in a certain 
ratio, the side-rod forces do not decrease to the same extent; 
that is, the ratio of the side-rod forces to the piston thrust 
increases with decreasing piston thrust. This is evident if we 
bear in mind that dividing the load on the system has a similar 
effect as decreasing the flexibility, and that the maximum force 
in the side rod increases with the ratio of clearance to flexi- 
bility. While now the deformation of the main driving axle 
in Case 1 is the same as in the two-axle system, the deformations 
of all other parts are only half as large because of the equal 
division of the piston thrust. With a certain approximation 
we can say, therefore that the flexibility of the drive in Case 1 
is half of that in the two-axle system. Now the decrease in 
flexibility affects the maximum side-rod forces in the same way 
as a corresponding increase in clearance. Consequently, for 
Case 1 we may conclude that the maximum force on the main 
driving pin is as large and that the maximum side-rod forces 
are half as large as in the two-axle system with the same di- 
mensions, the same torque, and double the clearance. 

While in Case 1 the two two-axle systems are arrarged in 
parallel, in Case 2 they are in series. On the transmission from 
the main driving axle to axle III the results found for the two- 
axle system can be directly applied. For equal dimensions, 
clearances, and piston thrust, the maximum side-rod forces 
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will be approximately the same. For transmission from axle 
III to axle IV conditions are similar to those in Case 1. The 
maximum forces in the rear side rod are therefore one-half of 
those of the corresponding two-axle system with double clear- 
ance. 

Case 3 differs from Case 1 only in that the transmission to 
one of the axles is effected by means of two pairs of side rods. 
The additional elongation of the second pair of side rods makes 
the transmission more flexible, and therefore the maximum 
forces in Case 3 are smaller than in Case 1. 

In Cases 4, 5, and 6, as weil as in all other possible combi- 
nations, there are two axles on which one wheel is working 
and the other is idle. It can easily be seen that since equal 
clearances on both sides are assumed, the magnitudes of the 
forces in all these cases must be between those of Case 1 and of 
Case 2. We therefore conclude that 

1 The maximum force appears in the middle side rod if 
the first axle idles in addition to the main driving axle 

2 The maximum forces appear in the front and rear side 
rods in case axle III idles 

3 The maximum force appears on the main crankpin, 
which determines the bending of the main driving axle, when 
axle IV is idle. 

For the play in side-rod bearings the Interstate Commerce 
Commission prescribes that the bore shall not exceed the pin 
diameter by more than °/;2 in. on main pins nor more than */;¢ in. 
on other pins. This means that the upper limit for the clearance 
as defined in this paper is '/ in. when outside play equals 
inside play. On the axles the greatest amount by which the 
horizontal diameter of the bearings exceeds the journal di- 
ameter is estimated as being */32. in. which means c4 = 3/39 in. 
according to our definition. The greatest total play is there- 
fore about !/, in. 

What was called ‘‘unequal play” in the foregoing can either 
be a difference between right and left or between outside and 
inside play. That such differences are caused by unequal wear 
is very improbable. They may, however, be caused by center- 
line errors. If the center distance of the side-rod bores is not 
equal to the center distance of the axles, the effect is that the 
outside play is different from the inside play. Such center-line 
errors are unlikely to occur to any considerable extent in manu- 
facturing, and the one-piece bearings of side rods give no chance 
for improper readjustment. The axle centers, however, are 
subjected to a certain shift due to the wear of the axle-bearing 
shoes. This wear is always taken up in the forward direction 
by the wedges. It is known that the wear on the bearing shoes 
of the main driving axle is greater than that on other axles, 
and this creates an error in the axle distance. For instance, 
if this error is '/is in. and the bore of the side-rod bearings ex- 
ceeds the pin diameter by °/3. in., then the inside play is 1/¢ 
in. and the outside play °/s in., making a total difference of 
1/, in. The difference between inside and outside play causes 
maximum forces around the a = 30-deg. positions, as can be 
found from Fig. 10, while the maximum forces appearing be- 
tween 150 and 160 deg. can only be due to differences between 
right- and left-side play and are therefore unlikely to occur. 

Applying these considerations to the different parts of the 
drive system, and taking '/, in. as the greatest total play and 
1/,, in. as the greatest center-line error, we come to the following 
conclusions: 

Middle Side Rod. The maximum force due to uniform play 
is three times the piston thrust (Fig. 10). A center-line error 
does not increase this value. 

Front and Rear Side Rod. The force and clearance values 
given in Fig. 10 are to be divided by two in applying that figure 
to these rods. Uniform clearance then causes forces up to 1.7 
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times the piston thrust, while the center-line error makes the 
maximum force rise to two times the piston thrust. 

Main Driving Azle. To find the force acting upon the main 
pin only, the clearance values of Fig. 10 are to be halved. Uni- 
form play therefore causes a maximum force of 3.4 times the 
piston thrust at the crank angle a = 140 deg., and the center- 
line error causes a force of 2.2 times the piston thrust for a = 
30 deg. and a force of 3.8 times the piston thrust for a = 150 
deg. 

Now the usual: calculation for the bending in the axle journal 
is based on the acting of the main rods only. This gives a 
bending moment P(d — a) [notation of Fig. 8], whereas the 
side-rod force acting in the opposite direction causes a bending 
moment 3.4 P(e — a), or 3.8 P(e—a). This means in the fore- 
going example that the combined bending moment exceeds 
that obtained in the usual way by 50 per cent in the case of uni- 
form play and by 75 per cent in the case of center-line error. 

For the bending of the middle crank it has to be borne in 
mind that in the 150 and 160-deg. positions the effect of the 
three main-rod forces counteracts the effect of the side-rod forces. 
Taking this into consideration, the greatest side-rod forces found 
for those positions do not result in greater combined bending 
moments than those found by the usual method expressed by the 
formula P(d —0.5a). In the 30-deg. position the bending 
due to the side-rod force has to be added to the bending due to 
the middle main rod, while the outside main-rod forces offset 
each other. Great side-rod forces in these positions cannot, 
however, be caused by uniform play of any probable amount. 
Only unequal play as caused by more than '/j-in. center-line 
error can result in side-rod forces of such magnitude that the 
bending moment of the middle crank is larger than that calcu- 
lated in the usual way. 


Discussion 


H. A. Houston.‘ This paper depicts the culmination of a 
large amount of time and thought. The author is to be con- 
gratulated on his work for it is apparent that he has a full appre- 
ciation of the kinematics of the problem. However, like many 
involved treatises of this type, could not the subject matter be 
presented in a technical form more favorable to the interested 
engineer? 

The second sentence of the opening paragraph entirely omits 
the effect of inertia of the system. Especially with electric 
locomotives, this is one of the most important conditions enter- 
ing into the problem of stresses. Also the effect of resonance 
should not be overlooked. The third sentence would indicate 
that the author does not know the stresses in the system after 
such an elaborate presentation, for it surely cannot be considered 
practical to know all the small inaccuracies of a system. If de- 
sign assumptions are not representative of conditions, then they 
should be changed more nearly to represent actual conditions, 
after which, a simple formula basis is sufficient. How does the 
author predict the actual conditions and dimensions of a system 
for stress determination? 

The first page of the text is elaborately presented to show 4 
condition which could be deductively ascertained. An elemen- 
tary condition is shown as involved unless definite values of dy- 
namic » should be taken for determining the value of tractive 
effort under a wheel which is slipping. If so, then this will per- 
mit a simple calculation for the rod with maximum loading. 

The first paragraph of the second page of the paper indicates 
a value of u for clean and sanded rail, although the reading would 
indicate the values to be assumptions. Is this a value for rod 


4 Ry. M.E., Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa 
Mem. A.S.M.E. 
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design? If so, the writer ques- og — 


tions it, although he does agree ’ < 
that the adhesion basis of com- No = 
160,000 
parison is most desirable. The 
last two lines in the second | ] 
paragraph still miss the point 90 + ‘ 
by omitting inertia effects. / 
This is very serious on an ; 
electric locomotive where the 70 
100,000 | ‘> 
masses involved have a large 
disturbing effect on stresses in 
> lrive S +} 80, | 
the drive system. Such an 1. 4 
fect is most noticeable under 3 . 1A ’ 
the condition for maximum rod 30 N 
= 
stress which is a basis of the | 40,000 | 
discussion can be determined 20 } 
by inspection. 20,000 } 
Actual tests made by the 
writer on electric-locomotive 
21 
main rods under the conditions 0 >. 0 
of small and large clearances in Fig. 14 INSTANTANEOUS VALUES OF TRACTIVE ErrortT DurING CHATTERING 


dicates that the rod-force or rod- 
stress diagram can be expected 
to assume various shapes dependent upon minute differences in 
length of the main rod or in variations of the locomotive tram. To 
make a practical analysis to substantiate the theoretical, an elabo- 
rate set of accurate static and dynamic measurements of the drive 
system must be made. Then again, there is the effect of resonance, 
this is shown in Fig. 14, which is a record obtained on a main 
rod of an electric locomotive when exerting maximum tractive 
effort on a lightly sanded rail. The alternate slipping and grab- 
bing of the driving wheels on the rail produces a very drastic 
condition, here termed “chattering slip.’ It should be noted 
that the nominal maximum adhesion of 42 per cent, has a corre- 
sponding equivalent maximum adhesion value of 110 per cent. 
Many tests on electric jackshaft, gear- and rod-driven locomotives 
confirm these unusual values. The problem of measuring 
the stresses in locomotive rods is one which requires an instru- 
ment which will measure a dimension to approximately one- 
thousandth of an inch and at the same time be of such rugged 
character that it can be attached to a locomotive main rod and 
withstand the effects of chattering slip on the road. The instru- 
ment which was designed by the Westinghouse Company is the 
magnetic strain gage which Mr. Wheeler will describe. 


B. WureLer.® The magnetic strain gage or extensometer is 
illustrated in Fig. 15. It consists of a base carrying two C- 
shaped laminated cores each provided with a coil of insulated 
wire. A laminated armature attached to’an extension bar 
is placed between the poles as shown in the illustrations and is 
free to move so as to increase the air gap of one core and de- 
crease the air gap of the other core. 

The electrical principle of the magnetic strain gage is also 
illustrated. The two coils are connected in series to a high fre- 
quency constant voltage supply so as to provide a single flux loop 
and equal voltages across the coils if the air gaps on either side 
of the armature are equal. If the armature is moved relative 
to the cores the impedances and therefore the voltages across 
the coils will change, decreasing where the air gaps are decreased 
and increasing where they are increased. A voltmeter across 
One coil will indicate the change in voltage or indirectly the 
motion of the armature. If an oscillograph is used instead of a 
Voltmeter, a continuous record of armature movement may 


* Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 


be obtained. On account of the mutual effect of the two coils 
the voltage variation will be a direct function of the change of 
air gap or motion of the armature. 

If the base of the instrument is attached to the member being 
tested, then the armature will move a distance equal to the change 
in length of the member between the points of attachment and 
a voltmeter or oscillograph connected as described will indicate 
this movement and hence the strain and therefore the stress 
in the member in the region where the magnetic strain gage is 
attached. 


A. I. Liperz.6 I am very glad to have the privilege of dis- 
cussing Dr. Loewenberg’s paper. first, because I think it is a 
very valuable paper and a great contribution to the question 
of ‘stresses in locomotives and, secondly, because some time ago 
I myself analyzed the question of distribution of power in two- 
cylinder locomotives and came to conclusions almost identical 
with those of Dr. Loewenberg. Moreover, I suggested to 
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6 Consulting Engineer, American Locomotive Co., Schenectady, 
N. Y., and non-resident Professor of Locomotive Engineering, Purdue 
University, Lafayette, Ind. Mem. A.S.M.E. 
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Dr. Loewenberg sometime ago that a thorough study of the 
three-cylinder drive, taking into consideration clearances and 
the flexibility of the system, would be of great interest, and am 
very pleased to see that this resulted in such a good paper for the 
Society. 

Reverting to the paper, I should like first of all to point out 


tis 

re) 30 135 1 275 270 315 360 

= 

rye 

Fig. 16 


lus in Thousand Pounds - 


Tangential force at Crank Radi 


Dear 
Fig. 17a 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


stresses of a magnitude nearer that of a two-cylinder steam 
locomotive with 90-deg. angle between cranks. 

Some diagrams pertaining to the 90-deg. drive prepared last 
year for lectures in Purdue might be of interest in connection 
with this paper. I followed the lines of an article ‘““The Design 
of Coupling Rods for Electric Locomotives,” published in Engi- 
neering of July 22, 1927, where only the flexibility of side rods 
is taken into account. While the deflection of side rods is not 
much greater than other deformations in the driving mechanisin, 
and while the flexibility of other parts cannot be easily disre- 
garded, I found it, though, very useful to consider the flexi- 


jrecs 
Fic. 17b 


bility of side rods only, at least for the general study of the prob- 
lem. Fig. 16 shows the right-hand and left-hand side-rod loads 
(Q; and Q.) for a constant torque 7’ acting on a radius of r as a 
function of the right angle \. It can be seen that the curves are 
sine curves. They correspond to Fig. 9(a), of Dr. Loewenberg’s 
paper, which is represented by his Equation [21]. They differ, 
though, in that the torque has been assumed to be constant, in- 


that what actually matters in the problem of aT P 
power distribution in a locomotive is the © 


angle between the right and left cranks from 


ip 3 TANA=*1 
45° 5 135° 


which the power to the axles is transmitted, 
and not the number of cylinders. The char- I 
acter of the torque, whether uniform as in r 
electric locomotives, or four-cycle as in two- 
cylinder locomotives, or six-cycle as in three- 
cylinder locomotives, is of secondary import- 


ance. True, Dr. Loewenberg, in considering 
the flexibility of the system, took into account 
the bending of the main axle by the action of 
the middle cylinder, which could not take 
place in a two-cylinder locomotive, but his 
calculation following Equation [22] shows that 
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the horizontal displacements of the side-rod pins 
due to the middle cylinder gsr are much less 
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than other displacements. 

The main difference between the stresses in 
the two-cylinder and three-cylinder locomo- 
tives, and the reason why they are greater in the latter than 
in the former, lies in the fact that the angle between the cranks 
on both sides is 120 deg. in the three-cylinder locomotive as 
compared with 90 deg. in the two-cylinder locomotive. In other 
words, in a uniform-torque electric locomotive with 120-deg. 
angularity, there would be greater stresses than in a locomotive 
with a 90-deg. angle, and the rod stresses in such an electric 
locomotive would most probably be very close to those in a 
three-cylinder steam locomotive. Likewise, a three-cylinder 
compound steam locomotive with cranks at 90 deg. will have 


Fie. 18 


stead of following the four-cycle line as shown in Fig. 17a, whereas 
Dr. Loewenberg’s curve corresponds to a six-cycle curve as show? 
in Fig. 17). It will be seen that both curves can be, with 4 
certain degree of approximation, taken as straight lines. The 
main difference, though, lies in the denominator of his Equatio® 
[21] which for 90 deg. turnsintosin? d+sin? (a—90°) =1. There 
fore, the side-rod loads in a two-cylinder locomotive never exceed 
P, whereas curve 9(a) of the paper shows maximum values 
2.4 P, instead of 1.5 P, as it would have been for the three 
cylinder engine if only the number of cylinders would matte? 
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This rise is due exclusively to the angularity of 120 deg. of 
the three-eylinder locomotive. 

If the flexibility of the system is disregarded and only clear- 
ances taken into account, the side-rod loads are as shown on 


Fig. 18, attaining values PV/2 when clearances are equal on both 
sides, and values as high as 2 P when clearances on one side are 
double those on the other. For better comparison Fig. 19 shows 
the side-rod loads in case of equal clearances superimposed on 
the loads due to flexibility only. We can see that whereas the 
latter is also below P, the former are always above P. When 
both clearances and flexibility of side rods are taken into con- 
sideration, the peaks of the curves are cut off by curves BC, 
LM, ete., and the maximum loads are slightly lower. The reason 
for this is that before approaching the change-over positions 
where the loads are maximum, contacts between side rods and 
pins are already established due to the flexibility of the system, 
and instead of a sudden change in load from maximum to zero, 
as the case would be in a rigid system, the stresses drop on one 
side and come up on the other side gradually and smoothly, 
according to curves Q; and Q». Fig. 19 corresponds to Fig. 
10 of Dr. Loewenberg’s paper which, compared with Fig. 6, 
shows the absence of peak loads and a great reduction in their 
magnitude. It is thus evident, and it seems very natural, that 
the flexibility of the system reduces the stresses in the system. 

Fig. 20 shows side-rod loads for an actual two-cylinder loco- 
motive, taking into consideration the variation of piston thrust 
and the inclination of main rods—thus coming even closer to 
the actual conditions than Dr. Loewenberg did in his paper 
when he assumed piston thrusts constant and parallel. We 
can see by comparing this figure with Fig. 19 that the charac- 
ter of the curve is the same, thus proving that the theory as ex- 
pounded in Dr. Loewenberg’s paper depends more on the angu- 
larity of cranks than on the nature of the torque, and that his 
results are due more to the fact that the angle between 
cranks is 120 deg. instead of 90 deg., than to the fact that 
the locomotive has three cylinders instead of two. 

I should like to call attention to several practical points 
Of great value is the method adopted by 
Dr. Loewenberg of considering the difference between 


in the paper. 
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Of further great value is the theory of the distribution of power 
in Dr. Loewenberg’s conclusion near the close of the paper that 
it is ‘allowable under ordinary conditions to consider the sum 
of the rod-pin clearances and axle plays as being concentrated 
in the side-rod bearings so far as the maximum side-rod ‘force 
is concerned.” 

There is one statement, though, on the last page, to which I 
would take exception. Dr. Loewenberg argues that while center- 
line errors are unlikely to occur to any considerable extent in new 
locomotives, they can increase with time in existing locomotives, 
on account of the wear and of the fact that the wear is always 
taken up in the forward direction. Every time the wear is taken 
up the distance between axle centers is checked and the centers 
are brought back to their original positions by putting shims 
under the shoes. For a short period, though, on locomotives with 


right and left side clearances. The maximum loads are 1 
mostly due to clearances, and while the flexibility re- 
duees them, the loads may attain high values if the 
clearances are different on both sides. This fact is of very 
great practical importance. While it is very improbable 
that clearances actually vary considerably on both sides, it 
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is well to bear this in mind in practice. 
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automatic wedges, the wear is taken up automatically in only 
one direction; but as soon as some work is being done in the shop 
the center line is again corrected. 

A few more words about the old ordinary method of calcu- 
lation of side rods. Fig. 21 shows how in a two-cylinder loco- 
motive the maximum force is calculated. The torque, as shown 
on the figure, attains its maximum value at 45 deg., corresponding 
to the change-over position, and the maximum side-rod load is 
equal to 2 P—this assuming that the clearances on both sides are 
equal. If they are unequal, the change-over positions are differ- 
ent, and one of them becomes closer to the horizontal line. Then 
any value may be obtained, depending upon the differences in 
clearances, and the flexibility in the system will have very little 
to do with the reduction of these side-rod loads. In a three- 
cylinder locomotive the change-over positions correspond to 
30 and 60 deg. angles of the two cranks, if the clearances are 
alike. At the 30-deg. position the side-rod load is equal to 4 P. 
This is very close to 3.8 P—what Dr. Loewenberg considers to 
be the maximum side-rod load with equal clearances (last page). 
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If the clearances are different, then again this side-rod load may 
go up to 5 and 6, and even higher. Therefore, we can consider 
that the value which is obtained by the ordinary method is very 
close to that resulting from the theory when flexibility and clear- 
ances are taken into consideration. If we further recall that in 
the elaborate theory many assumptions have been made, as, 
for instance, the clearances have been assumed to be equal, the 
crank axle has been replaced by a straight axle, torsion of axles 
disregarded, the small differences between the ordinary and the 
more accurate figures is very striking. 

It is gratifying to see that Dr. Loewenberg’s conclusions indi- 
cate that the more accurate method of calculation of crank 
axles in three-cylinder locomotives does not show stresses higher 
than those obtained by the ordinary method, except only in 
the journal which, to his mind, should be calculated on 50 to 
75 per cent higher loads. As regards the latter, his assumption 
that the journal is calculated for a bending moment P (d— a) 
is not correct—it is figured for the moment in the plane of the 
cheek. This is more than if for the side rod a value of 3 P were 
taken. The value of 4 P, which can be imagined only if the main 
wheels are idling, is very improbable. I do not think it advisable 
to make in a theory supposed to be accurate assumptions which 
are good for a crude theory, when many factors are disregarded 
and assumptions are needed for the sake of safety. Thus we 
can safely conclude that the more accurate theory does not re- 
quire any changes in the ordinary method of calculation. 

In conclusion let me take up the statement on the first page that 
“the formulas by which the locomotive designer chooses the di- 
mensions of the side rods, crank pins, and axles are based on cer- 
tain simplified assumptions which are far from the actual con- 
ditions.” It is evident from the theory as expounded in the 
paper that some assumptions have to be made anyway, and that 
sometimes the assumptions are of such a sort that the error 
involved is greater than the gain from the accurate theory; 
consequently some correctives from the indication of practice 
must be introduced in order to obtain good results. In de- 
signing locomotives, it is being made by choosing the factor of 
safety on the basis of actual practice, and so far this method has 
proved to be quite satisfactory. This, however, should not be 
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* understood as a statement undermining the value of Dr. Loewen. 


berg’s paper, as to may mind its value lies in the illumination of 
the question, rather than in its immediate practical application 
to calculation. 


R. Exseratan. The following discussion is offered as 
a brief and rough outline of the essential features of this drive 
from possibly a somewhat different point of view and also with 
the object of giving a procedure that is consistent with a similar 
analysis for two-cylinder action, the latter of which is fairly 
in accord with present practice. 

The stresses in the machinery of a locomotive are greatly 
dependent upon a correct estimation of the loadings in the side 
rods and the nature of their variation in a revolution. It has 
been the practice, both of the American Locomotive Company 
as well as The Baldwin Locomotive Works, in the case of two- 
cylinder locomotives, to base the side-rod loadings on given per- 
centages of the piston thrust. Though the percentages used 
by the two companies differ, a corresponding difference in stress 
constants results in practically the same proportioning of rods 
The arrival at these loadings has been based primarily on em- 
pirical data and long-tried-out experience. 

If now a procedure in analysis can verify these results in s 
two-cylinder locomotive, then by extension of a corresponding 
analysis we may arrive at values of rod loadings in a three-cylinder 
locomotive which are consistent with practice. Moreover, 
this procedure may be extended to rod-drive electric locomotives, 
provided an understanding of the dynamic nature of this latter 
problem is appreciated. 


Z 
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It can be very simply shown, both analytically or by a model, 
or even by a graphical layout, that assuming equal plays, with 
a rigid drive, there exists an intermittent loading of the side 
rods with definite change-over position, the loadings on either 
side carrying the entire driving load alternately over given load 
belts of action. In a two-cylinder locomotive, with cranks 
arranged at 90-deg. phasing, the change-over position occuls 
at the 45-deg. angle, while in a three-cylinder locomotive, with 
cranks at 120-deg. spacing, the change over occurs at the 30- 
deg. angle with the horizontal. 

Thus in a three-cylinder locomotive, assuming the right crank 
leading left, the right drive carries the load from 60 to 150 deg. ant 
from 240 to 330 deg., while the left drive carries the load from 
150 deg. to 240 deg. and from 330 to 360 deg., with the right crank 
measuring the phase angles. (See Fig. 22.) 


Errect oF Unequat Rop or JoURNAL CENTERS, 
BEARING Puay, Erc., ror Rigip SysTeM 


With unequal rod lengths or journal centers, plays, et¢., the 
change over no longer takes place at the 30-deg. angle for three- 
cylinder locomotives and there may be an approach to toggle 
joint action; that is, the change over may take place in the 
vicinity of the dead points. In such a case the rod and frame 


8 Engineer, Baldwin Locomotive Works, Philadelphia, Pa. Me 
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stresses would become infinite, if it were not for the elastic yield 
in the frame and rod themselves. 

Consider an elementary transmission with a shortened rod 
in the trailing or left drive of length L — AL, then if Sy = total 
play in the bearings, we have at the change-over position in the 
first quadrant (Fig. 23): 


—rcos¢@ + L + rcos (¢ — Ag) — Sy = L for leading or 
right drive; and 
—rcos (120 — ¢) + L — AL + r cos [120 — (¢ — Ad)] 
+ S) = L for trailing or left side (short rod L — AL). 
From these equations: 
rsing Ad = So 
r cos A@ = So— AL 


So So — AL 
sin 3 
° v3 cos 


so that for a three-cylinder locomotive the change for a rigid 
system with unequa! plays, rod lengths, etc., is: 
V3 


So 


while in a two-cylinder locomotive: 


P So 
Thus irregularities in play, rod length, ete., AL, are intensified 
in a three-cylinder locomotive for more unfavorable change-over 
angles. 

Errect oF Evasticiry OF THE DrIvE 


The general effect of the elasticity of the drive is to prevent 
an abrupt change-over angle; that is, there is a small elastic 
load belt, at the change-over position, where the rods on both 
sides are in action. This condition reduces the peak loadings 
and in.a sense compensate unfavorable change-over positions, 
80 that the peak loads indicated by poor change-over positions 
with unequal plays in a rigid system are actually reduced by the 


| elasticity of the drive. 


For estimating the limits of the elastic belt around the rigid 
change-over position, we reduce the elastic deformation on the 
loaded side to an equivalent play and then substitute in the 
previous equations for a rigid change-over position, as an addi- 
tional play. 

Thus with the shortened rod in action, the equivalent change 
in rod length is AL — 6, so that both rods come into action at 


the crank angle 
V/3 


t 


This reduces y for the right crank and increases the moment 
arm for the loaded left drive. Both rods are in action in the 
elastic belt and carry loads proportioned to their elastic defor- 
mation, 


To estimate the equivalent elastic deformation, we have: 


= cos ¢} (in.) 


where Im is the equivalent length of the axles subjected to tor- 
on, J the polar moment of inertia, and G the modulus of torsion. 
While the elongation of the rod itself is: 


APM-50-13 39 
TL (in.) 
in which A = area of rod 
so that: EH = elastic modulus 
lm COS L 
= T 6 
JG AEr cos ¢ + & (7) 


where 5 (f,7) accounts for bending in the axles. 

Strictly we should consider, in addition, the shortening or 
lengthening of the frame itself, which may be considered in the 
term L, but this correction is usually small and may be neglected. 


Maximum LoapINnGs IN Sipe Rops anp THEIR VARIATION IN A 
REVOLUTION 


Since the elasticity of the drive tends to reduce the peak load- 
ings, particularly for poor change-over positions, it is reasonable 
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Fig. 24 


to assume in estimating maximum rod loadings that the change 
over or transference of load from one side to the other is at 45 deg. 
for a two-cylinder locomotive and 30 deg. for a three-cylinder type. 

Since modern locomotives are designed practically to the 
limit of their maximum adhesion, each driver will share a fric- 
tional resisting torque, the sum of which for all the drivers balance 
the piston-load torque, directly proportional to its weight dis- 
tribution. Now in forward motion the main driver carries a 
greater adhesive loading than the coupling drivers. In back- 
ward motion, of the total adhesive weight on the drivers of a loco- 
motive with trucks is usually somewhat reduced. For the in- 
dividual drivers, however, the coupling drivers are now loaded 
greater than the main driver. Therefore, backward motion 
gives a greater loading on side rods than forward motion, but the 
difference is reduced, due to a decrement in the total adhesive 
weight in backward motion. We are, therefore, justified in a 
first approximation in assuming the resisting friction torque to 
be equally divided among the drivers. 

Moreover, since the rods, frames, ete., are designed on the 
basis of fatigue stress limitations, there is further justification 
in using these average maximum values rather than some dras- 
tic or occasional peak loading, which might occur under excep- 
tional conditions. 

Therefore, if: 


K = side-rod loading driving drivers 

r = erank radius (¢ = crank angle from horizontal) 

n = total number of drivers 

p = number of drivers driven by side rod considered 

Ts = piston load torque for angle ¢ of reference crank then, 


the equation of the side variation is: 


Kr sin = 
n 


or 
pls 
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between the crank-angle limits for the load belt of a side rod. rather than the previous 30-deg. position with a consequent 
For estimation of the maximum loading a fortunate condition lowering of the load on the intermediate side rod. 

greatly simplifies the problem. This is, that the maximum Moreover, the total driving torque is reduced to 2 Pr sin 60°, 

torque, for either a two-cylinder or three-cylinder locomotive, Therefore, if nm = number of drivers and p’ = number of drivers 


also occurs at the change-over position. Thus if neglecting driven by the intermediate rod, that is, the crank driver plus 
the obliquity, which is consistent with our approximations: the number of forward coupling drivers, we have: 
For a two-cylinder locomotive (Fig. 24): 2p’ Pr sin 60° 
Kr sin 60° = 
V2 Por n 
ae so that, therefore 
2 Par) _ K, =< 
nr sin 45° n n 

Ws For a three-cylinder locomotive (Fig. 25): Thus with four pairs of drivers, with the crank on the second 

+ and the outside on the third, p’ = 2, n = 4, so that K P. 

‘ * Tmax = Por + 2 Por sin 30° = 2 Por In connection with the distribution of power on two axles, 

Be ie so that, the consideration of a possible drifting friction torque is of im- 

Sy ae - p(2 Psr) 4p P portance. Thus there may be at all times a relative slippage 

a Ki = nr sin 30° esas between groups of drivers, with frictional resisting torques pro- 

portional to the maximum adhesion. This condition would 

iy At this point, however, it is well to bring out the relation be- momentarily double the above value. It is, however, not an 

“ # tween the piston loads P; and P; for two- and three-cylinder ®Verage loading condition and from the writer's experience on a 

; great number of three-cylinder locomotives, the design on the 


locomotives. 

G For the same locomotive, one using a two-cylinder drive and 
the other a three-cylinder drive, with the crank and outside rods 
all on the same driver, we have, for the same tractive force: 


basis of power loading appears sufficient. 
This condition with also a reduction of the bending moments 
on the crankshaft, makes it desirable to divide the drive on two 


; ' axles with four pairs of axles or more. In fact, with more than 
on 4 i four pairs of drivers, the intermediate side-rod loading would 
. T 7 become excessive if the drive were all concentrated on one axle 
2 FRAME STRESSES 
- 3 If 1 = distance between cylinder centers 
4 . . a = distance between frame centers 
so that on a two-cylinder basis: 
wa the loadings on the frame may be taken approximately as: 
4 
(Tmax)s = 2 Psr = Por for a three-cylinder type Pil 
= — for two-cylinder locomotives 
ae a 


(Tmax)? = 2 Por (approx.) for a two-cylinder type 
BS The former is unaffected by the connecting-rod obliquity, = oe for three-cylinder types 


but the latter is and more correctly becomes: 


but since P; = 2/3 Ps, we have: 


(r..) = Por (v2 + ‘) in which / = length of main rod. S; 2 (2l+a) 

(Kmx)s 4 Sy 

(Kimax)2 A safe rule would then be to design three-cylinder frames 
Pre from 0.85 to 0.90 of the loadings of a corresponding two-cylindet 


Due to the somewhat greater torque in the two-cylinder type 
as pointed out above, the increase in side-rod loading of a three- 
cylinder locomotive for the same number of drivers, adhesive 
weight, etc., may be said to be roughly from 25 to 30 per cent It would seem that a great deal of the criticism contained 
over that of the two-cylinder type. Messrs. Houston and Lipetz’ discussions is due to the fact that 

When a three-cylinder locomotive has the inside crank con- the subject of the paper was not properly defined at the beginning 
nected to one axle and the outside to another, for the maximum Instead of mentioning it in the introductory paragraph and 
intermediate side-rod load between these drivers, the inside crank other places, it should have been said in the title that the 
is placed approximately at its dead-center position. It therefore vestigation was restricted to the static conditions in the drive 
exerts no torque, and the axle is then driven by the side rod. system of three-cylinder steam locomotives with a 120-deg. era! 
Therefore, the intermediate side rod drives this driver and the angle, all cylinders acting upon the same axle. There were *" 
: forward coupling drivers with a moment arm corresponding to eral reasons for this limitation of the subject. The two-cylind# 
i the (loaded) outside crank position with the center crank at locomotive with a 90-deg. crank angle was not included beca™ 

its dead-center position. With cranks at 120°, the moment Eksergian’s “Stresses in Locomotive Frames” deals with a gt 
arm would correspond to an outside crank position at 60 deg., part of the problem as it appears in this kind of drive, and furthe" 


frame. 
AUTHOR’s CLOSURE 
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more because the inaccuracies of the statically indeterminate 
system are less liable to set up dangerous stresses at a 90-deg. 
than at a 120-deg. crank angle. The author is indebted to Mr. 
Eksergian for pointing out the latter fact in his discussion by 
means of a simple formula. The electric locomotive was not 
considered because it seemed hardly possible to say anything 
about it which is not contained in Couwenhoven’s very thorough 
investigation on the “Rattling of Electric Locomotives,” unless 
one leaves the field of theoretical deduction and turns to a mea- 
suring method as Mr. Houston so meritoriously did. The in- 
vestigation was limited to the static conditions, first, because 
considering the dynamic influences would have made the problem 
considerably more complicated and so justified even to a greater 
extent Mr. Houston’s complaint that the treatise is too involved. 
While in electric locomotives the calculation can be based on 
uniform torque and with steam locomotives at low speeds the 
static conditions can be approximately found by assuming a 
piston thrust constant over the whole stroke, the dynamic in- 
vestigation of a steam locomotive would have to contend with 
a piston thrust changing over the length of the stroke according 
to indicator diagrams as found at higher speeds which could be 
expressed in formulas only with rough approximations and rather 
arbitrarily. The other reason for excluding the dynamics lies 
in the fact that at higher speeds the piston thrust is much smaller 
than its maximum value in those crank positions in which the 
main-rod force acts upon the driving axle with the maximum lev- 
erage, so that there is a good chance that the final result of a 
dynamic investigation would show lower stresses than the static 
investigation at low speeds. Furthermore, the danger of reso- 
nance is much smaller in the steam locomotive than in the electric 
locomotive because of the lack of parts which could act as a swing- 
ing weight as the rotating part of the electric motor does. 

The foregoing answers the objections raised by Mr. Houston 
in the second paragraph of his discussion, except the one in which 
he points out that the small inaccuracies of the system will never 
be known in every individual case. For this, however, the author 
cannot be blamed, and it will apply just as well to every theoretical 
investigation of the problem as to every method of measuring. 
The engineer will always try to avoid statically indeterminate 
systems and to use designs in which the stresses do not depend on 
the inaccuracies of the fittings. Where he cannot avoid it, the 
best he can do is to measure or estimate the largest inaccuracies 
likely to occur in practical operation, and to compute or measure 
the stresses set up by them under the most unfavorable condi- 
tions. 

As regards Mr. Houston’s discussion of the adhesion coefficient 
and his measurements in that line, it is greatly surprising that 
values as high as 110 per cent occurred. Such values have not 
been observed yet, as far as the author’s knowledge of the litera- 
ture on adhesion test goes. ' 

Reverting to Mr. Lipetz’ discussion, the author finds it neces- 
Sary to contradict the statements in his second and third para- 
graphs. He cannot admit that it is of secondary importance 
whether the torque is exerted on the main driving axle by two or 
three cylinders, or whether the uniform torque of an electric 
motor is being transmitted. It is true, of course, that the total 
torque of a three-cylinder locomotive (with 120-deg. crank angle) 
changes only between 1.86 and 2, assuming constant and equal 
piston thrust. For the elastic deformation of the main driving 
axle, however, it makes a great deal of difference at what place and 
at what crank-angle positions the forces act which result in the 
torque. Not only does the middle-cylinder thrust cause a hori- 
zontal displacement of the side-rod pins, but also the outside 
cylinders and all three piston thrusts induce distortion of the 
a Pie kind of the deformation depending entirely upon 

Le, age, and working point of the main-rod forces and 
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not upon the total amount of torque. Not only gm, but all the 
displacements f, g, and ¢ are affected by it. It is not quite clear 
which kind of an electric drive Mr. Lipetz has in mind in his state- 
ment that the conditions of a three-cylinder locomotive (with 120- 
deg. crank angle) are closer to the conditions in an electric locomo- 
tive than to those of a two-cylinder locomotive. If we consider 
electric locomotives with a jackshaft or a main driving axle driven 
from the motor by means of two main rods (under 90-deg. crank 
angle) it seems highly probable that the uniformity of the torque, 
in which this locomotive differs from the two-cylinder steam 
locomotive, makes less difference than the completely changed 
action of forces taking place in the three-cylinder locomotive. 

It is admitted that it is quite sufficient to take the total torque 
into consideration as long as the flexibility of the side rods only 
is taken into account, as Mr. Lipetz does. The author would 
say, however, that in the cases which he investigated, the flexi- 
bility of the side rods was not only “not much larger,”’ but even 
considerably smaller than some of the other flexibility items. 
Adding up the elastic displacements regardless of their direction 
and taking an average over three different designs, he has come to 
the conclusion that the flexibility of the side rod is not more than 
10 per cent of the flexibility of the whole system. For this reason, 
he can see in Mr. Lipetz’ Figs. 19 and 20 only another proof for 
the fundamental statement that the elasticity of the system 
flattens out the load peaks set up by the clearances, which, by 
the way, is true only for the bending of the axles and the deforma- 
tion of the side rods, and not for the distortion of the axles. The 
extent to which this takes place, however, can only be found by 
setting up a definite amount of clearance against the total amount 
of elastic deformation. 

The author is obliged to Mr. Lipetz for investigating the in- 
fluence of the inclination of the main rods, as well as for calling 
to his attention the fact that in actual operation center-line 
errors are carefully avoided. 

As regards a comparison of the results obtained by the more 
exact method and the one obtained by Mr. Lipetz in taking into 
account the clearances but not the flexibility, the author cannot 
find that the agreement is so very close. Barring unequal clear- 
ances, his calculation leads to a thrust on the main side-rod pin 
of 3.4 P(not 3.8 as Mr. Lipetz quotes) instead of 4 P, as the simpler 
method would indicate, and for the middle side rod, 3 P instead 
of 4P. The disagreement is still greater if we consider how side 
rods and side-rod pins are rated in practice. Main side rods of 
3-cylinder locomotives are sometimes not figured for four times 
the piston thrust but for 1.5 P, just as two-cylinder locomotives 
have their main side rods rated for P and not for 2 P, as Mr. Lipetz’ 
method would require. While the safety factor evidently takes 
care of the differences, it seems at least interesting to know which 
stresses can actually occur under the most unfavorable conditions. 

Referring to the closing paragraphs of his discussion, it would 
appear that Mr. Lipetz must have misunderstood the author's 
statements. That the bending moment is figured for the plane 
of the cheek is true for the side-rod journal. The formula P 
(d—a), however, is quoted in the paper as being used for the axle 
journal, not for the side-rod journal, as mentioned in the first 
sentence of the penultimate paragraph. This formula was taken 
as the usual method because it is practically the one given in 
the American Locomotive Co.’s handbook, page 100. 

Mr. Lipetz furthermore objects to the author’s assumption 
that the main drivers are slipping, as being too crude for an ac- 
curate theory. In the beginning of the paper the author tried 
to describe conditions under which this would be possible, basing 
his statements on the highest adhesion coefficient which he could 
find in the literature and on the static conditions. He does not 
know whether Mr. Lipetz finds fault with the friction coefficient 
or with the static calculation. For the possibility of the adhesion 
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coefficient’s rising far beyond the rated adhesion factor the author 
can refer to Mr. Houston’s results; and as long as it is not denied 
that one pair of drivers can balance more than its share of the 
torque under favorable frictional conditions it cannot be denied 
either that another pair may balance less than its share or that it 
may even slip. 

There is nothing to guarantee the equal distribution of the fric- 
tion over the drivers, and the author will have to make this 
assumption, however crude it may be, unless some one shows that 
it cannot occur. 

The author regrets that the third sentence of the paper has 
evidently caused some hard feelings. He considered him justi- 
fied in calling assumptions “far from the actual conditions,” 
if, to cite just one instance, the stresses in main driving axles are 
figured as though just the main rods but no side rods were 
acting on them. This, however, was only meant for the assump- 
tions involved, for he did not doubt the practical applicability 
of the usual formulas which have proved to be satisfactory in 
thousands of actual instances. As a matter of fact, he would 
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have been very suspicious as to the correctness of his calculation 
if he had found that according to his theory all driving axles and 
side rods built so far should have broken long ago. 

Referring to Mr. Eksergian’s discussion, the author appreciates 
very much his proving that the three-cylinder locomotive (with 
120-deg. crank angle) is more susceptible as regards inaccuracies 
than the two-cylinder locomotive, his calling to the author's 
attention the fatigue stress in contrast to the maximum stresses, 
the investigation concerning the three-cylinder locomotives with 
inside and outside cylinders acting upon different axles, and the 
statement that the frame stresses are smaller in the three-cylinder 
locomotive than in a two-cylinder locomotive. He has to object, 
though, to the way in which Mr. Eksergian suggests that the 
elasticity of the system should be taken into account. The dis- 
placements cannot be simply added as their direction has to be 
considered, and similarly the side-rod forces are not simply pro- 
portional to the elastic deformation. It seems that where the 
elasticity matters, the more elaborate analysis cannot be dis- 
pensed with. 
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APM-50-14 


The Range and Severity of Torsional Vibration in Diesel 
Engines 


By FREDERIC P. PORTER,' BELOIT, WIS. 


PAPER on this subject was presented by the author at the Q =N(T + PR) 
44 Spring Meeting of the A.S.M.E., White Sulphur Springs, 
Va., May 23 to 26, 1927, and was published in the Transactions 12N (; ') + 12N Elre 
of the Society, vol. 50, no. 17, paper no. APM-50-8. In the 2 3 l 2 


first column of page 46 of this paper is a paragraph entitled 

“Heavy Ring Connected to Shaft by Flexible Spokes.” Since 

the publication of the original paper, the author has submitted 12NEIy 

another treatment of this matter which follows. C= ¢ + 

The equivalent inertia concentrated on the shaft to give the same 
The values of the equivalent stiffness of the spokes and maxi- effect in vibration as the heavy ring connected to the shaft by 

mum stress are obtained as follows: flexible spokes can be obtained by substituting the above value 
Let the axis of any spoke before strain be taken as a reference HU 

line with z measured along this line from the hub. Let the hub 

be held fixed and the ring be twisted through an angle @. Also £ 


(see Fig. 1) let oy P 


P = force acting at ring 

T = couple acting at ring a 

R = radius to ring R T 
| = length of spoke il 


Therefore, since C = Q/0, the equivalent value of C for the spokes 
is 


Heavy Rina CONNECTED TO SHAFT BY FLEXIBLE SPOKES 


r =R/l 

/ = linear deflection of end of spoke 

f; linear deflection at z. Fie. 1 

of C into Formula [87]. Thus the vibration of the system at 
any frequency can be solved. Let ©, be the amplitude of the 


ll 


Then by taking moments, the bending moment at z is 


M =T+P(l—2z) vibration determined in this way for the shaft under the spokes, 
so that and let J be the inertia value of the heavy ring. Then from 
df, Equation [25], the amplitude © of the ring relative to the hub is 
EI — =T+Pl—Pr given by 
dz? 1 
6 = 6, 1 — 
Integrating, this gives 


pa 2 gC 
dx 2 The greatest bending moment occurs at z = 0, and is equal to 
2 Pz T + Pl. Thus the maximum fiber stress occurs at this section. 
EI f, = (T + Pl) oe — If y is the distance from the neutral axis to the remotest fiber, the 
. 6 maximum fiber stress is 


d 
where the constants of integration are zero, since i = 0 and S=(T+ Pl) + 


= 0. 
Now, the slope of the deflection curve at x = 1 is tan @, which = 250 (3r — 1) 
can be taken as © since @ is small. Also RO = f. \Therefore l 
the last two equations at z = | can be written as and since @ is given by the expression above, 
Pl? (3r — 1) 1 
Te Pi 

= + 3 where 0°, is ©, in degrees. 


CoRrRECTIONS 
Solving these two equations for P and 7’, 


ie | The following corrections should be made in the original paper: 
we 12EI0 1 Page 34, Fig. 14. The part of the title within the parentheses 
¢ reading ‘‘The continued vibration stress” should read ‘The com- 
ki q bined vibration stress.” 

Page 39. In Equation [21] the first parenthesis should follow 
i \2 3 instead of precede ‘‘cos.” 

F . : Page 45. In Equations [81] and [83], a should be a. 

4 Bs torque transmitted by N spokes is Page 51. In the twelfth line of the second column, page 21 

' Fairbanks, Morse & Co. should be page 45. 
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Investigation of Insulated Walls 


Thermal Properties of Different Materials and Built-Up Wall Sections Discussed as Applied 
to Cold-Storage Work and Houses in Severe Climates 
By FRANK B. ROWLEY,! MINNEAPOLIS, MINN. 


This paper gives some of the research work at the University of 
Minnesota on the thermal properties of insulating materials and 
built-up wall sections for the type of construction used for houses 
in cold climates and for cold-storage work. A description of the 
types of test apparatus used is followed by a discussion of the re- 
A method is shown for converting from one set of results to 
another. The effect of moisture and temperature on the thermal 
conductivity of the materials is shown by test results. A group 
of walls tested by the hot-box method is given, showing in detail 
their construction and insulating value. 


sults. 


all manufacturing processes. It is difficult to conceive of 

any great industry in which this form of energy is not met 
with in many phases. It is the prime source of all power and 
is essential to an unlimited number of processes. It is necessary 
to the comfort and well-being of man and is one element which 
more than any other comes into our every-day life and requires 
regulation and control. 

The purpose of the author is not so much to discuss the general 
laws governing this form of energy, but rather to take up in de- 
tail the thermal properties of certain materials used as what 
might be termed “heat containers.”” Heat has the property of 
permeating or flowing through every known material. The 
magnitude of this property has a wide variation with different 
materials. Thus heat will flow through copper five or six thou- 
sand times as fast as it will flow through cork, and other materials 
show a still wider difference. It is evident that no material 
is heatproof, and the problem often is to find a material or 
combination of materials which will give the highest possible 
thermal resistance with the least cost, at the same time presenting 
structural and other qualities which are practical for the case at 
hand. 


H EAT is undoubtedly the most important single factor for 


Wa tis ReQuirRING INSULATION 


There are in general two classes of buildings in which heat- 
resisting walls are required. First, those in which the average 
inside temperature must be maintained below that of the out- 
side air, and second, those in which the inside temperatures must 
be maintained above those outside. The first is illustrated by a 
refrigerating or cold-storage plant, and the second by the average 
home in the colder climates. , 

As is well known, it is much more expensive to maintain tem- 
peratures below the average than it is to hold them an equal num- 
ber of degrees above. In the second case the temperatures are 
maintained by a very efficient process of direct combustion, 
while in the first they must be maintained by a more complicated 
and less efficient mechanical or thermal process of refrigeration. 

Partly for this reason and partly because more capital was 
concentrated in cold-storage work, the first active development 
of insulated walls was for the low-temperature or cold-storage 
work. From this field the industry naturally spread, and the 
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manufacturers of these heat-resisting materials sought an outlet 
in other directions. 

While some of the requirements for insulation materials in 
cold-storage work may be more exacting than for those in the 
ordinary home insulating field, the thermal requirements are 
very much the same. They are all classed as low-temperature 
insulating materials. 


DEFINITION OF ConsTANTS USED 


To make this discussion clear, a statement will be given of the 
units in common use for rating insulating materials and also a 
short description of the apparatus used for obtaining these 
constants. The unit of heat is naturally the B.t.u., and the im- 
portant factor is the rate of flow of this heat through the material. 
This rate of heat flow is defined as the number of B.t.u. flowing 
through each square foot of the material per hour per degree 
difference in temperature between the two sides. 

For homogeneous materials the thickness is taken as 1 in., and 
the temperatures are taken as those of the two surfaces. For 
built-up wall sections the total thickness of the wall is considered, 
and the temperatures are taken as those of the air on each side 
of the wall. 

In the first case the constant is known as the thermal con- 
ductivity of the material, and is usually denoted by C. In the 
second case the constant is known as the coefficient of heat 
transmission of the wall, and is usually denoted by U. 

These constants are often given on a 24-hr. basis, and it should 
be noted that there is not a definite agreement between all 
authorities as to the nomenclature used to designate them. The 
constants are often termed the hot-plate constant C and the 
hot-box constant U, the names being derived from the types 
of apparatus used for obtaining them. 

There is not a complete agreement between the different ex- 
perimenters as to what shall be the standard construction for 
either the hot-plate or the hot-box apparatus, but the prime re- 
quirement of accuracy must not be overlooked in any case. The 
construction used with success at the University of Minnesota 
is shown in Figs. 1 to 7, inclusive. 


DESCRIPTION OF Hot-PLATE APPARATUS 


The hot plate is shown in Figs. 1, 2, and 3. In brief it consists 
of a central heating plate 12 in. sq., upon each side of which is 
placed a flat piece of the material for testing. On the outside of 
these materials are placed cooling plates which are maintained at 
constant low temperatures by circulating cold water through 
them. The assembled apparatus is surrounded by a 2'/,-in. layer 
of insulation to prevent the loss of heat through the edges. The 
general construction is shown in Fig. 1. The central or heating 
plate is divided into two areas, a test section proper and a guard 
ring to prevent heat losses. The electric windings or heating 
elements for these parts are entirely separate, as shown in the 
wiring diagram of Fig. 2. The heating elements are placed be- 
tween two '/s-in. copper plates. These plates are 12 in. square, 
and the center portion, 9 in. square, is entirely separated from the 
outer portion by a slot '/; in. wide. The heat from the center 
heating element, Fig. 2, is all supplied to the 9-in. sq. section, and 
that from the outer heating element is supplied to the outer portion 
of the plate. There is no metallic connection between the inner and 
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outer portions of the plate. They are held in alignment by the four 
asbestos blocks A, Fig. 2. When the material is in place for test- 
ing, the current is adjusted in the two windings to give an equal 
temperature in the inner and the outer portions of the plate. Un- 
der this condition all heat supplied to the inner winding must pass 
out through the inner 9-in. sq. section, through the test section to 
the cooling plates. By knowing the watts supplied, the thickness 
of the test specimen, and the temperatures of the two surfaces, 
the conductivity C is easily calculated. Fig. 3 shows two of 
these plates assembled and in operation at the experimental 
engineering laboratories of the University of Minnesota. 


Description OF Hot-Box APPARATUS 


The hot box as used is shown in the line drawings Figs. 4 and 5 
This apparatus consists of two 
The smaller box is 3 ft. in 
inside dimensions and is placed inside the larger one, which is 
5 ft. inside dimensions. The open faces of these two boxes are 
placed in the same plane and open into one side of a cold-storage 
The wall for test is placed over the open face of the two 
boxes. This construction is shown in sectional view by Fig. 4. 
Fig. 5 shows a cross-sectional view of the cold room looking into 


and the photographs Figs. 6 and 7. 
cubical boxes each with one side open. 


room. 


Fic. 7 ARRANGEMENT OF INSTRUMENTS AND CONTROL APPARATUS 


For Hor Box 


the open end of the double box, and Fig. 6 shows a similar photo- 
graphic view with the wall section removed. 

The fundamental principle of the apparatus is that the tem- 
peratures on the high side of the wall are maintained uniform and 
equal by the two boxes. Heat is supplied to these boxes by 
thermostatically controlled electric heating elements, and all of 
the heat supplied to the inner box is metered. 

Since the air temperatures on both sides of the inner box walls 
are equal, the only place for this heat to escape is through the 
test section. The lines of heat flow through this section must be 
hormal to the surfaces as heat is supplied to the adjoining areas 
of the wall by air of equal temperature. By knowing the air 
temperature on both sides of the test section, the area of the sec- 
tion, and the amount of heat supplied, the hot-box constant 
U may be calculated. The advantage of the double-box construc- 
tion is to prevent the unknown edge losses which occur in the single- 
box method. 

All temperatures are taken with 24-gage copper-constantan ther- 
mocouples and a type K Leeds & Northrup potentiometer. The 
temperatures for balancing the condition between the two boxes 
are taken at five points on each side of the inner-box walls. One 
couple is placed 2 in. from the center of each wall surface. The 
temperature for the air of the inner test surface is taken by a 
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group of five thermocouples placed 6 in. from the inner surface 
of the wall and that for the air on the cold side is taken by a 
group of five couples 6 in. from the outer test surface. Each 
group of couples is so arranged that the couples may be read in- 
dividually or in parallel. Individual couples are placed at 
various points through the wall and on the surface as required for 
test purposes. 

All of the thermocouple wires are carried to selective switches 
on a board placed outside of the test box. This board also carries 
the heat-control switches and meter. Fig. 7 is a photographic 
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view showing the switchboard, the type K potentiometer, and 
the recording potentiometer. The recording potentiometer is 
used during the time that the apparatus with the test specimen 
is coming to a heat balance, after which the test data are taken 
with the type K instrument. 


Fie tp or UsEFULNEsS OF Hot PLATE AND Hor Box 


The hot plate and hot box each have a distinctive place in the 
field of testing insulating materials. The hot plate is best adapted 
for determining the thermal conductivity C of homogeneous 
materials, while the hot box is best adapted for determining the 
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coefficient of transmission U through a built-up wall section. 
It should be pointed out that the difference between the two con- 
stants is that in the hot-plate constant the surface resistances are 
eliminated while in the hot-box constant they are included. 
With a proper knowledge of surface resistances the hot-box con- 
stant may be obtained with the hot-plate apparatus, or if the 
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Fig. 10 Temperature Drops AND Conpuctivity CONSTANTS FOR 
Watt No. 23 


U_ = Coefficient of transmission air to air 

Ci = Conductivity constant of insulating board ‘“G,”’ 
C: = Conductivity constant of insulating board “‘G,”’ 

= Temperature at location of thermocouples 

Ki = Surface constant 

Kz = Surface constant 

Ks = Surface constant 

Ka = Surface constant 


Table 4 
Table 4 


Resu/ts of Tests 
Cond| 
(Vs Comst| T. \Comst) T. 
{ Fun || Deg. \Run2)| Deg. 
} U |.184 |40.2}./85|40.3 
C, |.356 |6/.0}.358\6/.0 
\/.80 1.8Z 
Mz 
\Z.00 2.10 
AG 25 /Z8 
xy Temperotures 
|\723 723 
\ |\497 49.6 
41.4 
%\34.8| 
\/1.8 41.7 


1 TEMPERATURE Drops AND CONDUCTIVITY CONSTANTS FOR 
Watt No. 25 


U_ = Coefficient of transmission air to air 

Ci: = Conductivity constant of insulating board ‘‘B,’’ Table 4 
C: = Conductivity constant of insulating board ‘“‘B,’’ Table 4 
T = Temperature at location of thermocouples 

Ki = Surface constant 

Ke = Surface constant 

Ks = Surface constant 

Ka = Surface constant 


‘surface temperatures are accurately taken, the hot-plate constant 


may be determined by the hot-box apparatus. As a general rule 
the hot plates in use are not large enough to test any practical 
wall construction. 


Errect oF MEAN TEMPERATURE AND ON 
TRANSMISSION 


While in practice we speak of heat-transmission constants, 
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these factors are really not constants. The rate of transmission 
varies with mean temperatures. The higher the mean or average 
temperature between the two sides of the material, the higher the 
factor. Likewise the constant increases as the moisture content 
of the material increases. It therefore follows that in reporting 
the conductivity of any material the value of these two variables 
should be definitely stated for the test. Failure to recognize 
this fact has resulted in many conflicting reports on the same ma- 
terials from different laboratories. Most insulating materials 
absorb moisture from the air, the amount depending upon the 
relative humidity. This absorption may reach 10 per cent or 
more of the weight of the material, and may easily increase the 
conductivity by 15 per cent. In order to reach a standard 
method for comparison, the American Society of Heating and 
Ventilating Engineers has adapted 60 deg. mean temperature 
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Fic. 12 Temperature Drops anp Conpuctivity CONSTANTS FOR 
Watt No. 30 


U_ = Coefficient of transmission air to air 

Ki = Surface constant 

Ke = Surface constant 

Ks = Surface constant 

K« = Surface constant 

YT = Temperature at location of thermocouples 

Ci = Conductivity constant of plaster 

C: = Conductivity constant of insulating board ‘‘B,’’ Table 4 
C3 = Conductivity constant of insulating board ‘‘B,’’ Table 4 
Cs = Conductivity constant of building paper 

Cs = Conductivity constant of lap siding (pine) 


and a bone-dry basis as standard for hot-plate tests and 40 deg. 
for a mean temperature for the hot-box tests. 

An illustration of the effect of mean temperature on the con- 
ductivity of insulating material and two wall sections, one in- 
sulated and one not insulated, is shown in Figs. 8 and 9. Fig. § 
gives the hot-plate constants for two common insulating materials, 
and Fig. 9 shows the hot-box constants for two frame walls. Wall 
No. 8 consists of 2-in. by 4-in. studding spaced 16in. on centers with 
3/,-in. fir sheathing, building paper, and 4-in. pine lap siding on the 
outside, and */,-in. lath and plaster on the inside. Wall No. 12 
is of the same construction as No. 8, but has the addition of 4 
quilted insulation between the studding. While the slopes of 
the lines in both cases are practically the same, this is not always 
the case, and in some instances the relative values of materials 
will not be the same at different mean temperatures. 

Wall No. 17 serves as an illustration of the effect of moisture 02 
the thermal conductivity of walls. In this case the material 
was mixed with water and poured between the studding. !t 
was allowed to dry out for four weeks, after which it was tested, 
giving a transmission constant U of 0.123. It was then allowed 
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to dry for four weeks longer, when a test gave a constant of 
0.115. Wall No. 18, which was insulated in the same manner, 
gave a constant of 0.125 after drying for six weeks. At the 
end of sixteen weeks it gave a constant of 0.110. This shows 
the necessity for making comparisons on thoroughly dry con- 
structions. 


RELATION OF Conpuctivity OBTAINED BY DirrERENT METHODS 

As previously stated, the hot-plate constant C may be deter- 
mined by the hot-box apparatus, or the hot-box constant U 
may be determined from the hot plate, provided the surface 
constants are known. These constants are affected by several 
factors such as surface conditions, air temperature, air motion, 
and air infiltration. 

In order to determine something as to the value of these con- 
stants on the surfaces of the material throughout the walls, three 
walls were built up, with thermocouples placed on all surfaces. 
These walls are Nos. 23, 25, and 30. Their construction, together 
with the results obtained by tests, is shown in Figs. 10, 11, and 12, 
respectively. 


TABLE 1 CONDUCTIVITY CONSTANTS C FOR TWO MATERIALS 
BY THE HOT-PLATE AND HOT-BOX METHODS 


Insulating board Insulating board 


in wall 23 in wall 25 
C by hot-plate method... ... . 0.35 0.34 
C by hot-box method....... 0.364 0.357 


The locations of the thermocouples are shown by the small 
circles and the letters T;, 7T., etc. In the tables accompanying 
each figure are given the results obtained by the hot-box test. 
It will be noted that the conductivities shown for the insulating 
boards are somewhat higher than those obtained by the hot- 
plate method on the same materials and given in Table 4. 
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This comparison for the boards in walls Nos. 23 and 25 is shown 
in Table 1. 

The value of C for the board on the high-temperature side of 
each wall has been used for comparison, as this value was obtained 
at very nearly 60 deg. mean temperature, the same as for the 
materials in Table 4. The slightly higher constants ‘by the 
hot-box method may be accounted for by the fact that the 
board is porous and there is some air infiltration by the hot-box 
method not present in a hot-plate test. 

In order to calculate the coefficient U from other data given, 
the following formula may be used: 


1 
1 + L + 1 + 1 
k c ke ks Ce ka 
where 
x, and zx, = the thickness of the insulating boards 
c, and c = the conductivities 


k, and ky = the surface constants. 
Substituting the values as obtained from wall No. 25 


1 


0.519 


0.339 


1 0.534 4 
18 0.356 1.92 


1 
1.25 


1 
2.00 
= 0.184 


The lines sloping from left to right through the sectional views 
of the walls in Figs. 10, 11, and 12 indicate to scale the tempera- 
ture gradient through the walls during the tests. 


TABLE 2 DESCRIPTION OF WALLS TESTED . 
Coefficient of 
Wall transmission 
No. Type of wall Inside surface Outside surface Special insulation from Table 3 
7 Frame 7/\s” gypsum, paper on each 4/4” fir sheathing, building None 0.216 
side paper, 4” lap siding 
7a Frame same as 3/,” wood lath, 3/3” plaster 4/4” fir sheathing, building None 0.211 
wall 8 paper, 4” lap siding 
Frame 3/3” wood lath, plaster fir sheathing, building None 0.222 
paper, 4” lap siding 
10 Frame 3/3” wood lath, */s” plaster Insulating board B, build- None 0.187 
ing paper, 4” lap siding 
11 Frame Insulating board B, */s” Insulating board B, build- None 0.152 
plaster ing paper, 4” lap siding 
12 Frame 3/,” wood lath, 3/3” plaster */4” fir sheathing, building Insulation C flanged mid- 0.115 
paper, 4” lap siding way in air space between 
studding 
14 Frame 3/5” wood lath, */s” plaster '/,4” fir sheathing, building Insulation D flanged mid- 0.132 
paper, 4” lap siding way in air space between 
studding 
15 Frame 3/3” wood lath, */s” plaster 4/4” fir sheathing, building Insulation E flanged mid- 0.133 
paper, 4” lap siding way in air space between 
studding 
16 Frame 3/,” lath, */s” plaster 3/,” fir sheathing, building Insulation C nailed on stud- 0.141 
paper, 4” lap siding ding under sheathing 
17 Frame 3/,” lath, #/s” plaster 3/,” fir sheathing, building Insulation F 3'/2” thick 0.116 
paper, 4” lap siding poured between studding 
18 Frame 3/s” lath, 3/3” plaster 3/,” fir sheathing, building Insulation F 3'/2” thick 0.110 
paper, metal lath and poured between studding 
stucco 
19 Frame 3/5” lath, 3/s” plaster 3/,” fir sheathing, building Insulation A back against 0.155 
paper, 4” lap siding sheathing 
20 Frame 3/5” lath, °/s” plaster 3/,” fir sheathing, 4” lap None 0.226 
siding 
21 8” three-cell tile 1” furring strips, insulation Stucco on surface of tile None 0.167 
B, plaster 
22 8” three-cell tile Plaster on surface of tile Stucco on surface of tile None 0.316 
23 Frame Insulating board G nailed Insulating board G nailed None 0.212 
to studding to studding 
24 8” three-cell tile 1” yarring strip, */s” lath, Stucco on surface of tile None 0.213 
3/,” plaster 
25 Frame Insulation B nailed on Insulation B nailed on None 0.184 
studding studding 
26 Frame Insulation G, */s” plaster Insulation G, building None 0.168 
paper, 4” lap siding 
28 Frame 3/,” lath, */s” plaster 3/,” fir sheathing, building 2 thicknesses insulation H 0.141 
paper, 4” lap siding spaced between studs to 
divide air space into 3 
equal parts 
29 Frame 3/,” lath, */s” plaster 3/,” fir sheathing, building 1 thickness insulation H 0.153 
paper, 4” lap siding nailed to each side of 
sar bowed in at center 
30 Frame same as Insulating board B, */s” Insulating board B, building None .155 
wall 11 plaster paper, 4” lap siding 
31 Frame Insulation B actual thick- Insulation B actual thick- None 0.142 


ness 0.695”, 3/3” plaster 


ness 0.733”, 4” siding 
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TABLE 3 SUMMARY OF RESULTS OF TESTS ON WALLS BY THE 
HOT-BOX METHOD 
Inside Outside 
Air temperature, deg. fahr. surface surface Coefficient of 
Jall Test High Low Mean constant 


Yo No. side side temp. 1 2 
7 401 80.7 —0.05 40.3 1.62 2.08 0.216 
402 80.8 —0.10 40.4 1.62 1.91 0.216 
7a 418 80.4 +0.1 40.2 1.75 1.80 0.211 
419 80.5 +0.4 40.4 Bry 1.73 0.212 
8 400 81.2 -—0.3 40.4 1.72 2.06 0.222 
10 403 80.4 -0.2 40.0 1.67 1.91 0.185 
404 80.4 -0.3 40.0 1.67 1.92 0.189 
11 409 80.4 0.0 40.2 1.74 2.51 0.153 
410 80.4 0.0 40.2 1.79 2.44 0.152 
12 405 80.4 0.0 40.2 1.69 1.74 0.114 
406 80.4 —-0.1 40.2 1.65 1.81 0.115 
420 80.5 0.0 40.2 1.74 1.76 0.117 
14 393 80.0 0.0 40.0 1.81 1.35 0.132 
15 413 80.2 -0.1 40.0 1.75 2.59 0.134 
414 80.2 0.0 40.1 1.78 2.93 0.133 
16 415 80.5 0.0 40.2 1.78 1.99 0.141 
416 80.5 0.0 40.2 1.75 1.94 0.141 
17 442 80.5 -—0.2 40.1 1.75 1.49 0.116 
443 80.6 +0.1 40.3 1.83 1.40 0.115 
18 433 80.6 —0.2 40.1 2.02 2.31 0.110 
19 425 80.5 —0.2 40.1 1.62 1.82 0.156 
426 80.8 +0.9 40.9 1.64 1.83 0.154 
20 437 80.5 0.0 40.2 1.81 3.50 0.225 
438 80.5 —0.1 40.2 1.84 3.40 0.227 
21 431 80.5 0.0 40.2 1.84 1.40 0.167 
432 80.6 0.0 40.3 1.83 1.63 0.168 
22 445 80.2 0.0 40.1 2.01 2.19 0.318 
446 80.2 0.0 40.1 1.98 2.17 0.314 
23 434 és ioe 40.3 1.75 1.68 0.212 
435 40.3 1.74 1.64 0.213 
24 448 80.2 0.0 40.1 1.78 1.65 0.212 
449 80.2 0.0 40.1 1.79 1.85 0.214 
25 439 es aes 40.2 1.80 1.25 0.184 
440 ds vr 40.2 1.82 1.28 0.185 
26 454 80.1 0.0 40.1 1.65 1.48 0.168 
455 80.2 0.0 40.1 1.65 1.47 0.169 
28 456 80.3 0.0 40.1 1.72 1.42 0.141 
457 80.1 0.0 40.1 1.76 1.41 0.142 
29 458 80.2 0.0 40.1 1.76 1.60 0.154 
459 80.2 0.0 40.1 1.77 1.58 0.153 
30 462 80.1 0.0 40.0 1.78 1.54 0.154 
463 80.1 0.3 40.1 1.80 1.52 0.156 
31 460 80.1 0.0 40.0 1.65 1.52 0.142 
461 80.0 0.0 40.0 1.68 1.53 0.143 


TABLE 4 DESCRIPTION OF INSULATION USED IN THE 
DIFFERENT WALLS 


Conduc- 
Mark Thick- Den-_ tivity C at 
desig- Wall in ness sity, 60° m.t. 1” 
nating which it as used, lb. per thick dry 
material Description of material was used inches cu. ft. basis 
A Semi-rigid board 19 0.567 13.3 0.311 
B Wood fiber board 10 avg. 0.514 15.2 0.307 
11 inside 0.525 14.4 0.313 
ll outside 0.531 15.1 0.315 
21 inside 0.535 16.0 0.329 
25 inside 0.534 15.6 0.340 
25 outside 0.519 15.3 0.339 
31 0.706 14.7 0.323 
C Quilted wood fiber between 12 0.504 4.8 0.271 
two layersofkraft paper 16 0.550 4.5 0.27 
D 40 sheets newspaper cov- 14 No tests made 
ered each side with 
double waterproofed 
kraft paper 
E Animal hair, lined on one’ 15 0.269 9.7 0.25 at 
side with tar paper and 66° m. t 
on other with heavy 
kraft paper 
F Porous gypsum material 17 3.5 23.2 0.436 
poured into place 18 3.5 11.1 0.436 
G A cereal fiberboard 23 inside 0.48 14.3 0.346 
23 outside 0.47 14.1 0.345 
26 inside 0.48 14.4 0.359 
: 26 outside 0.47 14.8 0.356 
H_ s— Paper felt treated on sur- 28 inside 0.119 34.4 0.499 
faces with creosote for 28 outside 0.119 34.4 0.499 
waterproofing 29 inside 0.117 32 0.470 
0.117 32 0.470 


NUMERICAL VALUE OF SURFACE CONSTANTS 


Surface constants depend upon several variables. Sufficient 
data have not as yet been obtained to determine the effect of all 
these factors. From the average results for all walls given in 
Table 3 it is evident that 1.75 may be taken as a fair value for 
the inner and outer surfaces under still-air conditions. These 
walls were under practically still-air conditions on the inner sur- 
face, and with one or two exceptions the outside surfaces were 
under the same conditions. In the case of rough and uneven 
surfaces, such as stucco, brick, and lap siding, it is difficult to 
determine the exact surface temperatures. From the test 
results on walls Nos. 23, 25, and 30, it is apparent that the inner 


surface constants are higher than those on the outer surfaces. 
This is probably owing to the fact that on the outer surfaces the 
air temperatures were taken 6 in. from the surface, while on the 
inner surfaces it was taken at the center of the space, or less than 
2 in. from the surface. More air resistance is therefore included 
in determining the outer constants. 

For wall No. 30 four tests were run, Nos. 1 and 2 at about 
40 deg. mean temperature and Nos. 3 and 4 at about 98 deg. 
mean temperature, all other conditions remaining the same. 
The surface constants are shown to be higher for the higher tem- 
peratures. This may be explained by the greater effect of radia- 
tion at these higher temperatures. 


Test Resutts From SEVERAL WALLS 


The descriptions of several walls tested, together with a sum- 
mary of results, are given in Tables 2, 3, 4. Table 2 describes 
the wall construction, designating any special insulating material 
by A, B, ete., and indicating the manner in which it was applied. 
A description of the properties of the insulating materials 
as used is given in Table 4. In this table are given the posi- 
tions at which materials are located in walls, their thickness, den- 
sity, and conductivity per inch of thickness. Tables 2 and 4 
give a complete description of the wall, and Table 2 gives a 
summary of the results obtained when the walls were tested by 
the hot-box method. 

The average duration of the tests shown in Table 2 is from 
5 to 8 hr., and in no case were any data taken until the apparatus 
had been running a sufficient length of time to reach equilibrium 
of temperatures. 


UNIFORMITY OF RESULTS 


Duplicate tests on the same wall give results which check very 
closely. In several cases walls have been removed and check 
tests run several months apart. If moisture conditions in the 
walls have not changed, the results check. There is, however, 
some question about different walls built at different times, even 
though the specifications are the same. Take for instance walls 
Nos. 7a and 8; these were built after exactly the same specifica- 
tions, and yet No. 7a gave 5 per cent lower results than No. 8. 
The only difference that could be observed in the two walls was 
that the sheathing was slightly thicker on No. 7a. 

In the majority of cases the walls reported have not as yet 
been duplicated, thus the relative values for two types of con- 
struction which are shown as near together might be changed 
as further tests are made. The absolute changes in the average 
constants should not in any case be great. 


Discussion 


= THE discussion which followed the presentation of the paper, 
L. B. MeMillan? pointed out that the public was becoming 
insulation-conscious, this having been brought about by changed 
methods of heating. Naturally where more expensive f{uels 
were used the importance of good construction and low heat 
loss was greater. Perhaps the most important part of the 
author’s work had been the evaluation of basic constants of ma- 
terials and surfaces; and when it was completed it would be 
possible with a high degree of accuracy to calculate the results 
from a given construction from these basic constants. 


AvTHOR’s CLOSURE 


In reply to the question asked by E. F. Bickwell:* Prof. G. L. 
Larson at the University of Wisconsin is conducting a research 
2 Chief Engineer, Johns-Manville, Inc., New York, N. Y. Mem. 


A.S.M.E. 
3 John Deere Plow Works, Moline, Ill. Jun. A.S.M.E. 
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to determine the infiltration of air through the various types 
of windows with and without weather strips. Complete wall 
sections are also being tested, and in some cases the leakage 
factor is a very important one. An ordinary brick wall, for 
instance, without plaster or any surface finish will transmit a 
large amount of air by infiltration. In considering the heat 
losses through a wall, the direct transmission should not be 
confused with air infiltration. A wall may be a very good insu- 
lator and yet a poor wind stop. In the work reported in this 
paper the heat losses cover only those due to direct transmission 
and not to air infiltration. 

Replying to E. H. Meyers,‘ I do not know of anything that 
has been published regarding the rot resistance of insulting 
materials. A large amount of work is being done in this field 


Paul, Minn. 
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by various manufacturers and those interested, but most of these 
results are not published. A material might last for years when 
placed in a wall, giving no trouble from rotting, whereas if accelera- 
tion tests were made the material might be ruined in a very 
short time. In considering this character of insulating materials 
one should likewise consider the use which is to be made of the 
material. 

In determining surface temperatures, the best procedure is 
to place the thermocouples on the surface as nearly flush with 
the surface as possible. The leads should be carried along the 
surface for a sufficient distance to prevent lead conduction. A 
very good method is to cover the thermocouples with a thin 
mending tissue, and in case of some of the fibrous materials the 
couples may be sewed to the surface. Surface temperatures 
are very difficult to obtain accurately, and great care must be 
taken in the placing of the couples. 
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Stress Analysis in Electrical Rotating 
Machinery 


By M. STONE,' EAST PITTSBURGH, PA. 


ITH the continuous trend toward larger and higher 

speed power generation units, we have been continuously 

confronted with new design problems—predominantly 
of a mechanical nature. For it may be mentioned that until 
recently, electrical development has been well ahead of com- 
mercial requirements, while mechanical designers have labored 
under their demands. Such problems are occupying the minds 
of mechanical engineers working in the field of electrical engi- 
neering, and provide an enormous field for development to which 
engineers in the next few years must devote themselves. It 
is significant to note here that more than 90 per cent of service 
troubles are due to mechanical causes, and only 10 per cent to 
electrical. 

Such facts have provided the impetus for advances. The 
work, in general, has taken two lines of improvements; (1) 
to increase the knowledge of the behavior of materials of con- 
struction, and (2) to estimate more accurately stress conditions 
by detailed analysis. The first cannot be underestimated. 
Take as an example the case of turbo-alternators. Here high 
working stresses must be dealt with, and in order to be assured 
of adequate factors of safety, we must know more accurately 
than ever the stress distributions throughout the machine and 
the mechanical properties of the materials. As late as 1910 
it was the Westinghouse practice to limit the allowable working 
stresses to only 10,000 Ib. per sq. in., and in that year it was 
raised to 12,000 Ib. per sq. in. In 1912, the value was further 
raised from 12,000 to 14,000 Ib. per sq. in. and now we are working 
with 18,000 lb. per sq. in. very satisfactorily, almost twice the 
stress which was considered the limit only fifteen years ago. 
Such allowance is due directly to the two causes mentioned 
earlier. 

Although this discussion is to cover, principally, the analysis 
of stresses in electrical machinery, it is impossible to pass over 
the other main groups of mechanical problems—the problems 
concerning vibration and balancing of generators and motors— 
and hence the first few pages will touch on this phase of me- 
chanical development. 


VIBRATION PHENOMENA 


In the early conceptions of vibration phenomena in ma- 
chinery, disturbances due to unbalance of the rotating parts 
were the only recognized source of vibration, and the speed at 
which excessive amplitudes of this vibration occurred was called 
the “critical speed.” This speed is defined as that which exists 
when the period of one revolution of the rotor is equal to the 
period of one vibration with the rotor vibrating freely in its 
natural mode.? The value of this speed is obtained by assuming 
4 simple disk or cylinder rotating on a solid shaft held at two 
fixed points—the bearings. Although there are various methods 
of calculating this speed, the one first given by Rayleigh is the 


Research Engineer, Westinghouse Elec. & Mfg. Co. 
_ * This is not rigorously so if the rotational inertia of the armature 
's considered, the effect, however, being very small. For a discussion 
point, see ‘‘Dampf- und Gas-Turbinen,”’ by Dr. A. Stodola, p. 


* Theory of Sound,” vol. I, pp. 110-112. 

Contributed by the Applied Mechanics Division and presented at 
the Summer Meeting, St. Paul-Minneapolis, Minn., August 27 to 30, 
1928, of Tue Society OF MECHANICAL ENGINEERS. 
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one that is usually used, and serves most generally for all types 
of vibration, although in certain cases other methods are more 
particularly adaptable. 

In calculating the frequency of vibration, it is assumed that 
the elastic curve of the rotor during motion is exactly the same 
as if it were loaded statically. For rotors of variable section, 
as shown in Fig. 1, this deflection curve is obtained graphically. 
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Fic. 1 Der.ectTion CurRvVE 


The result of Rayleigh’s method‘ gives us for the lowest natural 
period of vibration 


= 
= 1 
n 
Mnyn? 
1 
where 
w- = lowest natural period 


g gravitational constant 
™,,M2z..M, = rotor masses 
Yi,Y2--.Yn = corresponding deflections. 


A more approximate solution, where the total mass of the rotor 
is assumed to act at its center of gravity gives 


Yst = deflection of mass. 


where 


And if we denote the spring constant of the shaft as 


we get 


® = 

m 
and this gives the value of the lowest critical speed. But if we 
imagine other types of deformation, we have, accordingly, 
other values of speed where the amplitude of vibration becomes 
serious. In turbo-generators, for example, see Fig. 2, the large 


4 See Appendix No. 1. 
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units are so constructed that the second mode of vibration of the 
rotor is of more vital importance than the fundamental, because 
it is more likely to conflict with the operating speed. Such a 
condition has come about due to the design tendency in these 
large rotors, where increased ratings have been obtained not by 
increasing rotor diameters, but by increasing rotor lengths. 
This tendency has been governed by the inability to get perfect 
large forgings above a certain diameter and to the limitation 
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Fic. 3 Visration AMPLITUDES AS FUNCTION OF RUNNING SPEED ON 
A TypicaL MACHINE 


on centrifugal stresses, although these are not the only limita- 
tions so far encountered. Still further, when we are concerned 
with multiple generator sets or turbine and generator coupled 
together, the determination of critical speeds becomes con- 
siderably more complicated than that which has been outlined, 
but cannot be evaded on this account. The graphical method 
of determining these critical speeds by Borowicz® is probably 
the most applicable. In general, it may be said that there are 
as many critical speeds as there are degrees of freedom, i.e., 
possible modes of vibration. 

But what has been discussed thus far, does not at all enable 
us to predetermine all the dangerous running speeds of machines. 
If one looks at a curve of vibration amplitudes plotted against 


5“Beitrage zur Berechnung kritische Geschwindigkeiten zwei 
und mehrfach gelagerter Wellen.’’ Munich, 1915. 
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revolutions per minute—which is a curve obtained from field 
data of a machine—one observes something like that shown in 
Fig. 3. Here are observed many peaks in the vibration curve, 
none of which may correspond to the calculated critical speed. 
And thus other causes of vibration, perhaps more insidious than 
the first, are beginning to be recognized. 

Consider now a turbo-rotor, see Fig. 4, where it is evident 
that due to the slotting for the conductors, an appreciable 
difference in the moment of inertia of the rotor about the two 
axes XX and YY is produced. It is now realized that such a 
condition is conducive toward vibration of a serious nature, 
occurring at half the ordinary “critical speed.”” Such phenomena 


Y 


Fig. 4 ILLUSTRATING THE VARIATION IN MOMENT OF INERTIA OF A 
Two-PoLe TurRBO-ALTERNATOR 
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Fic. 5 VispraTION PHENOMENA DvE TO VARIABLE MOMENT OF 
INERTIA 


are now being studied by models, in which a cantilever beam of 
rectangular cross-section, loaded through a ball race at the end 
by various weights, is rotated and vibration amplitude noted. 
They give a curve as shown, with a pronounced “resonance” 
at half the ordinary critical speed. Such phenomena have 
been studied analytically by Meissner in Germany, and demon- 
strate the necessity of a studied avoidance of too large non- 
uniformity of moment of inertia. Even a variation in moment 
of inertia of as low as 5 per cent—a thing that may often be 
encountered in shafts with large keyways—has been sufficient 
to produce this characteristic double-frequency vibration of 4 
serious magnitude. In one case, a considerable amount of 
money was expended before this was realized to be the case— 
and the trouble was cured by milling two additional key slots 
of equal size 120 deg. apart, as shown in Fig. 6. It is understood 
that the moment of inertia of such a shaft is the same about 
all diametrical axes—for when it is remembered that an cllipse 
(the ellipse of inertia®) represents the moment of inertia varia- 
tion of any section about its various axes, it is clear that the 


® See, for instance, A. G. Webster, “Dynamics of Particles, and of 
Rigid, Elastic, and Fluid Bodies,”’ p. 231. 
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ellipse degenerates into a circle if the value of J is the same about 
any three axes, and gives a constant moment of inertia. Thus, 
it is advisable, also, in machines whose armature leads are 
brought out through the center of the shaft to the slip rings, 
that they be brought out to the surface of the shaft in three 
symmetrically disposed outlets. 

The experimental lack of coincidence of the calculated critical 
speed and observed vibration peaks is always affected by any 
flexibilities in the vibrating structure that are not properly 
evaluated, and it is only recently being realized that the flexi- 
bility of the bearings and bearing pedestals of electrical machinery 
is sufficient to lower the calculated critical speed by as much as 
50 per cent.? Such additional flexibilities complicate the calcu- 
lations, of course, but the greatest degree of uncertainty comes 
from the fact that such flexibilities are not definite unchangeable 
quantities, but must be determined by test, for instance, by 
setting a free pedestal vibrating by impact, and noting the 
natural period, or even better, by producing a static deflection 
under a known load. 

If, now, the effect of the magnetic field between stator and 
rotor is considered, a similar decrease in apparent critical speed 
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Fic. 6 VARIABLE MoMENT oF INERTIA IN SHAFTS 
(a existent, 6 corrected.) 


is observed. It is appreciated that if a rotor is displaced from 
its equilibrium position, there is an elastic restoring force set 
up which tends to pull it back, and that if no change in magnetic 
field were to take place, the shaft would vibrate according to the 


k 
frequency approximately given by wr = y But, by dis- 
m 


placing the rotor, the unbalanced magnetic pull set up tends 
to deflect it still further, so that the actual restoring force is 
markedly decreased. For calculating this effect on the natural 
period of vibration, the approximate formula for magnetic 
pull developed by Behrend* may be used with good accuracy: 


B.? 
P = 6 = k,é (Ib. 
E x 
where 
P = unbalanced magnetic pull, lb. 
R= outside radius of armature, in. 
L = length of armature, in. 
€& = average air gap, in. 
By = average induction, lines per sq. in. 
6 = 


eccentricity of rotor, in. 


mde. /n the Practical Application of Theory of Vibration to Systems 
With Several Degrees of Freedom,” by C. R. Soderberg, Phil. Mag., 
January, 1928. 
*“On the Mechanical Forces in Dynamos Caused by Magnetic 
Attraction,” B. A. Behrend. Trans. A.1.E.E., Nov., 1900. 
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Now, using the value of k,, defined as above, we can obtain the 
corrected value of critical speed as 


This new value, for strong fields of 50,000 lines per sq. in. may 
be 20 per cent lower than the uncorrected value. 

A new source of flexibility has recently been recognized,’.'° 
one that bids fair to explain many puzzling phenomena" here- 
tofore not clearly understood; the flexibility introduced by 
the elastic action of oil films in the bearings. Experiments have 
been carried out by Hummel with short, comparatively rigid 
shafts in small bearings, and remarkably good coincidence 


ILLUSTRATING INTRODUCTION OF GyRoscoPIC FoRCES IN 
VIBRATING SHAFT 


Fic. 7 


between the predetermined and the observed speeds of critical 
phenomena was obtained. 

Still another and quite important factor in determining those 
speeds of serious vibration is the gyroscopic effect of the rotor. 
For explanatory purposes, consider a single disk on a shaft. 
If this disk be placed exactly half-way between the two bearings, 
when vibration takes place, the shaft section that holds the disk 
will always move parallel to itself; but if we have the condition 
shown in Fig. 7 (rotors are quite often placed as shown, so that 
they may be slid along the shaft for ease in repair), then, as 
the shaft vibrates, the axis of the disk changes, as shown in 
dotted lines. Now since the disk is rotating at the same time 
as its axis is changing in position, gyroscopic forces are set up 
which usually tend to lower the value of the ordinary critical 

12 

Thus, it is obvious that in laying out the design of a machine 
that is to operate satisfactorily, the designer now has many 
more tools for evaluating probable operating troubles. In 
general, he tries to eliminate all causes of vibration, and if 
he cannot, then he must be careful to decrease the amplitude 
of such vibration by avoiding all possible resonance. Thus, 
motor and generator foundations must be carefully designed 
against resonance, and although this branch of research is almost 
in its infancy, considerable is known in its design. Very often, 
stator resonance is a source of trouble, especially when the 
stator and bearing pedestals are on the same bed plate. Some 
work has been done on this subject, and we are able to estimate 
the lowest natural period of the frame from the relation" 


® “*Kritische Drehzahlen als Folge der Nachgiebigkeit des Schmier- 
mittels im Lager,’’ Chas. Hummel in Forschungsarbeiten, V.DJ., no. 
287. 

10 “Kritische Wellenstorung infolge der Nachgiebigkeit des Oel- 
polsters im Lager,”’ A. Stodola in Schweitzerische Bauzeitung, vol. 85, 
p. 265. 

“Shaft Whipping Due to Oil Action in Journal Bearings,’’ by 
B. L. Newkirk and H. D. Taylor in General Electric Review, Aug., 
1925. 

12 “Dampf- und Gas-Turbinen,”’ by A. Stodola, p. 364. 

13“*Vibration of Frames of Electrical Machines,’’ by J. P. Den 
Hartog. A.S.M.E. Spring Meeting, May, 1927. 
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when the quantities are taken as shown in Fig. 8, and 


E = modulus of elasticity, lb. per sq. in. 

I = moment of inertia of frame section, quartic inches 

7 = mass of frame section per inch circumference, lb. sec. 
squared per inch 

ty = constant, taken from curve 


Although many types of critical phenomena in electrical 
machinery have been precursorily mentioned here, most of 
them are of secondary magnitude when compared to rotor 
unbalance. This does not mean, however, that many operat- 


100 + 
- 
80 
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the sum of the moments of the centrifugal forces must also be 
equal to zero. Thus, we term the first condition mentioned a 
condition of “static balance,” while the second imposes a con- 
dition of running or “dynamic balance.” 

Originally, as mentioned, only static balance was given to 
rotors, but it was later seen that this did not assure good opera- 
tion. It was succeeded by low-speed dynamic balancing, and 
this for a long time has been considered sufficient. In all such 
balancing operations, which are carried out in balancing ma- 
chines in the shop, the rotor is assumed to be perfectly rigid, 
and on this assumption it is possible to balance a rotor per- 


Fie. 9 Dynamic UNBALANCE 


ing troubles are not due to just such causes; but with perfect 
balance, many of them are non-existent. For this reason, 
the subject of balance can almost be considered a main problem 
in itself. 


UNBALANCE IN ELECTRICAL MACHINERY 


It can be appreciated that if in one of the standard 1800- 
r.p.m. turbo-alternators, 50 in. in diameter, with a rotor weight 
of 175,000 lb., an unbalanced weight of 1 lb. exists at the pe- 
riphery, the resulting centrifugal force will be more than a ton, 
that rotor unbalance in itself will constitute a real source of 
trouble. Thus, it is always necessary, by adding weights, to 
bring about such a distribution of masses about the rotating 
axis that the centrifugal forces are all in as perfect equilibrium 
as possible. This process is called balancing. 

In the early days it was thought that if the center of gravity 
of the rotating parts was on the axis of rotation, the rotor was 
completely balanced. This, we understand now, is not true 
even if we assume a perfectly rigid rotor. In Fig. 9 it is assumed 
that on a perfectly cylindrical homogeneous rotor, the weights 
m,m are placed as shown so that their center of gravity is on 
the axis of rotation. On rotating the system, a couple due to 
the centrifugal forces is set up resulting in reactions in the 
bearings, and consequent unbalance. Hence, it is seen that 


Fig. 8 VIBRATION OF FRAMES 
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Fic. 10 Rotor Lenerus 


fectly by placing suitable weights in two arbitrary planes 4t 
right angles to the axis. 

Fig. 10, however, shows the trend of the development of rotors, 
as mentioned earlier. It is known that for a uniformly loaded 
shaft, the maximum deflection is gl*/384E/ using the univers! 
notation; and that by doubling the length, the deflection in 
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creases sixteen times. So it has been with turbo-rotors, whose 
flexibilities have increased at least about four times over what 
they were not so long ago. So that with increasing size, machine 
balancing, which assumes a rigid rotor, is beginning to lose much 
of its effectiveness. 

Thus, balancing in the field—‘‘field balancing’—is com- 
mencing to become imperative in large installations. So many 
factors enter, such as the particular bearings used, particular 
load and speed, temperature conditions, ‘‘set’”’ of windings 
due to high speed, and the like, that it is now considered ad- 
visable to balance only at running speed, and under the most 
frequent operating conditions. 

For this purpose, many methods of field balancing are resorted 
to. One, a very simple one, depends on locating the “high 
spot’ of the vibrating shaft by “scribing” it with chalk while 
running. Knowing the position of the maximum amplitude of 
vibration, it is a case of analysis to locate the unbalance causing 
the disturbance. The factors involved in an elastic system 
subject to forced vibrations in one plane are expressed by 

2 
+ ky = Fain wt 


dt? 
whose solution for stable motion is 
__ F sin (wt — e) 


and 
Cw 
= tan“? 
k — 
where 
m = mass of vibrating body, lb. sec. squared per in. 
c = damping factor, lb. sec. per in. 
k = spring constant of vibrating system, lb. per in. 
F = maximum amplitude of sinusoidally impressed force, lb. 


« = angle of lag of motion behind impressed force. 


Now, at the critical speed, when w = VY k/m, it is evident that 
the angle of lag « is 90 deg. In general, however, an average 
value of this lag angle is about 70 deg., and so we see that the 
location of the unbalance is about 70 deg. ahead of the scribed 
mark. For greater certainty, the machine is then rotated in 
the opposite direction, and the shaft scribed again. The balance 
weights are then placed in the plane which bisects the angle 
between the marks, and is always behind the mark (relative 
to the rotation). Then, weights of different values are placed 
in this plane until perfect balance is obtained, the condition 
of vibration being estimated by a vibration recorder attached 
to some part of the machine. 

Another method, equally simple, is to run the machine with a 
certain unbalance weight put in successively around the periphery 
of the rotor. If amplitude of vibration is then plotted against 
unbalance weight position, a curve resembling a sine wave 
will be obtained, as shown in Fig. 11. The most favorable 
position, then, to add the weight is at the lowest point of the 
curve. There are many other methods, which in two or three 
Tuhs purpose to determine the position and amount of unbalance, 
but are too long to explain in detail here. 

What constitutes a good balance is a matter of experience. 
But it may be said that an acceleration of g/10 can be tolerated 
Without setting up serious inertia forces. Thus, if with sinu- 
Soidal motion of amplitude A, we have 


y= A sin wt 
then the acceleration is given by 


y” = — sin wt 
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and 
Y"max = Aw* = g/10 
Thus 
A = g/10.%, 


or to convert A into inches and speed into r.p.m. (N), we have 
the allowable amplitude as a function of speed 


59.3 |? 
A= (inches) 


With this, we may now pass to perhaps the most important 
problem in design, stress analysis. If only enough of the above 
material has been given to whet the curiosity and not to prove 
conclusively, it is because the author wished only to present 
this phase of the work in less detail; and if too much time has 
been spent on it in this paper, it only demonstrates the impor- 
tance of these mechanical considerations. 


Srress ANALYSIS 


One of the first problems that is met in the design of an arma- 
ture is its shaft. The elastic theory of shafts is well under- 
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stood, and even in the cases of shafts of variable sections, the 
solution must only be carried out graphically. Now if the bend- 
ing stress due to the weight of the rotor is denoted by Ss, and 
the shear stress due to torque transmission by S.,, these stresses 
are combined according to Mohr’s relation,'‘ to get the maximum 
shear stress on some intermediate plane, as 


1 
3 V So? + 48.1? 


It is now being recognized that for shafts where ductile materials 
are consistently employed, the mechanism of failure is that 
explained by the maximum shear theory. But in actual shafts, 
where the bending causes alternate tension and compression on 
any single fiber, additional factors of recognition of this fact 
must be considered. It is being well established now that 
materials under alternating stress fail at much lower values 
than if stressed statically. If one examines the crystallized 
experimental results of many investigators, their data may be 
presented thus: If a test specimen be subjected to certain 
values of steady stress, and, superimposed on these, certain 
values of alternating stress, and the results plotted, a certain 
maximum-stress and a certain minimum-stress curve are obtained 
between which safe operation may take place (see Fig. 12). 
If the steady stress component is denoted by S, and the variable 
stress component by S, then 


14 Z.V.D.I., 1900, p. 1524. 
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Smax = + S» 
Smin = S» 


Although there exists some doubt whether the line A’C’ should 
be straight or parabolic with B’C’ straight, no radical depar- 
ture is made by calling it straight. The diagram, simply inter- 
preted, shows failure for zero value of steady stress as the ‘‘en- 
durance limit’’ (for stress completely reversing, the two extreme 
values are arbitrarily called + or —). For zero variable stress, 
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the specimen fails at the ultimate stress. Now in designing 
shafts, one postulates first that no stress should exceed the yield 
point, which would limit us to the lightly shaded area, and if we 
penalize ourselves with certain factors of safety on account 
of indeterminate operating conditions, then we limit ourselves 
still further to the heavily shaded area. Thus, if 

Sa = allowable alternating stress with no static stress, 

lb. per sq. in. 


S. = endurance limit, lb. per sq. in. 
Sc = allowable steady stress with no alternating stress, 


Ib. per sq. in. 
S, = yield point, lb. per sq. in. 


Sa 
n Se 
1 Se 


then the equation for line AC, which stress cannot be exceeded, 
given by” 
S n’ Ss 
+ 


S. n |S, n 


Now in practice, n and n’ are fixed by the type of service, and 
S. and Sy, are properties of the material to be used, and so, 
for a given value of S,, we can tell how much S, can be allowed 
without danger, and vice versa. It must be additionally recog- 
nized that when alternating stress acts on some machine elements 
that have sudden changes in contour, certain dangerous stress 
concentrations take place which greatly reduce the strength 
of the shaft. To take such effects into account, certain factors'® 


15 This method of presentation was arrived at in discussion with 
C. R. Soderberg of Westinghouse Elec. & Mfg. Co. 

16 “Stress Concentration Produced by Holes and Fillets,’ by 5. 
Timoshenko and W. Dietz, Trans. A.S.M.E., vol. 47, 1925, p. 199. 
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(called factors of stress concentration) must be known, and 
introduced into the above equation for determining allowable 


stress: 
n’ 1S, 1 
(el Be n |Sy n 
when c = stress concentration factor (>1). In the study of 


shafts, whenever stresses are seemingly excessive, it is onl) 
necessary to increase the dimensions to meet the condition. 
It should be mentioned here, however, that the additional 
considerations regarding allowable deflection of rotor shafts, 
and the necessity for avoiding critical speed ranges, almost 
always determine the size of shaft to be used. 

What is true with shafts is not always true for other elemental! 
designs. In many cases where stresses are due to dynamic 
causes, a simple increase in dimensions will not improve the 
condition. Take, for example, the case of a rotating ring. 
The expression for the stress is 


where 
= weight per unit volume 

peripheral velocity 

gravitational constant. 


~ 


C.F 


Fig. 13. Stresses in Rotatine Rina 


The stress depends only on the circumferential speed and cannot 
be diminished by changing the cross-section of the ring. In 
order to obtain equal stresses, we should only have equa! pe- 
ripheral speeds. This conclusion can be generalized in such 4 
manner: If we have two geometrically similar bodies, rotating 
about similarly situated axes, the stresses are equal if circum- 
ferential speeds are equal. 

Let us apply this generality to a turbo-rotor in particular. 
In such machines, the rotational speeds are prescribed as 120”, 
1800, and 3600 r.p.m. This means that with increasing d- 
ameters of rotors the stresses produced by inertia forces become 
more and more important. And thus it is natural to expect 
that a certain maximum rotor diameter will soon be reached 
and any increase in rating must come from lengthening of thé 
machine. This fact is strikingly brought out in Fig. 10, already 
referred to, where the rotor length has been increased neat!) 
100 per cent, while the diameter has been increased only |! 
per cent. 

In calculating stresses in turbo-rotors, we usually consider 
it as a two-dimensional problem, and use the theory of a rotating 
disk as found in Stodola’s book, “Dampf- und Gas-Turbine® 
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Due to the centrifugal forces, radial and circumferential stresses 
will be produced of a maximum value at the center of 


1 
3+- 
f m | ye? 
max = — 
where the notation is the same as before, and 1/m = Poisson's 


ratio. This same result applies for built-up rotors, which will 
be mentioned later. In the case of solid forged ro- 
tors, however, it is the usual practice to bore the 
forging through the center, first to extract material 
for testing purposes (by use of a core drill), and 
second, to allow visual inspection of the center of 
the forging for flaws. This is done by inserting a 
special periscope with an attached microscope. By 
boring, however, the stresses at the center are \ 


doubled to give!’ 
1 


and it is even at the expense of doubling the rotor 
stresses at the bore that assurance of good material 


is made. 
pin the case of the actual turbo-rotor, the stress ° 
problem is somewhat more complicated. Only the ° 


inner part of the rotor, below the base circle of the 
rotor teeth (see Fig. 15) can be considered as a 
rotating disk. Now, the rotor teeth and armature 
winding exert an external load on the periphery of 
the rotor, which set up additional stresses that must 
be added to the stresses previously considered. 
For a solid rotor, such stress is distributed uni- 
formly throughout the body of the rotor as if the 
medium were hydrostatic; and is equal to the load per square 
inch of peripheral area. For a rotor with a central hole, the 
solution first given by Lamé'’ must be resorted to to get the 


F'6. /4b 


Fic. 14. Stresses IN Rotating Disks 


Stress distribution which in form resembles that of the rotating 
disk (see Figs. 14 and 15). 

In addition to knowing the body stresses, the stresses at the 
root of the teeth necessitate attention. These may be easily 
obtained by dividing the centrifugal force of the tooth material 
by the root area when the windings are assumed to support 
themselves, 

Here the stress is 


tw? 
j=— rdr = [r2? — 
gt <9 
Py This was first pointed out by Grubler in Z.V.D.J., 1897, p. 


* Lamé, “Lecons sur L’élasticité,” p. 74. 


r 
Ip 


APM-50-16 63 


However, due to the sudden change of contour, certain concen- 
trations of stress take place, which must be determined photo- 
elastically, or by a study of Luders’ lines.!® This gives a distri- 
bution of stress similar to that shown in Fig. 16b with the maxi- 
mum stress more than twice the value figured on the simple 
basis. However, such a concentration does not represent 
a danger, since only local plastic flow will take place; this is 
generally so when the stresses are static, i.e., not alternating. 
Often, due to the exigencies of ventilation, axial holes are drilled 


Fic. 15 Bopy Stresses Due to Rotor 


Fi6. 6b 


Fic. 16 Stresses In Rotor TEETH 


FIG. 


in the teeth, and in order to study the weakening due to such 
ducts, the experimental methods mentioned above are the only 
available possibilities of evaluating the stress distributions. 
The holes may be so designed that less serious stress concentra- 
tions exist around the holes than at the tooth root, although 
the stress concentration factors are quite high. 

It has been mentioned earlier that the limit in rotor diameters 
has nearly been reached, at least from the point of view of stresses. 
It should be realized, too, that with rotors of the size necessary 
for 60,000- to 90,000-kva. machines, the question of making 
good solid forgings offers serious difficulties. With such size, 
uniform material is almost impossible to obtain; and test speci- 
mens taken from the bore, although quite scattered in their 
indications, always show a lower percentage of elongation than 
the outside material. Then, too, with such large masses, the 
question of uniform cooling becomes serious. In the process of 
cooling, the outer parts cool first, and during the cooling of the 
inner part, the outer part prevents the inner parts from contract- 
ing. Asa result of this, compression stresses on the outside and 
tension stresses in the inside are set up. Very extensive in- 
vestigations have been made of these stresses by taking strain 
measurements with sensitive extensometers before and after 
release of these residual stresses, and in many cases these were 
found to be quite high. 

It was only natural, then, that some alternative methods of 
building up rotors were resorted to. Some consisted in shrink- 
ing shaft ends on to a central rotor body; but one that has been 
exclusively applied and promises well for further expansion is 
the so-called “plate rotor’ (see Fig. 17). Much research work 


9 See Appendix No. 2. 
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has been done in connection with such rotors, and it is known that force of the poles and also its own weight, and held uniformly 
such a system of plates is more flexible than a solid rotor. This continuous by the “spider” arms. Such an analysis, however, 
flexibility is a function of the pressure with which the plates does not take account of the inevitable bending of the rim due 
are held together, and is shown by the curve in Fig. 18. A to the fact that the arms act only in concentrated spots, and 
photograph of such a rotor, lying on the shop floor, is shown in 
Fig. 19. At the pressures at which the plates are held, however, 
the additional flexibility of the plates can be neglected, and the 
rotor works as if it were solid. In order to assemble such rotors, 
a special device is used, called a hydraulic bolt puller, which pulls 
the bolts elastically, the reaction being against the plates to 
compress them. The nuts are run down by hand on the stretched 
bolts, into recesses in the shaft ends, and when the puller is 
taken away, the bolts take the load. In this way, perfect action 
of bolt threads is attained, with no galling of the nut seats. 
In this construction, the bolts are made of chrome-nickel steel 
of high elastic limit, with a working stress of 40,000 lb. per sq. 


5000 LB. PER 


Pressure 


Se t+ 1+ HY 
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Fic. 18 Compression CHARACTERISTIC OF PLATE Rotor 


Fie. 17 Pxiate-Rotor Construction 


Fig. 20 Srress Distrisution 
ALONG THREADS 


Fig. 19 Piate Rotor 


in.; and in pulling the bolts initially, extensions of the bolt are 
measured by internal micrometer gages, set into axial holes in 
the ends of the bolts. In these designs, the thread design has 
received attention, and it is known that the stress distribution 
along such a nut is as shown in Fig. 20; so that after a certain 
length, it is useless to add nut material. This becomes evident 
if one considers the threads as an infinite set of cantilever beams 

of trapezoidal shape. If the bolt and nut were infinitely rigid 

themselves, then the stress distribution would be uniform, but 

due to the fact that the bolt stretches and the nut compresses 

under their loads in varying amounts as one progresses along the 

thread, the load that each cantilever thread takes readjusts 

itself, and the distribution, which is as shown in Fig. 20, is the 

result.” 

If we consider now the problem of rotors of large diameter Fie. 31 Cowsravcrion or Rovoa ov Lanes Duamersn 
for slow-speed machinery, such as water wheels, entirely different 
requisites are to be met, and the construction is consequently 
different. It usually comprises a hub and arms, and a rim carry- 
ing dovetail bars, Fig. 21, to which the poles are fastened. 
The analysis of such a structure has been usually to consider f highest stress in such a design are: (1) where the arms are 


the rim as acted on by a uniform load, due to the centrifugal attached to the hub; (2) in the rim, where the arm joins it, 
and (3) in the rim, halfway between the arms. Very oftet, 
. — , hen deep rims are used, the bending of the rim does not give 
mame of given a linear distribution of stress, but a hyperbolic one, with the 


“Recent Improvements in Turbine Generators,’’ by S. L. Henderson 
and C. R. Soderberg, A.I.E.E., February, 1928. point of zero stress removed from the center of gravity of the 


when this is considered, stresses sometimes 100 per cent higher 
than those figured on the relatively simple basis are obtained. 
Now this more accurate solution is always used. The points 
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rim section. In order to solve this problem accurately, I shall to exist halfway between the arms. Here the bending moment 
use the general equations, developed in Appendix No. 3, for and normal force are given by 

thick rings loaded radially by concentrated loads. In this 

solution, the following notation is used: 


sin — 

A = area of rim, sq. in. M = PR (: 
A, = area of cross-section of arms, sq. in. R}a 1 — cos @ 
r, = radius to inner end of arms, in. 
r, = radius to outer end of arms, in. sin = 
R = mean radius to rim, in. Sa qu? R* = 2 
a = angle between arms g 1 — cosa 
q = pole and rim weight per unit of circumference con- which creates a maximum stress of 

sidered uniformly distributed, lb. per in. 
4: = weight per unit length of arm, Ib. per in. 
q = gravitational constant, in. per sec. per sec. qu*R? PR(y + he) y\1 
= constant of rim section for shear stresses Srim (max.) = gA “+ he) R 


Poisson’s ratio 


distance of neutral axis from center of gravity of rim _ 
section, in. 1 — — cosa 


= force in each arm where it joins rim, lb. 
1° The equations, as given, apply directly to flywheels, too, 


h, = di ut i in, 
and offer a complete solution of the problem. The arms of such 
Then P is given by a spider, in addition to the centrifugal stresses determined above, 
w*R? Ar2*(rz2 — 1) A(r:3 — 


| 1 a+sine R 1/R Alr—n 
— cos 5 (: + — cos AE | | 


Fic. 22 Torque Srresses 


where Sor rectangular rim sections, we have are subjected to appreciable torque stresses, occasional short- 
. circuit stresses (which are not too serious because of their 
k =1.5 ae k mae qj infrequency), and in the case of vertical machines, to stresses 

R 3 R caused by the weight of the rotor. 


To figure torque stresses, if we denote the following quantities 
Further, it is seen that the maximum arm stress in tension is: that apply to Fig. 22, as below 


que? T = transmitted torque, in-lb. 
er n = number of arms 
form (max) = 29 r1,f2 = as before, in. 
A ‘ S = section modulus of arm section, in. cube 


M, = bending moment where arm joins rim, in-lb. 


Now to get th maxi i im: though th 
4 in the cima: Although the value M: = bending moment where arm joins hub, in-lb. 


of the bending moment is larger at the arm than between the 
arms, due to the fact that the arm is attached at this section then, we can evaluate M, and M; as*! 
and increases its strength, the weakest point is usually considered 21 See Appendix No. 4. 
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*y . and thus the arm of the spider should be designed to carry the 
T ms + m4 pay combined stresses, which yield the highest value of tension at 
M, = — : the top fiber. 
2n When designing a spider, the above considerations alone 
n "1 cannot determine the design exactly. Balance of design is 
. probably more a consideration here than in many constructions, 
2 and the chief troubles encountered here are casting difficulties, 
en a T r r where they have not been replaced by welded structures. Cases 
2 Qn re\2 rs are on record where arm- and rim-section requirements were 
small compared to hub sections, and due to the rapid cooling 
of the arms and rim relative to the hub, residual stresses high 


where the bending of the rim and hub under the moments enough to “explode” the casting were set up. 
calculated above has been neglected. We are chiefly concerned In cases where rim-section requirements have been such 


A as to make them very heavy, it has been advisable and economical 


to build the rim up of segmental laminations dovetailed to the 
spider, with the poles dovetailed on the outside (see Fig. 24). 


Y 


Fic. 23. Rotror-WeEIGHT STRESSES 


Fic. 24 LamiInaTep-Rim Rotor 


with M2, for it adds directly to centrifugal stresses already 
existent at this point inthe arm. The stress is 


f = 


where S is the section modulus of the arm section. Added at 
this point, must be the stresses due to support of the rotor weight. 
In this analysis, which appears in Appendix No. 4, the rim is 
considered to “dish”? while the arm is assumed to be built-in at 
the hub (see Fig. 23). The action of the arm on the rim is taken 
as if the reactions were uniformly distributed along the rim, 
which is accurate to within 3 or 4 per cent for more than six arms. 
If we denote 


= 


= weight of rotor, lb. 
number of arms 

l = length of arms, in. Fic. 25 Stress Distrinution ALONG Rim PuncuHiNG 
r, and rz = as before 
moment of inertia of arm section around axis of 
bending, quartic inches 
Iz = moment of inertia of rim section about radial 
axis, as shown, quartic inches 


3 
ll 


For low-speed machines of small diameter, it has been possible 
to design rim dovetails ample enough to carry the centrifugal 
load of the rim punchings and poles; but for larger machines, 
another mechanism of action had to be employed. The first 
: i — method used, and successfully for a long time, was to allow the 
Gs Renting moment is given by rim dovetails to transmit only electrical torque, and the rim 

1; punchings were held together by long bolts going axially through 
al? + nr — two end plates. The idea was to press the laminations together 

of tightly enough so that the laminated rim would act by dint of 


= 


interlaminar friction as a solid ring—in effect, a friction-bound 
ring rotor. 
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To discuss fully the mechanics of laminated-rim rotors here 
would probably absorb a disproportionate amount of space. 
However, certain salient facts are capable of development. 
Is a frietion-bound laminated ring equivalent to a solid ring? 
This, it will be seen, is not so. Since it has been usual in the 
methods of stacking the punchings that every four layers would 
repeat the procedure, it is evident that when a section through a 
split between two punchings is considered, only three out of 
the four are capable of taking the load. But not even three- 
fourths of the section can be counted on. If we investigate the 
stress distribution along a single rim punching (see Fig. 25), 
and superimpose such stress distributions with the proper phase 
displacement dependent on the scheme of stacking, the fact is 


Fic. 26 Dovetaits Rotor 


Fie. 27 Dovertaits 1n PoLes 
established that only one-half a section can be considered working 
up to capacity, i.e., the stress in such a construction is twice as 
high as in a solid rim. Then, too, the limitations of such a de- 
sign are the possible pressure attainable by the through bolts 
and the friction coefficient of the punchings. With this last 
only 0.15, and when it is realized that with time the interlaminar 
Pressure falls off, it soon becomes evident that for large-size 
and high-speed machines, this scheme too is limited. 

The next step has been to allow the rim to act as a “linked 
Structure,” i.e., the laminations are like links pinned together 
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by the bolts. This dispensed with the necessity of any friction 
binding and obviated the heretofore necessary high interlaminar 
pressure, but put all the burden on the bolts in shear and the 
laminations in bearing (the pressure of bolt against side of hole 
in lamination). The mechanics of this structure are thie same 
as for the friction-bound rotor, with all uncertain and variable 


factors eliminated. 
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Fic. 28 TRIANGULAR AND SQUARE DOVETAILS 


Fig. 29q 


Fic. 29°) Stress DistrisuTIons tn DoveTaILs 

In holding such a structure as a laminated rim to the spider, 
and the poles to the rim, the device that has been persistently 
used has been to dovetail them on (see Figs. 26 and 27). Two 
types are in general use; the triangular and the square dovetails, 
as shown in Fig. 28. Such dovetails are usually so assembled 
that there exists a heavy positive pressure between rotor body 
and pole shoulder. The actual stress distribution in such a 
dovetail is quite complex, and the photoelastic and Luder’s 
lines methods must again be resorted to. For the triangular 
dovetail, we have shown the stress distribution at the neck of the 
dovetail, where the value at the reéntrant corner may be three 
or four times the average value. However, if one plots the 
average neck stress vs. strain curve of the dovetail, it is found 
that the actual yielding takes place when the average stress is 
at the vield point of the material in simple tension (see Fig. 29). 
So we see here again that stress concentration, although existent, 
does not really handicap the design. In Fig. 29) are plotted 
the two principal stresses along the center line of the pole and 
dovetail. This picture was determined from a_ photoelastic 
study, but it can be substantiated, qualitatively at least, by a 
somewhat complex mathematical treatment. Although the 
general distribution of stress is understood for dovetails, it is 
always necessary that each dovetail design be studied individually 
by photoelastic means to determine accurately what effect 
slight design changes impose. 

There are two types of dovetail failure; in general, tension 
failure at the neck, and in the case of laminated male dovetails, 
as is required in all pole dovetails, failure by lateral buckling. 
The first is determined by the average value of f. (Fig. 29) 
at the neck, while the second is some function of the high com- 
pression f; at the bottom of the dovetail. In predicting a 
buckling failure of the laminated-pole dovetail, the question 
arises as to whether the pole dovetail acts as solid material in 
resisting buckling, or is only resistant up to the buckling strength 
of one sheet. The experience we have from tests shows that 
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it buckles in between these two extremes. The application of 
lateral pressure is such that a considerable friction exists be- 
tween the sheets or laminar columns, and it is the existence of 
this friction that staves off buckling. (See Fig. 30.) What 
we are interested in, then, is that friction value necessary so 
that the laminations will fail by direct stress before they buckle, 
and in order to obtain this, we must consider what shear stress 
exists in a buckling plate of this type, and supply this condition 
of continuity by friction. 

Following the development in Appendix No. 5, the value 


P P 
th 


Fie. 30 or DoveTAILs 


Fie. 31 Force Distrisution Due To Type or DoveTaiL 


rus 


of the friction and interlaminar pressure required to prevent 
buckling is given by 


up = [Y.P.—Q] 


where 
uw = coefficient of friction 
p = interlaminar pressure 
Y.P. = yield point of sheet material 
Q = buckling compressive stress 
E = modulus of elasticity. 


Thus far, the features discussed have been common to both 
types of dovetails; but there are certain important differences, 
viz., the effect of the triangular dovetail is to increase the pole 
load on the rotor, while the square dovetail decreases it. This 
is shown thus (see Fig. 31). Neglecting the effect of friction for 
the time, the reactions equilibrating the pole pull P will be forces 


Then, adding vecto- 


normal to the sides, of magnitude - 
2sin 


rially the two forces on the section between the dovetails, it is 
evident that the pull experienced by the rotor is 


sin @ 


(R > P) 


while in the case of the square dovetail, we obtain 
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R’ = (cos 8) P <P) 


A disadvantage of the square dovetail, however, is that it is 
usually somewhat deeper than the triangular dovetail for the 
same load. The actual desirability of each, however, in the 
case of laminated dovetails, is usually a shop decision. 

An equally important member in water wheels of the vertical 
type is the upper bearing bracket (see Fig. 32). This structure 
carries the entire rotating mass, including the water turbine, 
and is supported at the ends of the arms. Moments are thus 
transmitted through the arms to the hub as shown schematically 
in Fig. 33. Although the tendency is to twist the hub, the 
resistance of the hub wall is so slight that the action of the hu!) 


Fie. 33. Verticat Beartnc-Bracket Hus 


is simply compression on the upper flange and tension on the 
lower by equally spaced radial loads. The analysis of the 
elastic conditions of this hub comes under the discussion of 
thick rings given in Appendix No. 3, and the expressions for 
maximum stress resemble those for spider rims, except for the 
lack of centrifugal-force consideration. For such _ brackets, 
with more than four arms, the maximum stress occurs at the 
section between the arms at the inner bore of the hub, where the 
bending moment and normal forces are 


with 
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P= force on hub flange, Ib. 
W = rotor weight, lb. 

nm = number of arms 

a = length of arms, in. 


b == height of hub, in. 


and the other notation remains as for spider rims. Of impor- 
tance, too, is the sag of the whole rotor under itsload. This is 
caused principally by (1) bending of arms, and (2) compression 
of upper and extension of lower flanges. Thus, in order to get 
the flange deformations radially under the load, we obtain 


PR a—sina 1 

a+sine R 


Fic. 34 Diagrams ILLusTrRATING AcTION OF COMMUTATOR 
NeEcKs 


and if we let 


6 = total sag of bracket, in. 
6, = sag due to bending of arms, in. 
é: = sag due to deformation of hub, in. 


then 
a 
+ 


where 5; must be obtained in the customary way by graphical 
means. 

In direct-current machinery there are some special problems 
not encountered in other types of electrical machinery, namely, 
the mechanical construction and working of commutators. 
To go into a thorough discussion of commutator construction 
Would absorb too much space, and very often, certain points 
Would turn on personal opinion. However, one mechanical 
feature of all commutators, whose role has been recently recog- 
nized, is the action of the so-called “necks” in contributing 
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to rotor stiffness, as shown in Fig. 34. Such a condition neces- 
sarily alters the critical speed of the rotor and modifies earlier 
understanding of neck stresses. With short necks, considerable 
stiffness is created, but with long ones, the effect is less than 
5 per cent of the shaft rigidity. In many designs, the so-called 
“involute necks” are used, which practically annihilate any 
contributing rigidity. To appreciate this interaction, we must 
study the actual deformation of the necks, as shown in Fig. 


Fie. 35 Gravity Force DiaGRaAM 


If we 


34b, where the shaft bending is greatly exaggerated. 
let 2? 


M = total bending moment between rotor and commutator, 
in-lb. 


My = bending moment taken by shaft, in-lb. 
l= length of neck, in. 
L_ = distance between center lines of rotor and commuta- 


tor, in. 
n = number of necks 
R_ = radius to outer end of neck, in. 
I. = moment of inertia of neck, quartic inches 
E. = modulus of elasticity of copper, lb. per sq. in. 
K = elastic constant of armature coil to axial pull, lb. per in. 
I = moment of inertia of shaft, quartic inches 
E = modulus of elasticity of steel, lb. per sq. in. 


then we may obtain that part of the total moment taken by 
the shaft as 
EI EI 
3LR? EJ. LR*K 2 


For many machines, p may reach as high as 0.5, ie., half of 
the moment is taken by the necks. 

Thus far, we have paid most attention to the rotating ele- 
ments of dynamos. The problems relative to the mechanical 
design of the stators have been much less vigorously attacked, 
but our ideas are clarifying on the subject.** The two main 
sources of stator stress are the dead weight of the frame, including 
punchings and copper, and the magnetic force distribution 
between stator and rotor. The action of the first may be 


22 See Appendix No. 6. 
23 ‘Stresses and Deflections in Large Dynamo Frames Due to 
Dead Load,” M. Stone, Trans. A.S.M.E., vol. 48, 1926, p. 679. 
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typified as shown in Fig. 35, and the stresses and air-gap varia- 
tion can be found as a function of the dimensions and the quan- 
tities ¢. and a/r. The appreciation of the sensitiveness of 
reaction to the ratio a/r is a surprising one, and with values 
so chosen (and they are often realized in designs) the vertical 
diameter of a machine may be actually increased. The maximum 
stress with such loading usually comes near the frame feet, 
and can be given by 


Smax = [a SIN da — 1 + COS da — Cz — (1 — €O8 a) 


lb. per sq. in., while the maximum air-gap variation is given by 


the relation 
qr’ Cs 
y = El 3 in. 


Fie. 36a 


Fie. 36 Causes oF MAGNetic Forces 


where 
q = dead weight per inch of circumference, lb. per in. 
I = moment of inertia of frame section, quartic inches 
Z = section modulus of frame section, inches cubed 
E = modulus of elasticity of frame material, lb. per sq. in. 
: 1 
C, = 2 + 
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Ordinarily, air-gap variation should be kept within 10 per 
cent of the normal radial air gap to assure satisfactory per- 
formance. 

Stress conditions due to magnetic forces, although set up in a 
quite different manner than gravity stresses, can be represented 
in almost the same manner. When the rotor is in the central 
position, straight radial compression results. However, if 
the rotor is eccentrically disposed in the air gap, due to shaft 
bending, or worn bearings, or unequal heating, or if the stator is 
distorted due to machining or the distribution of dead weight, 
additional forces are introduced. 

In turbo-generators, where double air gaps may be as large 
as 3 in., these last effects are not serious; but with water- 
wheel generators, direct-current machines, induction motors, 
etc., these are often prohibitive. For these last cases, no large 
error in analysis is made if a uniform field is assumed (for more 


Cs 
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poles than six), and in that case, the magnetic force on an 
elemental stator area is proportional to the local air gap. Let 


By = r.m.s. induction, lines per sq. in. 


L = axial length of rotor, in. 
r = mean radius of frame section, in. 
A = area of frame section, sq. in. ° 


then the direct compressional stress due to a central rotor is 


B 


comp — —6 Ib. 
Seomp lb. per sq. in 


If, now, we consider the case of the eccentric rotor,?* as shown 
in Fig. 36a, and denote additionally 


Z = section modulus of frame section, inches cubed 

I = moment of inertia of frame section, quartic inches 
E = modulus of elasticity of material, lb. per sq. in. 

6 = amount of eccentricity of rotor, in. 

€) = average radial air gap, in. 


then we can give (when we assume the deformation of the stator 
to change the magnetic conditions very little) the maximum 
stress which will occur at the same place as that due to dead 
weight: 

f 6BeLr? 
sms X 108 


E sin ¢a— 1 + cos da —C, (1 cone) 


lb. per sq. in., where C; and C, are constants given earlier in 
the discussion. 

When we hypothesize the condition shown in Fig. 36), we 
may write the expression for the variation in air gap as 


= e)(1 — cos 2¢) 
where 
= air gap at any position 
€) = average air gap 
= constant (<1) 


| 


The above expression represents the first approximation to the 
distortion of a frame under its dead load, or under one-sided 
radial forces that one gets in clamping a stator in the boring 
mill. This distribution of flux results in stresses which vary 
with location as 


Smax = | | cos 2¢ lb. per sq. in. 


The accompanying radial distortion of the stator Ae, is, then 


A € 
3.24 EI 108 ° 


It must be appreciated that when we wish to establish the 
ratio of effect to cause, i.e., — that the ratio is simply a function 
€ 


of design constants 


Ae; B,?Lr* 
= K =-—— 


3.24 EI 


where only the variable part of e must be considered. One 
immediately understands that if K = 1, then complete collapse 
of the stator is imminent. The actual evaluation of ¢ and 


24 The analysis of this problem is in the process of preparation for 
publication. 
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tmax Should be obtained by considering the successive effects, 
i.e., the values obtained above should be multiplied by * 


1+K+K°+K.... 
when it becomes evident mathematically that K = 1 gives 
collapse. In actual design, the value of K should never exceed 
0.85, and it is only when we consider this cumulative effect of 
the changing magnetic field that we estimate the stresses and 
deflections correctly. Although these statements cannot be con- 
sidered final—since they neglect saturation, and in iron, reluc- 
tance—they serve to recognize a phenomenon of considerable im- 
portance. 


AppLieD MECHANICS AND DESIGN 


It would be useless, in summary, simply to enumerate all the 
various points that have been established or investigated. 
Rather would I emphasize here the place of analytical me- 
chanics, both theoretical and experimental, in the designing 
and understanding of electrical machinery. The value of such 
study has repeatedly been felt, and without an accurate knowl- 
edge of the elastic behavior of our constructions, we could never 
have decreased frame sizes 50 per cent, or raised allowable 
stresses 80 per cent, nor could we continue to build larger and 
still larger machines. 

In this country, less attention has usually been paid to such 
phases of development than in Europe, and it is only compara- 
tively recently that important work of this nature has been begun 
here. Nothing would be more weleome than a complete work 
on mechanical problems in electrical machinery that could 
serve the profession as has Dr. Stodola’s excellent work ‘‘Dampf- 
und Gas-Turbinen” in the field of turbine design. But as it 
stands now, there are still many applications to be developed, 
and many problems to be completely understood, and only 
with inereased knowledge will this subject receive a wider 
recognition. 


Appendix No. 1—Rayleigh’s Method of Cal- 
culating Lowest Natural Periods of Rotors 


As HAS been said, in calculating the frequency of vibration, 

Rayleigh assumed that the elastic curve of the rotor during 
motion is exactly the same as if it were loaded statically. For 
rotors of variable section, as shown in Fig. 1, this deflection 
curve is obtained graphically. The next essential idea is that 
the kinetic energy of the vibrating rotor at the no-stress position 
is equal to the potential energy of the rotor at the maximum- 
stress position. If the rotor is divided up, then, into masses 
Mi, M2, M3... the potential energy is given by 


n 
V = g MrnYn 
2 1 


Where g is the gravitational constant. Now, in the “funda- 
mental” vibration of an elastic system, the displacements of 
every point are proportional to a sine or cosine function of the 
time, and we can write 

= Yn COs wt 
Thus the velocity 


= — Yn w Sin wt 


* Since arriving at this conception of collapse, it has been called 
to the author's attention that H. de Pistoye arrives at the same result 
through a slightly different analysis: H. de Pistoye, “Etude Méca- 
nique et Usinage des Machines Electriques,” 1924. 
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and at the no-stress position, where y = 0, we have cos wt 
and sin wt = 1, which gives 
v= Ynw 


and the kinetic energy T is given by 


n 
T = 2 9 


1 


Now, equating V = 7, we obtain 


n 
1 
5 


n 
MnYn 
1 


n 
1 


If we wish a more approximate solution, and consider the total 


n 
mass of the rotor =m, = M and then the deflection corre- 
1 
sponding to M as y.., we get 
gM ye g 


My? Yst 


and if we denote the spring constant of the shaft as 


mg 
k = —, wegetw = @— 
Yet m 


and this gives the value of the lowest critical speed. 


Appendix No. 2—Photoelasticity and Luder’s 
Lines 


[* MANY cases where stress distributions, even in two 

dimensional problems, become non-susceptible of accurate 
analysis, there are two important methods for experimental 
investigation. The first so-called “photoelastic method’ is 
an ingenious application of the long recognized effect on polarized 
light of elastic strain of the light transmitting medium—and 
was first suggested by Brewster and used successfully by Prof. 
E. G. Coker? in London. At the Westinghouse Company, 
a modified Coker’s apparatus is very extensively used for such 
problems as have been described, and all such work is being 
done by R. V. Baud. 

If we place a piece of glass, let us say, between two crossed 
nicol prisms, then upon stressing the glass, double refraction 
takes place, and two light waves emerge from the glass with a 
certain phase displacement of 


6= K(X —Y)l 
where 
= constant of material 
stress on one plane 
= stress on plane at right angles to the first (principal 
planes) 
thickness of block 


and the resulting pattern on a receiving screen or in the eye is 
a colored one, which is an indication of the difference of the 


26“*The Optical Determination of Stress,” E. G. Coker, Phil. 
Mag., 1910. 
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two principal stresses. (See Fig. 37.) To apply this idea, 
Coker used celluloid models (xylonite) of the parts to be studied, 
applying loads as in the actual condition, and placed the model 
to be studied in the polarized light beam. The light then 
passes through the model and through an analyzing prism, 
set to extinction. The parts of the model that are unstrained 
appear black, while the other parts appear tinted with different 
colors according to the degree of double refraction and strain 
they experience. By placing in the field, beside the model 
under investigation, a comparison model of a simple form, 
for which the distribution of stress is thoroughly understood, 
. and by comparing tints, the difference of stress at any point in 
the unknown model can be evaluated from its color directly 
in pounds per square inch. In the case of simple tension or 
compression, X or Y is zero, and the absolute value of stress is 
directly determined. In this way many complicated stress 


Fic. 37 Set-Up or SpeEcIMEN FOR PHOTOELASTIC Stupy 


distributions can be studied, such as occur in rotor teeth, commu- 
tator bars, gear teeth, fillets, holes, and so forth. 

The alternative method, although less comprehensive in its 
results, has the advantage of employing steel models. It is 
based on the observation of Hartmann and Luder that if a 
flat tension test piece is highly polished and subsequently stressed 
at the yield point of the material, slip bands will appear at 45 
deg. to the direction of maximum tension, indicating failure in 
shear. To utilize this phenomenon, the model to be studied 
is made of steel, preferably having a very definite yield point, 
and is stressed as in actuality, until the Luder-Hartmann lines 
begin to appear. Although the stress concentrations observed 
by the latter method are usually less than those obtained from a 
photoelastic study, they include the effect of the ductility of the 
material by plastic flowing under high stress, and thus perhaps 
give us a truer picture of what will actually take place. This 
same method has a peculiar adaption for civil engineers, where 
a cement wash that dries to a brittle coating is painted on the 
outside of a girder, or stringer, to be stressed, slipping of the 
metal crystals now being evidenced by cracking of the coating 
along the planes of maximum shear. 


Appendix No. 3—Radially Loaded Thick 
Rings 


OLLOWING the remarks previously made concerning 

hyperbolic stress distributions, and consideration of com- 
pression and shear energies in addition to bending energy, we 
may write in general, that the stored energy in a section of the 
rim between two arms (see Fig. 38) is given by 7” 


U 4 * S*Rdo “MSd@ 4 * kRQ*de 
0 2ERAy 0 2AE 0 AE 0 2AG 
where 
M = bending moment at any section 


S = normal force at any section 
Q = shear force at any section 


27 “Applied Elasticity,’ by S. Timoshenko and J. M. Lessells, p. 227. 


E = modulus of elasticity 
G = modulus of shear. 


Since we know that the rim section AB in Fig. 39 is symmet- 
rically loaded, the value of reaction S,) is determined statically 
by taking moments at A 


S.R (1 — cos a) = 
or 
sin @ 
E — cos 
P 
R 
} 
x 
P P 


Fic. 38 Forces on Tuatck Rine 


Fig. 39 Forces on Rine@ Section 


Now to determine the expressions of M, S, and Q under this 
type of loading, let us consider the moments and forces at (, 
defined by angle ¢, to get 


M = My sing (1 — 008 ¢) 
S = ¢ — sin ¢ 


Q = Sysing +5 


With S» determined, we must obtain the expression for M» 
to know the entire distribution of reaction. This is determined 
from the fact that at sections A or B, the planes do not rotate 


oy 
x 
3 
4 £ 
4 
| 2 
S. 
Me 
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during deformation, which expressed mathematically gives the 
condition that*8 


ou 
Now, 
1 * _oM 1 * oM 
— = —— M — Ss =0 
and since 
1, 
aM, 
we know 


Substituting the previous expressions for M and S in the above 
equation, we get 


Mo PR, SiR SReose 
+ —— — S§,cos 
0 Y -7 
Psi 
+ sin 
2 
which, when S, is replaced by its expression in terms of P, 


integrates into 


sin @ 
My = 
2) a 2(1—cos 


where - is the factor that represents the effects of the hyperbolic 
stress distribution and consideration of direct stress. For thin 
Y 
rings — —> 0. 

R 


In order to evaluate the bending moment and normal force 


at the rim section halfway between the arms, we simply sub- 
stitute the above values of M» and S, in the general expressions 
for M and S, and put @ = a/2. 
Thus 

PR PR vy PR sina @ 

a a R 2(1 — cos a) 2 2 


a 
PRain a PRein a cos 


2(1 — cos a) aad 2(1 — cos a) 


or 


Similarly, 


2 
1 — cosa 


In order, now, to get the radial deformation of the ring under 
the load, we have, utilizing Castigliano’s relations again: 


_™ A. Castigliano, “Théoremés de L’équilibre de Systémes Elas- 
tiques et ses Applications,” Turin, 1879. 
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a = d(1 — cos a) 


where d = radial deformation relative to the center of the ring. 
Now, partially differentiating the original expression for U with 
respect to the radial force P/2, we obtain 


oU 1 = oM R a os 
4 2 
1 aa os oM 
— S 
2 2 
kR 
+ 7G P dp 
2 
where 
oM os og 
P P P cos } 
2 2 4 
This gives 
d(1 — cos A “Msi “s in 
AE 


kk [* 
Q cos 


1 R kR 
Msi 
rein gis + Q cos 


Replacing M and Q by their previously obtained expressions, 
we get 


d(1 — cos a) = (: — sin 
0 


— + Su sin $0006 | 


kk [* P 
2 
which integrates into 
cos a BA 0 cos a 
in2 
(a—sin acosa) + SR « 
4 2 
kR| P 
| + sin «| 


and substituting in the expressions for My and S» previously 


E 
obtained, and replacing G by ~7———\,, we get the final expres- 
a(1 + 


sion for d: 


2 

4 
a 
0 Y 

= 

a 
Y 
Ma/2 = PR| (1—= - — ——— 
RJ 1— cosa 
a 
P | sin @ cos — eee 
9) 
es, 

3 
: 
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PR f a—sinae 1 
a+sine R ijn. 


To apply these results to the case of the water-wheel brackets 
requires little change. The expressions that we are interested 
in are those for Ma/2, Sa/2, and d, and are given in the main 
discussion. In order to get the maximum stress, produced by 
both bending and direct stress, we must write?’ 


_M(R—rn—vy)_ 
Smax = [see Fig. 40] 
4, 


Fie. 40 Section oF 


The expression for the bending stress is determined by our 
assumption of hyperbolically varying stress over the rim section. 
In order to use these expressions for accurate calculation 
of spoked spiders or flywheels, we need add only the effect 
of the centrifugal forces. These forces do not modify the value 
of Ma/z but add a proportionate amount to Sag/2. By the 
principle of superposition, we add directly the tangential force 
in a rotating ring, which was shown earlier to be qv?/g, which 
becomes qw*R?/g in our case. Thus the normal force for the 
flywheel is given by 
sin 
g 1 — cos a@ 


Sa/2 


Thus far, P has not been determined and must arise from the 
condition of continuity between arms and rim, i.e., the extension 
of an arm must equal the radial deformation of the rim. The 
radial deformation of the rim is that due to the centrifugal 


extension minus the inward pull of the arms, and is e& ‘ — d. 
2 
The radial extension of an arm is SP’ where = 


S, being the tensile force in the arm at any radius r. 
To get Sa, from Fig. 41, we may write 


2p 
g 


or 


and 
2 
So = P+CF. =P 4+ — 7,2) 
29 
Thus 
Ua 1 
Sa dr 
oP EA; Jn oP 
where 
OSa 
=1 
oP 


~ BA, 


Fic. 41 Stresses IN SprpeER ARM 


Now to solve for P, we equate 
’ 


PR a—sina@ 1 
gE EA 4(1 — cos a) itd m 


qiw* | 
P(r: — 11) + — (2 — — — 11°) 
| 2g 6g 


— 


29 


g 


2A,R* 


Loc. cit., ‘Applied Elasticity.” 


a—sina 1 a-+sinae R Alr—n 
E || ( | ‘| | R | 


| 
| 
Wa 1 qua? 
3 \ 
\ 
fe 
= 
gE oP 
or 
4 
CF. = = — (7? — 
g 29 n’) from which we solve directly for P, as 


APPLIED MECHANICS 


The maximum stress occurring in the arm is obviously at 
r = 7m, and so 


2 
29 


form (max.) = 
Ay 
To evaluate the maximum stress in the ring which occurs 
halfway between the arms at the outer radius of the rim, we 
must combine the bending and direct stresses, as indicated 
previously, to give 
qu? R? M(y + he) S 


where hy is defined in Fig. 40. Thus the expression follows 


(Max.) = 


sin — 

— PR(y 2)! 2 
Ay (R + 


a 1— cos a 


R 


sin 3 


P 
Ai il—coe 


Appendix No. 4—Stresses in Spider Arm, Etc. 


} EFERRING to Fig. 22, with its accompanying notation, 
we may express the stored energy of a single bent arm as 


to 2Ble 


where MV, = M, — Px and J, = moment of inertia resisting the 
bending moment. According to Castigliano’s relation 


au 1 oM. 
= = M.— 
oP El, op 


1 — 
M, — Px) xdz = 
El (M, x) 6El, 
Similarly, 
1 
al 1 
oM, Eh Jo OM, EI» 
1 —2M\l 


N ow in order to solve for M and P explicitly, we have the 
relation that 6 = ars, since the end of the spider arm deforms 
practically on a circle of radius rz. Thus 


T2 


or 


Now the torque transmitted by each spoke = = Pr, — M;, 


or 


fs (T/n) + M, 


T2 


P 


Equating the two values of P, we get 
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or 


Mu i 3rel — 2/1? 
6r22 — 6rel + 2/1? 


and replacing / by (rz — r:) we get 
T 
2 


Replacing this value in the expression for P in terms of M,, 


we obtain 
n | 8rd — 202 | | 6r.? — Grol + 20 


T 6r2 — 3l 
— 6rel + 21? 


M, = M,— Pl 


| 2 — | 


Now 


n 6r2? — Grol + 6r22 — + 2/? 


T I? 3rel 
on 6r2? — Grol + 


and since l = (rz — r;) 


2n ro \? T2 
rT; 


The zero point of the moment diagram is of interest to fol- 
low. This is given by M, — Pr = 0 


or 
M, 
T 3ral — 2/1? 
n | 6re? — Grol + l E 
= - 
7 6re 3l 3 2r. l 
n | 6r.? — 6rel + 2/1? 
or 
1 
z= 1+ 


For r, = 0, z = l/s and for r,; = rz, z = l/s. 

In order to determine the stresses set up by the weight of the 
rim, being supported by the arms, if we refer to Fig. 23, we may 
express the angular rotation of the outer end of the arm by 


al 
aM, 


and 


6r.? — 3lre 
— 21? n 
4 
= + + 1 an 
n 
| 
4) 
A: 
2 
re re 
2 we —1 
M, = — — 
) 
: 
| 
tab 
a 3rel 2/2 
q 
7 W 
n 
TAS 
4 


4 
1 A 1 
Med 
‘ EI f 


we 


eet 


To provide continuity of arm and rim, we must utilize the fact 
that the “dish” angle of the rim is the same as the rotation 
of the end section of the arm. Since, in general, such spider 
or flywheel constructions have many arms, the rim reacts as if it 
were acted on by uniformly distributed twisting moments, 


on 


Mr per inch, where we express Mr as Mr = " For this 


case, the angle of dish of the rim is given by a = = , there it 
2 

must be observed that J; is the moment of inertia of the rim 


M 
section about a radial axis. Thus a = <a, and equat- 
2rEl 2 


ing the two values for a, we can evaluate the bending moment 
on the arm: 


wr 
3M 
n nMorz 
or 
M, = 


2rnl + 
I; 


M, = 
n 


Ww 

2rnl + 

or 

2 
n 
+ — 


I 
If the rim is comparatively very rigid, ; —> 0 and we get the 
2 
expression for a beam built-in at both ends: 


Wil 


When the ratio 2 is large, we see that the bending moment 
2 


M, becomes appreciably larger. 


Appendix No. 5—Buckling Strength of 
Laminated Dovetails 

ET US consider, as shown in Fig. 30, a stack of sheets, 

riveted together at a known pressure as dovetails are, and 


subjected to a buckling load as shown. A close approximation 
to the deflection curve is given by 


= 
y cos 
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The bending moment at any section = Py and the shear = 


6 
Now at xz. = | the shear is at a maximum, and = P = and the 


maximum shear stress is 


P— 
3 
fa(max) 


where a unit thickness into the paper is considered, and the 
factor 3/2 is introduced because the maximum shear is 3/2 
the average value for rectangular sections. Now, due to bending 
and compression, the maximum stress is limited to the yield 
point (Y.P.), so that 

——- or — = — [Y.P.— Q] 

T T/6 T 6 
where Q = P/T. Substituting the above expression in that for 
the maximum shear stress, we get 


3a T x| T 
fer (max) = kes = Q) 


Now, the Eulerian expression for allowable buckling compression 
Q is given by 


and substituting this in the expression for f., (max.), we get 


Sen (max) = [Y.P. — Q] yo 


Now this value of shear must be supplied by friction, and if 


P interlaminar pressure 
m coefficient of friction 
then up = fs, (max) and we have the final relation 


up = [Y.P. — Q] Fo 


Appendix No. 6—Commutator-Neck Stresses 


NE OF the most indeterminate actions in the pro!lem 

is that of the deformation of conductor and neck connection 
—the various possibilities being shown in Fig. 44. It was only 
by a series of calculations, postulating each type of deformation 
and a comparison with experimental measurements that any 
conclusion could be obtained. Although Fig. 42c¢ probably 
represents the most correct action, the numerical value of def- 
ormation can be given accurately by assuming the type of 
deformation in Fig. 42d, which is simpler to calculate. Now if 


il 


P = thrust on topmost armature coil 
d = deflection of neck 
d, = deformation of armature coil 


then we may write, for the topmost commutator neck: 


Ss 
76 
dM dy Wx 
f or — = P— = Pi - sin — 
: dz dx 2l 2l 
Q rE Bi 
Now 48 Ll 
or 
~ 
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al 
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and d + d, = K,M, where K, = EI 


Here, K, is the distance the end of the commutator neck would 
move under a constant bending moment of unit value, acting 
over the distance between armature and commutator, L, with 
the neck discontinued from armature coil. Now 


/ 


ARPT 


ARI. 


Fi6.492a F1G.926 
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Discussion 


A. L. Kimpauu.” This paper contains a good summary of our 
knowledge of the vibration and stress characteristics of electrical 
rotors of large size. The author evidently has clear physical 
conceptions of the phenomena he discusses, and the mathematical 
analysis is used merely as a tool to put these ideas into definite 
quantitative form. 

There are a few specific points I should like to mention from 
my own experience in this same field. Regarding the vibration 


ARM 


FIG.92c fig. 42d 


Fie. 42 Posstnte ARMATURE CoIL AND CommuTATOR NecK DEFORMATIONS 


= Kd, 
Combining these three equations, we obtain 


r RL PL 


Is 1 RL 


In order to get Mo, we see that it is equal to the total bending 
moment on the shaft minus the effect of the necks, which varies 
with the position of the neck relative to the axis of bending. 
In the horizontal position, for instance, the neck may be con- 
sidered as not resisting bending at all; and so to get the composite 
effect, we must integrate this variable resistance around the 
whole periphery: 

Bending moment taken by necks is 


==PR 


or 


n 
Mo = M PR 


and substituting back, 


nbR?] RL 
P 
EI 
or 
1 

P 

3RL El.’ KRL 


— this value of P in the expression for Mo, we get as 
nally 


wis 


EI n 
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of rotors, it is true that our knowledge of critical speeds has ad- 
vanced far beyond what it was a few years ago. There are many 
large-sized rotors in satisfactory operation whose shafts were de- 
signed to operate below the first critical speed, but which are now 
known to pass through it and to operate above this speed. 

The problem is now to design a rotor so that it shall be tuned to 
operate a safe distance bet ween such natural vibration frequencies 
as it may have, just as is done in the case of large turbine disk 
wheels. 

Of the various possible causes of rotor vibration mentioned in 
this paper, there are two others which are worthy of mention, 
particularly in the case of comparatively long and flexible rotors. 
First, the oil film in the journals may be driven around as a wave 
due to the viscous friction present, and this wave may actually 
carry the ends of the shaft around with it, causing the rotor 
to whirl, even though it be perfectly balanced.*! This action, 
however, never takes place unless the rotor is so flexible that its 
first critical speed is less than half of its operating speed, because 
the angular velocity of the oil-film wave is never greater than half 
that of the rotors, and the oil-wave frequency must at least equal 
the first critical frequency of the rotor before a resonant vibration 
can build up. When the conditions are right this cause of whip- 
ping is very active, and in the design of very long rotors it must be 
looked out for. 

A second possible cause of rotor vibration not discussed in the 
paper is that due to internal friction within the rotor itself.* 
Like the oil action in the journals, in this case a perfectly balanced 
rotor may also whip. This sort of whipping may take place 
at any speed from a short distance above the first critical speed 
and up. Fortunately, in a well-constructed rotor where the 
parts are sufficiently tight on the shaft and between themselves to 
prevent friction during rotation, this cause of rotor vibration is 
not active. There are cases on record, however, where it does 
take place, and it is easily demonstrated by test. For this reason, 
a rotor built up of a large number of separate parts must be 
sufficiently tightly put together to prevent the slightest working 
of these parts against each other with consequent internal friction. 

Turning now to the discussion of stress, I should like to ask what 
the physical basis is for the method given in connection with Fig. 
12 for the evaluation of a safety factor for combined steady and 

30 Research Engineer, General Electric Company. Assoc. A.S.M.E. 

31 “Shaft Whipping Due to Oil Action in Journal Bearings,’ B. L. 
Newkirk. General Electric Review, August, 1925. 

32 “Internal Friction as a Cause of Shaft Whirling,’’ A. L. Kimball, 
Phil. Mag., April, 1925. 
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variable stress. The author has chosen a method which gives a 
safety factor weighted according to a straight-line law between 
the allowable steady stress and the allowable alternating stress. 
For instance, if the steady stress has half its allowable value, the 
superimposed alternating stress must have only half value; or 
again, for a steady stress of '/; its allowable value the superim- 
posed alternating stress may have 2/; of its allowable value, and 
so on. 

This law is perhaps best shown by a simple straight-line rela- 
tion given in Fig. 43, such that 
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in which S4 and Sc are the intercepts. 
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Fig. 43 


The expression given by the author contains the same idea 
applied to Fig. 12. This law is the one most naturally assumed, 
but it is empirical, requiring verification through experience. 

In this paper and also in the one by Henderson and Soderberg 
referred to in footnote 15, the use of solid forgings for large rotors 
versus the built-up plate type has been discussed. The best 
answer which can be given to any adverse comments on the use 
of solid forgings in that they are still used successfully for the 
largest-sized rotors by experienced engineers. 

The use of the photoelastic method in stress analysis has proved 
its value from the results obtained. A case of interest is that 
shown by Fig. 20, in which it is very nicely demonstrated that 
in the case of a nut, the low-lying threads may take most of 
the load, and that long nuts have little more holding power than 
short ones. 


The photoelastic method may also be used to handle problems’ 


in three dimensions, but a discussion of this will be given at a 
later date. 


A. B. Kinzex.** The use of the photoelastic method here 
mentioned interests me particularly. The limitations of that 
method, to the best of my knowledge, have always been the dif- 
ference of the density of the material used for the photoelastic 
model and the steel. The stresses set up will not be the same in 
the model. Not only will they not be the same, but in the past 
it has been very difficult to properly apportion them. I should 
like to know what progress has been made on this phase of the 
problem. 

A. L. Kimpatu. The chief limitation of the photoelastic me- 
thod is that it is applicable only to problems involving plane 
stress, or to those which can be easily reduced to plane-stress 
problems. 

In the case of dynamic stresses, the photoelastic method may 


33 Union Carbide & Carbon Research Lab., Inc., Long Island City, 
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also be applied, although, as Dr. Timoshenko has said, the com- 
plications involved may make it impractical for problems in- 
volving vibration and impact. 


AvuTHOoR’s CLOSURE 


Mr. Kimball’s points concerning two additional causes of 
rotor vibration are in order. However, we have not experienced 
any vibration conditions that we have been able to assign to 
either of the causes discussed, the probable reason being that the 
necessary rotor and speed conditions for such phenomena have 
never been realized. We have, however, spent considerable 
time investigating the elastic action of bearing oil films, with re- 
spect to its influence on critical speeds, and although no results 
were obtained on large-size machines that Hummel] would have 
us expect, motions as large as half the bearing clearance were 
found, even at normal operating speeds. 

In Mr. Kimball’s discussion of the reasons behind the stress 
relations pertaining to working stresses under combined variable 
and steady stresses, he has replotted Fig. 12 after the manner of 
Professor Wilson in England, where the line OCC’ is rotated down- 
ward into the z-axis. Fig. 12 thus becomes Fig. 44. 

The argument follows that, according to experiments of Good- 
man and others, the line A’C’ is experimentally determined as 
representing the values of alternating stress for a given steady 
stress, to produce failure. The’ next limitation imposed is that 
no stress shall exceed the Y.P. stress, and thus we are confined 
to the lightly shaded area, enclosed by the broken line AD’ Y.P. 
In point of fact, it is being established by active investigation at 
the present time that possibly Goodman's line A’C’ should 
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really be a line of the general shape of AD’ Y.P.C.’ Now, for 
the sake of simplifying the relations such that the term “factor 
of safety’? may have a uniform value for any alternating-steady 
stress combination, the broken line A’D’ Y.P. is replaced by the 
straight line A’Y.P. This last replacement is exact if Y.P. is 
coincident with “End. L.”’ or “Ult.,”’ and for an intermediate value 
the maximum departure is less than 15 per cent. Now, then, to 
this final line A’ Y.P. we apply our factors of safety n and 1’, 
which limits us to the space enclosed by the line AC, which is 
not in general parallel to A’ Y.P. However, if it will be agreed 
that the Y.P. steady stress plus only a slight alternating stress 
(vibratory stress) be sufficient for failure, then Y.P. must be con- 
sidered failure in the same sense as “End. L.,” and the result is 
that n = n’, and AC is parallel to A’ Y.P. 

Thus it can be seen that the straight-line law is not arbitrary, 
but results from a simplified interpretation of the experimental 
relations. Thus, it is seen (Fig. 45) that if P’ indicates failure, 
then the allowable working stresses are fixed by P, whose steady 
and variable stress components are equal percentages of the 
steady and variable stress components of P’. This results 2 
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which Mr. Kimball has written down for n = 1. The law must 
now be considered not empirical but rather experimental, with 
the result simple enough to be used throughout all sorts of stress 
applications. 

The last point that Mr. Kimball makes surprises me, as I had 
thought that it had been the difficulty elsewhere as with us to 
get the steel makers to guarantee solid forgings of the size re- 
quired for 100,000-kw. turbo-rotors. 

Mr. Kinzel’s remarks on photoelastic applications are more or 
less answered by Mr. Kimball. Wherever machine parts are 
stressed by body forces, a direct reading of stress from photoelastic 
measurements must be modified dimensionally according to dif- 
ferences in mass, modulus of elasticity, ete. However, it is pos- 
sible with satisfactory aceuracy to reproduce the stress conditions 
by applying external loads, such as we do on dovetails, rotor 
teeth, ete., and make the photoelastic problem less involved. 
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For impact and vibration conditions, although photoelastic tests 
can be interpreted through dimensional reasoning, the difficulties 


+ Alternating Stress 
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Fig. 45 


of making observations under such loading conditions has not 
tempted any investigators. 
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Foreword 


HE following papers, forming a portion of the A.S.M.E. Transactions issued to 
members of the Fuels and Steam Power Divisions of the Society, comprise the 
complete proceedings of the First National Fuels Meeting, held in St. Louis, Mo., 

October 10 to 13, 1927. 

The meeting was arranged by the Fuels Division of the A.S.M.E. in accordance with 
the National Divisional Meeting plan, but instead of making it a purely Divisional 
affair those in charge of arrangements chose to throw the doors open to all individuals 
and societies in any way interested in the production or utilization of fuels. In short, 
the establishment of a Fuels Forum was their ambition. How well the Division suc- 
ceeded is a matter of history, as far as interest and attendance are concerned. 

The papers presented during those four days may be roughly classified as to inter- 
est as follows: General, Power Plant, Industrial, and Smoke Abatement. The pub- 
lished papers have been arranged in the order in which they were presented, and the 
table of contents has been prepared to show the periods into which they were grouped. 

One of the first points that will strike the reader is the manner in which the varying 
requirements of engineers have been met. To have selected only those papers con- 
taining data upon which basic calculations may be based without regard for develop- 
ments of the immediate future, would have been to miss by a wide margin the mark 
set by those sponsoring the meeting, and the engineer interested in records of current 
experiences would have found little of interest. It will be noted that while the 
necessary weight of theory and data representing what may be termed finished work 
was distributed throughout the program, it was balanced by a liberal sprinkling of 
accounts of developments not yet in the stage where they may be accepted without 
question, but nevertheless representing forward steps in the march of progress. As 
was anticipated and desired, these contributions drew forth valuable discussion, 
clearing the way for further investigation of fields already penetrated and suggesting 
new angles of attack on the general problem at hand. As these contributions are 
circulated through the medium of this publication additional interest undoubtedly 
will be aroused, and future Fuels Forums will serve to further clarify the issues in- 
volved by a continuation of the sifting process so admirably begun. 
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Fuels, Past and Prospective 


By 8S. W. PARR,' URBANA, ILL. 


POPULAR bit of fiction of some 40 years ago depicted 
A a fond and indulgent uncle left in charge of his two di- 

minutive nephews, each of whom had a strongly developed 
sense of inquisitiveness, or, let us say, an overgrown spirit of 
investigation. Among the many interesting incidents set forth 
there was one in which the uncle one day showed the youngsters 
the interior mechanism of a watch, and from that time on they had 
an insatiable and insistent desire to “see the wheels go ’round.”’ 

It is Dryden who says that “Men are but children of a larger 
growth,” and it is probably quite within the bounds of truth 
to say that in our modern civilization, dominated as it is by 
industrial activities, we “want to see the wheels go ’round”’ for 
reasons that range all the way from curiosity and interest in 
the spectacular to bread-and-butter requirements of every-day 
living. 

Now here are two or three fundamental propositions which 
because of time and place at the moment can be given in bare 
statement only. You can do your own hunting for verification, 
or disagree to such as you choose. But in the main there is 
truth in the following statements: 

1 If the “wheels go 'round”’ it is a form of motion the initial 
impulse of which is molecular, and emanates in its original in- 
ception from some form of chemical action. 

2 In the planetary system of which we are a part, the greatest 
center of chemical activity is the sun, but at the present moment, 
and probably for some 2000 years to come, that particular re- 
serve of molecular activity will hardly be able to compete with 
other sources of initial or elementary motion more conveniently 
located. 


3 The most abundant as it is also the cheapest reserve of 
potential activity of a chemical sort resides in the stored-up 
energy acquired through geological ages in the form of hydro- 
carbon compounds, which in our every-day speech we refer to 
as coal and oil. Here again the sun may have had a great deal 


to do with the storage process; however, that does not alter, 
but rather emphasizes, the general proposition. 

The temptation is great at this point to expand the idea con- 
cerning the relation between cheap and abundant chemical re- 
serves and the industries. Commerce doesn’t follow the flag. 
It follows the molecule, provided only that there be enough of 
them, and of the sort to make the wheels go ‘round. Com- 
merce just now isn’t gravitating with any great hustle toward 
the north pole. Indeed, it is far more likely to head up at some 
remote future in Arizona or New Mexico or the center of the 
Sahara Desert. In our day and age nothing is more obvious 
than that commerce and the industries are drawn as by some 
unseen force into the environment or into the ready accessibility 
of these storehouses of potential motion which we have already 
referred to as the coal and oil supplies stored up by a generous past. 

One of the most striking features of the case, moreover, es- 
pecially to any student of natural resources, is the lavish manner 
in which this country of ours, and indeed this very center of in- 
dustrial! activity where we are assembled, has been furnished 
With these inestimable and, I fear, too little appreciated reserves 
of power and prosperity. 

I leave it to other papers on this program to give the striking 
World ratios and note their equally striking significance. 


‘ Professor of Applied Chemistry, University of Illinois. 
_ Address delivered at the opening session of the First National Meet- 
- oo A.S.M.E. Fuels Division, St. Louis, Mo., October 10 to 


We are met as a fuels conference, and at the outset we may 
properly set forth some further considerations relating to fuels 
as a whole which are general rather than specific in character. 
Let us, for example, very briefly review some of the salient 
features connected with the development of the use of fuels 
in general. 

The discovery of coal on this continent is credited to Father 
Hennepin. The place was at a point on the northern fringe 
of the bituminous field known as the mid-continental area near 
the Illinois River in LaSalle County, Illinois. The record of 
commercial shipments from Jackson County, Illinois, by barge 
to New Orleans shows such activity to have been inaugurated 
in 1810. Although too far ahead of the game to be profitable, 
that event so far as the records go does not seem to have been 
preceded by any earlier activities from the coal fields of the 
eastern part of the United States. 

One of the earliest accounts giving a glimpse of the fuel situ- 
ation 100 years ago may be found in an article by Marcus Bull 
published as a brochure in 1826 by the American Philosophical 
Society of Philadelphia, and given extended notice also the same 
year by Professor Silliman of Yale in his journal. In Mr. Bull’s 
paper we may derive some incidental information relating 
to fuels of 100 years ago. He compiled an estimate of the 
quantity and type of fuels used by the city of Philadelphia per 
year, and the values he obtained were doubtless properly taken 
as representative for the United States asa whole. For example, 
out of a total consumption of fuel in the year 1826, 80 per cent 
was estimated to be wood, 3 per cent was charcoal, a little over 
14 per cent was anthracite, and less than 2 per cent was bitumi- 
nous coal. Can you dwellers in industrial centers imagine a 
time when, or a populous center like Philadelphia where, the sum 
total of smoke-producing bituminous fuel amounted to less than 2 
per cent? 

It must be noted, moreover, in this connection that the indus- 
trial wheels were not “going ’round’’ to any considerable extent 
at that time. In fact there were no industrial wheels, because 
the potential power for bringing them into existence had not 
passed beyond the stage of discovery. 

The use of fuel, therefore, was confined almost entirely to the 
supplying of household needs such as cooking and heating. The 
use of anthracite was just beginning to be advocated as a sub- 
stitute for wood in the household. It had been but 10 years 
since Fulton made his trip on the Hudson, and it was still to be 
10 years before a transoceanic voyage was to be made by steam. 
The first locomotive in America had not yet been fired up, and 
when it was, three years later, the fuel used was wood. 

This brief reference to the history of fuels is necessary, it 
seems to me, as a background, before we can begin to realize 
the progress that has been made in the 100 years just passed. 

Only by the aid of such a backward glance are we able to 
arrive at any adequate appreciation of the phenomenal accom- 
plishments in the use and utilization of fuels which has char- 
acterized the past 100 years. 

If we were to enumerate some of the outstanding features 
which have attended this fuel development, we would note: 

1 Volume. The estimate of Marcus Bull in 1826, of 
11,000,000 tons fuel per annum for the entire United States at 
that time represents about one ton per capita. An estimate 
of the coal output for 1821 is noted from other sources of infor- 
mation as being 1322 tons, all anthracite. From this status 
we have advanced to a total volume of 600,000,000 tons, being 
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about five tons per capita. Of this tonnage, about 16/3 per cent 
is anthracite and the remainder is bituminous coal of an estimated 
value at the mines of 1%/, billion dollars, and to the consumer 
with shipping charges added the annual cost would exceed five 
billion dollars. 

2 Types. We should note here that the types of fuel have 
changed so that instead of fuels of various sorts aggregating 
98 per cent of the total which are non-smoke-producing as in 
1826, we have arrived at a stage where the smokeless type has 
practically disappeared from the field and we are now con- 
suming various fuels, over 80 per cent of which are smoke-making. 

3 Efficiencies. Advance in efficiencies has been commen- 
surate with the enormous expansion in volume. This feature 
is to be credited to the engineer, whose strides can readily be noted 
in more scientific boiler settings, improved stokers, turbine en- 
gines, pulverized coal, superheaters, economizers, and high 
boiler pressures. One might think that the engineer had about 
reached his limit, but more likely he has just made a good be- 
ginning. 

4 Smoke. An additional characteristic which has left its 
mark in more ways than one is the smoke evil. This has seemed 
to be an inevitable result of the increase in the use of bituminous 
coal. And why should there be smoke? A brief analysis of 
the situation may be helpful. 

The ignition temperature of marsh gas is between 1200 and 
1300 deg. fahr., a bright cherry red. Ethylene requires above 
600 deg. fahr. for ignition. These are some of the more com- 
mon gaseous products evolved from bituminous coal when heated, 
and it is obvious that if, in the process of the burning of a mass 
of coal, they are disengaged with an insufficient oxygen supply 
to complete their combustion, or if while in the process of burning 
they strike a sufficiently cool surface to lower their temperature 
below the ignition point, their function is mainly ltered from 
heat producers to smoke producers. Now in the steam-gener- 
ating plant these factors may be controlled in a very effective 
manner by such devices as slow and evenly distributed additions 
of coal or by special setting of the boiler, hence the modern me- 
chanical stoker and the elevated or elongated boiler settings to 
provide both space and time for the combustion of gases before 
cold surfaces are encountered. So far as the steam-generating 
plant is concerned, therefore, the production of great volumes of 
smoke is an unnecessary extravagance, inefficient, wasteful, 
unsanitary, and avoidable. 

The case, however, with the average household or apartment 
heating unit is entirely different. Here the high heats do not 
prevail. The mechanical stokers as well as the liberal com- 
bustion spaces are absent. Moreover, the man of the house 
or the janitor has other duties to perform, whereupon he fills 
the combustion chamber to the limit and sets the dampers for a 
prolonged period of automatic control, during the major part 
of which period the so-called “heater” is simply a device for 
stewing off tars and vapors of inconceivable variety as to com- 
position, odor, and filth for the effective work of polluting the 
atmosphere. In the very nature of the case, such conditions 
must exist and continue to prevail in any household appliance 
where raw coal is fed into the furnace. No matter by what 
name the furnace or the coal is known, by any other name they 
would smoke just the same, and the worst part of the picture 
is not fully presented until mention is made of the fact that as a 
result of exhaustive studies made in many congested centers 
it is demonstrated that the major part of the smoke nuisance 
has its origin in the domestic chimney and in the larger units 
of flat and apartment buildings where combustion conditions 
in the furnace are substantially as described above. These 
chimneys are guilty both because there are more of them and 
because they are all on the job, the entire regiment, from colonel 


to high private in the rear rank, with bugles and band and ban- 
ners, all proclaiming the ascendency and the dominion of grime. 
Further elaboration of the picture would partake of the nature 
of supererogation. 

Now what about the future? Is there any relief in sight? 
Will all of the next 100 years be required to undo some of the 
misfortunes which have befallen us along with the marvelous 
developments of the 100 years just passed? Some of the hopeful 
features of the case are the following: 

1 Public intelligence is growing. This fuel conference is 
sufficient confirmation of the fact. 

2 Scientific and investigational intelligence has made won- 
derful advances in this line in very recent years; one might al- 
most say, in recent months. This conference will prove an ex- 
cellent medium for bringing the really valuable data forward 
and will promote further study and specific application where 
the facts are shown to be sound and practicable. 

3 Fuel research the world around is being promoted by both 
government and private agencies today as never before. This 
conference should serve as a clearing house for the results so 
obtained with a view to their scrutiny and discussion and siit- 
ing from the standpoint of practicability and the general welfare. 

Our knowledge of the constitution of coal has developed at 
a marked pace in the last few years. Knowledge of the under- 
lying principles of coal carbonization has kept abreast of the 
fundamental data thus developed relating to the constitution 
of this very complex material. There are at least theoretical 
conditions that have been established regarding the possibility 
of processing bituminous coal under such conditions as will re- 
sult in a solid smokeless fuel admirably suited to domestic use, 
a gas of high quality and sufficient volume to make it attrac- 
tive to the gas maker, and a tar of considerable volume and es- 
tablished rating in the current markets using such material. 

The question of profound interest in these passing days re- 
lates to the transfer of these facts from the realm of theory to 
that of practicability and established service in the industrial 
realm. 

Let it be noted finally that the ideal fuel as a heating medium 
is gas. Its smokeless combustion, high efficiency, cleanliness, 
and convenience give it a status unapproached by any other 
type of fuel. When it reaches the stage of volume-production 
to an extent where costs can be materially reduced the exten- 
sion of its use will be greater than can be remotely realized at 
the present time. We shall welcome and encourage every agency 
and process calculated to promote that end. The low- or even 
the high-temperature carbonization of coal, complete gasification, 
improvements in the water-gas reaction, the increased demand 
of industrial heating, and other developments such as the 
Brunler engine or other applications of underwater combustion 
for power or evaporative purposes, these and many other )ossi- 
bilities now emerging furnish a most encouraging outlook, the 
reduction of which to every-day industrial and living conditions 
we shall certainly see consummated in the early years of the 
new fuel century now before us. 

May this conference provide the encouragement and impetus 
fully justifying the most sanguine hopes of its sponsors. 


Discussion 


C. G. ArmsrronG.? There is said to be a new process for 
converting coal and coke simultaneously into gas, soft coal 
being fed into a retort and the tars distilled out, following which 
the resulting coke is drawn from the bottom into a producer. 
The resulting gases are combined at a nominal B.t.u. value. 


2 St. Louis Manager, Republic Flow Meters Co., Chicago, ll. 
Mem. A.S.M.E. 
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W. B. Cuapman.® Dr. Parr states that we must look to gas 
for the solution of the problem of smokeless fuel. The author 
quite agrees, but just what kind of gas is best adapted for this 
purpose? Water gas and coke-oven gas are most convenient, 
for they can be piped away from the point of manufacture. On 
the other hand, producer gas is decidedly the most efficient, for 
it can be burned as rapidly as generated, and does not have to 
be cooled and washed. 

By locating the producer under the boiler and designing the 
boiler to surround the producer, the writer believes it is possible 
to generate gas and burn it as it rises from the firebed in units 
of any size from 12 in. to 12 ft. in diameter, and with an efficiency 
that will approximate the best practice in central-power stations. 
This has been accomplished during the past two years in units 
ranging from 25 to 200 hp., and will doubtless be extended to 
include large-sized boilers as soon as suitable mechanical equip- 
ment can be perfected for automatically and properly feeding 
the fuel, manipulating the firebed, and removing the ashes. 
During the past five years the writer has been experimenting to 
this end, and recently the results have been quite gratifying. 

A gas-producer firebed lends itself to mechanical manipulation, 
for it is circular in form and from 2 to 5 ft. deep. A square firebed 
cannot be thoroughly agitated, and moreover if a large firebed is 
only a foot thick it cannot be thoroughly agitated by a water- 
cooled member without destroying the very uniformity that is 
the object of the agitation. 

From a deep, circular firebed it is possible to generate gas at a 
high rate (about 100 lb. per sq. ft.) and burn it as it rises from the 
firebed with but 5 to 10 per cent excess air. This would be im- 
possible with a square, thin firebed such as the conventional boiler 
setting provides. 

The Wollaston producer-boiler experiments in cooperation 
with the British Government in England during the past two 
years have made a significant showing. As the producer is 
entirely hand operated it is limited to sizes not exceeding 200 hp. 
and is also limited to a non-bituminous and non-caking fuel. 
The smallest sizes of coke breeze are being used without difficulty. 
Ordinarily this fuel when used in boilers of less than 200 hp. 
would give an efficiency of about 55 per cent, but in the Wollaston 
combination boiler and producer the efficiency without econo- 
mizer, preheater, or superheater is 80 per cent. The CO, in the 
stack runs from 17 to 18.5 per cent. Full steam is obtained 
Monday morning after the week-end shutdown in 15 minutes. 
There is no smoke at any time. 

However, the producer-boiler combination is hardly applicable 
to needs of the small domestic consumer. He will doubtless 
choose to have his gas made elsewhere, cooled, washed, and piped 
to his furnace. 


In this connection it is interesting to note that water gas may 
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now be made automatically in a mechanically operated generator. 
For the past four years the writer has been connected with the 
development of the first generator of this kind in this country. 
It entirely eliminates the “clinker gang’ of eight men, with a 
consequent reduction in the cost of making water gas. Several 
of these machines are now in successful operation in different 
parts of the country. The gas industry is now progressing rather 
faster than the electrical. 


Rosert T. Kent.‘ The subject of underwater combustion 
was mentioned by Professor Parr. Since most engineers have 
not followed this subject closely, a word as to the possibilities 
of the process seems in order. 


Gro. A. Orrox.5 The process of burning fuel under water 
and thereby evaporating the water is a very interesting develop- 
ment. It has been used in Belgium, experiments have been 
conducted in Germany, and the process has been tried out in two 
or three small plants in England. 

The difficulties lie not in getting the flame to burn under water 
as one might expect—this, apparently, is a very simple matter— 
but in the auxiliary machinery. In the first place, the air and 
fuel must be compressed to a pressure sufficient to cause them 
to enter the combustion chamber. If we recall that at least 
fourteen pounds of air is required for each pound of fuel, it is not 
difficult to calculate the amount of power required to compress 
the air for every pound of fuel burned to a pressure of 200 or 300 
Ib. per sq. in. 

Also, if the steam is used for power purposes and not for process 
work, it means that the condenser will condense the steam, but 
not the air. With approximately fourteen pounds of non-con- 
densable product for every pound of coal burned, an air pump as 
large if not larger than the compressor supplying the air for com- 
bustion will have to be provided. The efficiency of the arrange- 
ment must of necessity be small. 

All systems of burning fuel to make power come back in the end 
to the question of efficiency. The ordinary, simple, every-day 
method of making steam for power purposes is now thermally 
quite efficient. Leaving out such things as the hydrogen loss, 
moisture loss, and the losses due to the small amount of com- 
bustible escaping unburned, an actual efficiency on available 
heat in the fuel of about 97 or 98 per cent is possible. Any 
system which introduces another step into the method of gener- 
ating steam cannot improve the efficiency. However, if by- 
products can be recovered and if there is a market for those 
by-products, then perhaps some of that loss of efficiency can be 
made up; but at the present time the best thing to do with fuel is 
to burn it under a modern boiler, under good conditions, and ob- 
tain the highest possible thermal efficiency. 


‘General Manager, Bridgeport Brass Co., Bridgeport, Conn. 
Mem. A.S.M.E. 


5’ Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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American Fuel Resources 


Growing Appreciation of the Value of Fuel—Various Fuel Resources—Solid Fuels Our Main 
Source of Energy—Coal Resources Economically Available Less Than Generally 
Believed—The Passing of Anthracite 


By O. P. HOOD,' WASHINGTON, 


way as not only abundant but as superabundant. No 

lack of fuel for warmth or industrial development has so 
impressed itself on our people as to form habits of high appre- 
ciation of fuel. On the contrary, our habits have reflected a 
general indifference to the significance of fuel in our modern 
life Until the experiences of the late war we were annoyed when 
some temporary or local condition raised the price of fuel to what 
seemed a high price. While other peoples shivered through a 
winter our homes were overheated, and we dressed almost as 
in summer. We have never had to think of quilted and padded 
garments, as worn by the Chinese, nor of unheated living quarters, 
so common in Europe. While other peoples conduct great in- 
dustries using fuel whose heating value, pound for pound, is less 
than half that of ours, we used the finest coals on earth indis- 
criminately for general purposes. For generations our fight was 
to rid the land of the forest, and we burned remorselessly. The 
cheapest immigrant labor was used to develop our abundant 
coal fields, and it was frequently true that a load of coal could be 
delivered at our homes cheaper than a load of dirt. The passing 
of this phase of national thoughtlessness and wastefulness is to 
be expected. There are evidences of a new attitude of mind 
toward our fuel resources. Our forests are gone, cheap labor is no 
more, nations have fought for coal fields, and there is a growing 
appreciation of the part that fuel plays in furnishing the material 
blessings of our daily lives. Dr. T. T. Read has shown that, 
of all nations, we do half again as much work per individual 
as the next most active group, and thirty times more than the 
Chinese. This work comes largely from coal. We should each 
have to have thirty-five slaves who never ate, in order to have 
an equal energy supply. 


Ts E fuel resources of America can be referred to in a general 


GROWING APPRECIATION OF THE VALUE OF FUEL 


Meetings such as this and the International Conference on 
Bituminous Coal, at Pittsburgh, last year, give evidence of a 
growing appreciation of fuel. That our great power houses have 
within a deeade reduced to a third the amount of coal used per 
unit of output, is further evidence of this new appreciation. We 
have, however, but barely begun our movement in this direction, 
and fuel waste and inefficiency in use are common. Our fuel 
assets have been expressed in such tremendous figures that 
their enumeration has made us tolerant of waste, although we 
have evidence that even big figures have an end. Natural gas 
has come and gone in many communities. Our finest coking-coal 
district is depleted. A limit to the availability of anthracite is 
more than hinted. All of these facts give new meaning to an 
enumeration of our fuel assets. Proud of their immensity, we 
nevertheless propose to develop habits of rational use rather 
than of prodigal waste. This paper is to give a brief picture of 
national fuel resources, while most of the sessions of this meeting 
will deal with rational uses. 


—_ 


Chief, Technologic Branch, U. 8S. 
A.S.M.E. 


prtesented at the First National Meeting of the A.S.M.E. Fuels 
Ivision, St. Louis, Mo., October 10 to 13, 1927. 


Bureau of Mines. Mem. 


D. C. 


Our BountiFUL SuppLy oF FuELS 


We have fuel in quantity in each major physical state—gaseous, 
liquid, and solid. No other nation has a more bountiful supply. 
As to natural gas, no attempt has been made to estimate the 
reserves in the ground of this fugitive form of fuel. We can re- 
cord only the measurements, estimates, and guesses as to quanti- 
ties that have been in the past reduced to possession. In 1925 
a little over eight cubic miles of natural gas was delivered to 
consumers. This had the potential heating value of 35,000,000 
to 40,000,000 tons of coal, or something less than a month’s 
production of bituminous coal. In 1914 the production was 
about one-half this amount. From 1915 to 1922 the rate of 
increase was slow, but it has been more rapid of late. Four 
states produce more than half of this quantity —Oklahoma, 
California, West Virginia, and Louisiana, so that the central, 
western, eastern, and southern portions of the country par- 
ticipate in this incomparable fuel. Over three and a half 
million domestic consumers enjoy its use. Of all our fuels the 
waste of gas is most obvious when it occurs. A blowing or 
burning gas well announces itself. It is often produced far 
from an adequate market, and there is no feasible means of storage. 
It must be held in the ground until wanted if it is to be conserved. 


Liquip-FuEL RESERVES 


Our reserves of liquid fuel present an interesting study. Prob- 
ably no one thing so typifies modern material life as the possession 
of means of quick and tireless individual transportation by auto 
or airplane made possible by the development of light, powerful 
internal-combustion engines using liquid fuel. This whole 
structure rests upon petroleum supply at present. A most 
careful inventory, as of January 1, 1922, placed the general order 
of magnitude of oil in the ground of the United States at about 
nine billion barrels. This is about as much as has been so far 
taken out up to 1927. We are therefore about half through with 
our original inheritance. If this remaining supply were used to 
paint the United States it would give a coat about seven-thou- 
sandths of an inch thick, what might be called a single-coat job. 
It would flood the state of New York something less than half 
an inch deep. A tank the size of the District of Columbia, and 
a little over twenty-five feet high, would retain it all. Since 
that inventory was made we have brought to the surface over a 
third of what was supposed to remain. If these estimates are 
anywhere near correct, it would seem that in the not-distant 
future something fundamental is pretty sure to happen. There 
are people, however, who have a sublime confidence that the 
estimates are wrong, and that no considerable change need be 
expected. With estimates of resources advising caution, with a 
growing willingness to conserve, we have at the same time an 
industry flooded with oil and we are finding difficulty in devising 
effective precautionary means. It seems that we must enjoy 
the advantage of abundance while it lasts, and pay for extrava- 
gance later. The states of California, Oklahoma, Texas, and 
Arkansas produced in the order named 83 per cent of the total 
production of the United States in 1925. The future reserves 
lie largely in the Gulf Coast of Louisiana and Texas, the Mid- 
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Continent field centering in Oklahoma, and in California, these 
districts holding two-thirds of the estimated nine billion barrels 
of remaining resources in 1922. Eighteen states are listed as 
producing oil in quantity. In no other country does petroleum 
play so large a part in the daily life of the individual as in this 
country. While its use as liquid fuel is most obvious, it may be 
that its most valuable service to humanity is in lubricating the 
wheels of industry, for which no substitute in quantity is in sight. 


Sotrp Our Malin Source or ENERGY 


While gaseous and liquid fuels are in relative abundance, our 
main supply of energy comes from solid fuel. Were we compelled 
by lack to use the summer’s crop for winter’s fuel, as do some 
peoples, we have in straw and stalk an undeveloped and unappre- 
ciated supply that would fill but a fraction of our present needs. 
We use in many places wood for fuel, and sawmill waste presents an 
interesting fuel problem, but local in character. Had we large 
areas without either better fuel or cheap transportation, we 
might, as do the Russians, develop great peat deposits along our 
northern border and in our Gulf States. These resources lie 
fallow awaiting a different economic setting or undiscovered 
technical processes. Peat is not produced in marketable quanti- 
ties for fuel in the United States. 


Lienitic Coats 


Of lignitic coals next in order of development we have nearly 
a thousand billion tons. While this is a little less than a third 
of our reserve coal tonnage, and is perhaps a fifth of our heat 
reserve, coals of this sort play a relatively small part in present 
production. They are sure to play an increasing part in the 
development of states like Texas when oil and gas are less avail- 
able, and North and South Dakota and Montana when larger 
demands are made on fuel supplies by increased population and 
industrial development. Arkansas lignite will be in closer com- 
petition with bituminous coal. The moisture content of lignite 
is from 25 to 40 per cent, so that roughly every third car when 
transported can be considered a car of water. Evidently, 
such fuel cannot stand the cost of distant transportation. When 
the water is removed by drying, the pieces break up into small 
sizes so that it is difficult to get air through a fuel bed. With the 
development of powdered fuel where lump coal has no form 
value, it may be possible by predrying to enlarge the range of 
usefulness of these lignitic coals. The present production of 
lignite is about 800,000 tons from the Texas fields, and about 
1,200,000 from the northern fields. While the German brown 
coal so largely developed is lower in heating value than any of 
our lignites, it lends itself to cheap mining and also to cheap 
briquetting methods, because of qualities absent in our lignites. 


Biruminous Coats 


Sub-bituminous coals have less moisture and lack the woody 
characteristic of lignite, but they lose moisture readily on ex- 
posure and break up into small pieces. Many western coals 
are of this type, some near lignite in quality, others nearly equal 
to the lower grades of bituminous coal. It is clean, of excellent 
appearance, and had we nothing better, great industries could 
be built on fuel of this quality, which is found in ten of the moun- 
tain states of the West, with more than half of it in Wyoming. 
In about one thousand billion tons which we have of this coal 
there is stored about 30 per cent of our future heat resources in 
coal. 

The fuel of the country, however, more widely distributed, 
more largely produced, used by more of our people, and the 
dependence of our great industries is bituminous coal. Found 
in twenty-eight states east and west, north and south, it is per- 
haps our greatest material blessing next to fertile fields and a 
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livable climate. Fourteen hundred billion tons is the estimate of 
available supplies, and in this form more than half of our heat 
reserves in coal are stored. If reduced to a layer six feet thick 
it would cover all the states of Virginia, North Carolina, South 
Carolina, Georgia, Alabama, Mississippi, and Tennessee. Rich 
as is Pennsylvania with its hundred billion tons, West Virginia 
and Kentucky each have nearly a quarter more, Illinois twice 
as much, and Colorado two hundred and thirteen billion tons 
reserve. Utah is the farthest state west with a really great quan- 
tity—eighty-eight billion tons—of reserve. At present we are 
drawing upon these fourteen hundred billion tons at the rate of a 
little over half a billion per year, and the natural inclination is 
to divide one-half into the fourteen hundred and consider it un- 
wise to worry about a tomorrow some thousands of years hence. 
This is an excellent illustration of wrong conclusions reached by the 
use of statistics that carry but a portion of the whole truth. 


Coat ReseERVES AVAILABLE AT PRESENT Economic LeveL 
Mucus Less THan GENERALLY BELIEVED 


The abundance of ice in the Labrador current can hardly be 
called a commercial asset to cool the summer’s heat in New 
York, although not so very far away. To reduce such an asset 
to possession at the point, and when wanted, far outweighs its 
mere existence. What is computed in these tremendous re- 
serves includes thinner seams and deeper lying and more distant 
beds than are now commercially of use. Our reserves of coal 
available at our present economic level are a very much smaller 
quantity. The rapid increase in the amount of fuel used per 
capita is likely to continue for some time. In 1870, 0.85 ton per 
year was sufficient for each individual. In 1925 it took 5.15 tons. 

If our supply of liquid fuels should fail the load would prob- 
ably be thrown on coal supplies. The chemist is busy building 
new and old compounds from the elements, which he is learning 
to control. The most obvious source of carbon in great quantity 
is from coal, and by it he will also probably get his hydrogen. 
Great industries based on the synthesis of such elements seem 
in the offing, and if they materialize it means more coal produc- 
tion. Dr. Geo. Otis Smith, Director of the U. 8S. Geological 
Survey, indicates a far more rational attitude toward our fuel 
supplies: 


The fact that more than half of the world’s coal reserves are be- 
lieved to lie within the territory of the United States has led too many 
of us into unwarranted optimism. The captains of the great indus- 
tries concentrated along the Atlantic seaboard will do well to think 
less of the millions of tons that are said to lie awaiting their need in 
various parts of this continent-wide country of ours, but rather to 
ask for details as to where this coal is and how available it is for the 
use of this and the next generation. The total tonnage involves 
strings of figures hard for us to comprehend, but the tonnage re- 
maining in the great producing fields of the East is so limited as to 
compel us to foresee their exhaustion within periods of the same 
magnitude as those which you executives figure as the expectancy of 
life for your industrial enterprises. For example, the Pittsburgh 
bed in Pennsylvania was estimated forty years ago as good for thirty 
generations, but the rate of mining has so greatly increased that now 
v.e must measure the exhaustion of this largest bed in the Keystone 
State by the space of a single generation. This is not an exceptional 
illustration of the shortened life due to unexpected increase in drafts 
upon our coal resources, for in the Georges Creek field in Maryland 
this same bed, there called the “Big Vein,’’ was believed forty years 
ago to have a life of at least 150 years, but today the field is regarded 
as almost worked out. Even if you turn to a less nearly exhausted 
field, such as the Pocahontas, the earlier optimistic calculations of a2 
expectancy of life of four or five generations are now reduced to three 
or even two. 


ANTHRACITE 


Two other types of coal remain to be mentioned. When these 
great deposits of plant growth began their slow evolution they 
were full of water and of materials readily gasified at temper 
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tures below the combustion point. By elimination and by slow 
combination these elements have been reduced by progressive 
steps and accompanying physical changes until with moisture 
nearly eliminated and volatile matter below 8 per cent, we 
have that aristocrat of fuels, the incomparable anthracite. 
In a paper on fuel resources the case of anthracite is a fitting 
foil to our over-optimistie consideration of unintelligible fig- 
ures in thousands of billions. The anthracite measures of 
Pennsylvania probably held about 21 billion tons. In some 
districts this was practically the only kind of coal in use, and the 
only kind considered usable for domestic purposes. It was 
reasonably cheap, abundant, and highly effective. About 
four billion tons have been removed. Districts and services 
that were distinctly anthracite now use a greater quantity of 
other kinds of fuel. The price can no longer be called cheap; 
its distribution is not so general; the veins of highest quality 
have been worked out, and the disturbances and dislocations 
due to a necessary change in fuel habits of a large number 
of people have been real and profound. Probably something 
like 17 billion tons remain, and extraction will continue for 
years to come, but whatever the time may be, the end of the in- 
dustry is at least within an understandable period of time. There 
is probably no better solid fuel for house heating in the world 
than anthracite coal having less than 10 per cent ash. With 
increasing price and decreasing quality it will become more and 
more a luxury fuel, to be enjoyed by those who care most for its 
smokelessness and relative cleanliness and foolproof qualities 
of combustion. It is an example of what will follow with our 
other fuels of very special qualities. In Virginia, Arkansas, and 
Colorado there are about 1.4 billion tons of coals of anthracite 
type, the most of which is not comparable in quality to the 
Pennsylvania deposit. 

Between bituminous and anthracite coals lie some fifty-six 
billion tons of semi-bituminous coals. This is mostly in West 
Virginia, Pennsylvania, and Maryland in the East, and Okla- 
homa and Arkansas in the Middle West. In this group are our 
finest steam coals. We are drawing on these reserves at the 
rate of 85 million tons per year, shipping into regions that could 
be well served with local fuels of lesser future value. These must 
wait their turn to be appreciated when we have used up our 
best. 

This subject of American Fuel Resources has been a matter 
of special study by the U. S. Geological Survey, whose publica- 
tions, especially those by M. R. Campbell, should be consulted 
for a detailed treatment. 


Discussion 


Puitirp N. Moore.? We have had estimates, pessimistic 
prophecies regarding the quick exhaustion of our petroleum 
supplies. Only a short time ago the estimate which Mr. Hood 
quoted was published to the world as a warning to us, and since 
that time new fields have been developed which are flooding 
the market, and threatening the oil producers with such a 
condition that they are striving to check the rate of prospecting 
80 that this surplus may be reduced. 

As a mining engineer, long observant, the speaker feels that 
the question of exhaustion in all of these matters is so academic 
that it is scarcely worth our consideration at the present time. 

Anthracite aside, we find ourselves regularly coming to a lower 
and lower grade of material, or using less of it. Invariably, 
ad the larger deposits of minerals appear, the richer depoists 
diminish. We improve our art and we make ore out of what 
had been rock before. Our petroleum supplies may seem near 


* Consulting Mining Engineer and Geologist, St. Louis, Mo. 


exhaustion, but when we remember that not 20 per cent of the 
actual oil in the sands is exhausted under our present processes, 
we may see what is ahead as a field for exploration, enterprise, 
and brains for the mechanical engineers of the country. 

The same is true in the case of coal. We shall win a larger 
proportion of the coal in the ground as the price grows higher. 
We shall improve our processes. 

Lower-temperature distillation may come in; some one will 
find a means by which a better fuel can be furnished to the com- 
munity at a cost which will pay the expense of breaking up the 
coal. We shall improve our mining methods and make a cheaper 
production and ultimately mine thinner veins as the thicker 
coals become exhausted. 

The efforts of the engineer are already showing themselves 
in a reduced rate of consumption of coal in the United States. 
There was actually less coal produced in the five years, 1920 
to 1925, than there was in the five previous years, the rate of 
increase in the production which, a few decades ago, doubled 
nearly every ten years, is slowing down. 

Out of the efforts of the mechanical and chemical, and im- 
proved methods of the mining engineer, will come a greater 
supply of needed materials. As far as our own immediate 
future is concerned we may dismiss the thought of exhaustion 
from our minds. 


M. D. EnGie.* Mr. Hood mentioned the fact that at present 
large quantities of anthracite coal are being hauled to districts 
containing deposits of other types of coal which could be adapted 
to domestic use by processing. It seems economically correct 
to me that anthracite coal should be hauled to these districts 
until such a time as the diminishing supply of anthracite coal 
has forced the price to a point where processed low-grade coal 
can compete. 


Tue AurHor. Regarding Mr. Engle’s question, it seems that 
the economics of the anthracite industry can be safely left to 
the general laws of supply and demand. 

Apparently there is a little anxiety just now as to how to 
dispose of the same tonnage of anthracite that has been mined 
in years past. That is a question of dollars and cents. Af- 
fecting that question, however, is the question of habit. There 
is a certain inertia of habit that is hard to predict and harder 
yet to control, but when such habits have once been changed 
it is hard to change them back. There is a lag then in the 
ordinary economic phase, due to habit. 

If one looks at the change in use of fuel that has come about 
in the last five years, one of the striking things is that all of our 
habits are being changed with regard to fuel, and there seems 
no reason to doubt that the anthracite industry is going to feel 
the effects of this more venturesome spirit on the part of the 
people to try something new. 

Reference was made in the paper to the fact that a source 
of lubricants other than petroleum is available in quantity. 
It is perfectly true that the distillation of coal will give a base 
from which lubricants can be made and such lubricants were 
made in Germany during the war, but it is said that an operating 
engineer, offered the two lubricants, one made from distillates 
of coal and the other from a distillate of petroleum, showed no 
hesitancy in his selection—he took the petroleum product. 

The Bureau of Mines has been operating a small shale plant 
where about two thousand tons of oil shale has been processed, 
and the extracted oil is in the hands of many different labora- 
tories for experimentation. 


3 Mechanical and Electrical Engineer, Station Engineering De- 
partment, The Edison Electric Illuminating Co. of Boston, Boston, 
Mass. Jun. A.S.M.E. 
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This oil is different of course, from petroleum, and as a source 
for lubricants, with our present knowledge of refining, it is not 
quite as satisfactory as we would like to have it. There is still 
much to be learned. 

Coal specifications and purchase have been of interest to the 
Bureau of Mines for a good many years. Not only have we 
watched the matter evolve, but we have been compelled to 
participate. We are, in a way, a small buyer of coal; all of the 
coal used by the Government in the District of Columbia is 
purchased by the Bureau of Mines, and we run a fuel yard, 
delivering to Government Buildings very much as if we were 
in the retail coal business. 

The Government, however, is in a peculiar position. The 
General Motors Company can limit its use to some six or seven 
different coals for a particular group. It is not difficult to 
imagine what would happen if the Government should attempt 
to limit bidders. 

Each coal buyer must necessarily have peculiar conditions 
in his business which effect changes in any standard method 
of buying coal. In other words, a method must be developed 
that is somewhat flexible, that will meet the peculiar conditions 
of each buyer. 

The Government is much interested in standardization of 
specifications of purchase. We have a Government mechanism 
for producing specifications for various things that the Govern- 
ment buys. Before the World War it was commonly thought 
that the Government could ask for what it wanted and expect 
industry to furnish it. Now, apparently, the attitude is to 
find out what industry can furnish and see if the Government 
cannot use it, which is a far more sensible way of looking at the 
problem. 

This standardization program finally got down to coal, and 
the specification board could not quite see why coal purchased 
should not be put into the same form of buying and selling 
that had been found desirable for all other purchases. 

At the end of the first two weeks’ work the Committee felt 
quite sure it was possible to do this thing. But after a further 
effort of about a year and a half, they arrived at the conclusion 
that there were things that were peculiar to the coal industry 
which made it more difficult to make a standard specification 
in the matter of buying coal than in the matter of buying steel 
or buying shoes for the army. 

So we have a Government specification which is not standard, 
not recognized by the standard-making machine of the Govern- 
ment, but it is put out in a rather tentative, timid sort of a way 
in the hope that it will work. 

Since the work of General Motors has been put into effect 
we have had pretty largely a buyer’s market. It would be 
interesting to know what is going to happen when we have 
distinctly a seller’s market. Will it be possible to get coal under 
this general specification? 
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Just a word about the matter of analysis. The Bureau analy- 
zes about a thousand samples of coal a month. These samples 
are received from points well distributed over the United States, 
most of them coming from the East. 

It is useless to analyze a sample of coal which is not repre- 
sentative. We even go so far as to resist, mildly, the request 
of a Representative in Congress who has received a sample of 
coal from a certain mine, and would like to have the Bureau of 
Mines analyze it. This sample is apt to be a little one by two 
chunk of coal, in a little box. We immediately have visions 
of what would happen if the Bureau made an analysis and put 
its stamp of approval on that supposed sample of coal. It 
would be non-representative and the analysis misleading. 

Much has been said in the discussion on the subject of sam- 
pling cars of coal. A general principle of sampling which we 
have always recognized has been that samples cannot be taken 
unless the coal is being moved from one container to another 
so that the sample can be taken in transit. There are always 
a certain number of complaints upon the part of both purchaser 
and seller, yet, with the experience of thousands of samples a 
month and a business which has gone over some years, and 
recognizing all of the limitations of sampling and its possille 
iniquities, the author has a growing faith in the possibility in 
the long run of getting facts by this method. 

There is an increasing number of people who know what good 
sampling is, and insist on getting it. There is a larger number 
of coal operators who are beginning to know what they have to 
sell. There was a time when there were many coal operators 
who simply did not know what they had to sell. They did not 
know the ash content of their coal from day to day and from 
month to month. 

There are still some operators who do not know the quality 
of their coal and who come to the Bureau of Mines after a con- 
tract has gotten them into trouble. After an analysis they 
frequently express surprise at the amount of ash found in their 
coal, 

We have adopted a policy of going the limit on any complaint. 
If a coal operator complains of sampling, if he has any doubt 
as to its justice, we send a man any number of times to sample, 
resample, and keep sampling until he has been satisfied the sample 
does represent what he has to sell. 

The Navy method of buying coal, which by the way is of 
decreasing interest because of their use of oil, has been to have 
an approved list of mines, rather than to rely upon analysis. 
However the Navy took the point of view that they wanted the 
cream of the coal in each district, the best upper ten per cent, 
say, of that district. The result was the Navy coal pool. What 
is known as Pool One coal had no real analytical value. They 
would accept from one district what they would reject from 
another district; and that is perfectly justifiable from the point 

of view of wanting the best for our battleships. 
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Combustion and Heat Transfer 


By R. T. HASLAM! anv H. C. HOTTEL,? CAMBRIDGE, MASS. 


HE transmission of heat at moderate temperature levels 
may now be considered a fairly complete chapter in the sub- 
ject of engineering design. Most problems in this field of 

heat transmission are susceptible to quantitative solution; how- 
ever, the higher temperature levels met in furnaces introduce new 
factors which become of controlling importance. It is only 
within the last few years that engineers have begun to realize 
the importance of these other factors having their origin in 
radiant-heat transmission, and to attempt to express their 
effect quantitatively. 

It is the purpose of this paper to give the present status of 
knowledge on heat transmission by radiation, including some 
recent developments in the theory of non-luminous gas radiation, 
and some new ideas on radiation from powdered-coal flames. 
For convenience in locating desired material, the arrangement 
of contents follows. 


I Radiation from the suspended matter in powdered- 
coal flames. 
II Radiation from non-luminous gases 
Ill Radiation from luminous gas flames 
IV Radiation between finite solid surfaces 
V_ Simultaneous radiation of gases and suspended solids 


VI Application of mechanisms described to furnace design 
VII Empirical methods of solution of furnace problems 
VIII Appendices Nos. 1 and 2. 


I RADIATION FROM THE SUSPENDED MatTrer PowpERED- 
Coat FLAMES 


Of the considerable number of contributions to the subject 
of heat transmission from powdered-coal flames, the majority 
have been concerned with the use of data to secure an empirical 
formula for furnace efficiency. There is much to be said in 
favor of the empirical method as opposed to that based on an 
analytical treatment of the furnace problem. It frequently 
permits solutions, within the required limits of engineering 
accuracy, of problems of such fundamentally complicated nature 
as to defy analytical solution; and it will be considered in a 
subsequent part of this paper. The analytical method, however, 
when its application is possible, has the merit of greater flexi- 
bility. It is applicable to new types of furnaces for which the 
empirical equation was not intended; it permits a determina- 
tion of the effects of factors which the simpler empirical method 
ignores; it clarifies the engineer’s concept of the mechanisms 
involved in the furnace problem. 

The contribution of Wohlenberg and Morrow (1)* to the 
subject of radiation from powdered-coal flames, and the ex- 
tension of their method by Wohlenberg and Lindseth (2) con- 
stitute the bright spots in an otherwise dark field of endeavor 
80 far as analytical treatment of the subject is concerned. Their 
papers abound in ideas for any one interested in the problem. 
While the treatment which follows is based to a considerable 
extent on their work, it is felt that the somewhat different 
angle of attack of the problem permits a more rigorous and 
less complicated formulation. Although the paper of Wohlen- 

and Morrow appeared in the Transactions of the Society 


- Fuel and Gas Engineering, Massachusetts Institute of Technology. 
: Fuel and Gas Engineering, Massachusetts Institute of Technology. 
Numbers in parentheses refer to bibliography at end of prom 
presented at the First National Meeting of the A.S.M.E. Fuels 
vision, St. Louis, Mo., October 10 to 13, 1927. 


and is familiar to many, a brief summary of their treatment 
of the problem will be given. They considered a particle of 
coked coal, partly burned, in the center of a turbulent flame, 
and radiating in all directions. Because the particle is sur- 
rounded by others the radiation from it does not all reach the 
furnace walls. This shielding effect of the other particles is 
determined by an approximate mathematical treatment in 
which all of the surrounding particles are considered located 
in a shell around the central radiating particle under considera- 
tion, the radius of the shell being determined by a calculation 
of the mean distance of all particles from one in the center of 
their group. For our purpose here it is convenient to examine 
an equation, not given by Wohlenberg and Morrow, but directly 
derivable from their equations, for the black-body coefficient 
or emissivity of a powdered-coal flame due to the solid particles 
init.‘ The desired equation is 


PL = 

in which pz is the emissivity due to luminous solids only, V 
is the flame volume, dy is the initial average particle diameter 
of powdered coal, and a, 8, and y are functions of other variables 
with which we are not concerned here. The value of the black- 
body coefficient pz is plotted versus 1/dy for fixed values of the 
other parameters in Fig. 1, curve WM. It is seen that as par- 
ticle diameter decreases, or 1/dp increases, pz increases, becomes 
greater than unity at a finite value of d), and approaches in- 
finity as particle size approaches zero. Actually, of course, 
the black-body coefficient pz can never be greater than 1, and 
should approach that value as a limit. The failure of Equation 
[1] at low particle diameters is due undoubtedly to the approxi- 
mate method of deriving it. The authors recognized the fact 
that their equation did not predict proper values of emissivity 
at low particle diameters, and imposed the arbitrary limit 
of 0.001 in. for minimum particle size, below which they sug- 
gested using another equation. The other equation, however, 
in terms of Equation [1], is nothing more than the equation 
of the known asymptote of the curve, or px = 1. 

The complete failure of Equation [1] outside an arbitrarily 
imposed range led to considerable doubt in the present authors’ 
minds as to its validity inside that range, and to the following 
treatment of the subject. The actual mathematics of the 
present derivation is relegated to Appendix No. 1. Suppose a 
cloud of particles of known concentration and known average 
diameter. Let a beam of radiant energy of intensity corre- 
sponding to radiation from a black body at temperature 7’ be 
directed through the cloud in a direction normal to its surface. 
Let the fraction absorbed be pz, and that transmitted be (1 — pz). 
If now the source of the beam is removed and the cloud is raised 
to temperature 7’, it will emit a beam normal to its surface 
equal in intensity to px X (intensity of a black body at 7). 
In other words, the absorbed fraction of an incident beam is 
equal to the black-body coefficient of the cloud. The principle 
involved is a simple variation of what physicists know as Kir- 
choff’s law. In evaluating pz by this method, use was made 
of the derivations of Wohlenberg and Morrow for particle 


4 The black-body coefficient or emissivity of a surface is the actual 


intensity of radiation from it, divided by the intensity of radiation 


from a perfectly black surface at the same temperature. The 


px of Equation {1] differs from the w: of Wohlenberg and Morrow in 


that it does not include gas radiation. 
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size and concentration. One of these derivations is simple 
and straightforward. The assumptions necessary to the other 
are considered in Appendix No.1. The final equation for black- 
body coefficient resulting from this method of treatment has 
the form 


lower. The conclusion is that if 2/3; X side of cube is used for 
L in Equation [2], the black-body coefficient pz will be sub- 
stantially correct regardless of the product term kL, and no 
shape factor correction need be applied. By a method similar 
to that just described in connection with Fig. 3, the mathematics 
for which is given in the paper referred to (3), it is possible to 
determine the ‘‘effeective thickness” L for any shape of flame, 
i.e., the value of L to use in Equation [2] 


to determine the black-body coefficient 
of the flame. Table 1 presents the value 
of L for various gas shapes, a number 
of which, while of no use for powdered 
coal flames, will be found valuable in 
making calculations on radiation from 
non-luminous gases (see Section IT). 
With this digression on the subject 
of shape factors and effective thicknesses 


KNOWN LiMIT= 


OR EmiSSivity 


we are ready to return to Equation [2] 
for the emissivity pz of the flame, to com- 
pare it with the equation of Wohlenberg 


— 


° 


BY THEM 


to 


CONDITIONS 
as CUBICAL FLAME OF 19 FT 


SIDE. @SB POUNDS PRO- 
DUCTS PER COAL 
VOLATILE AND MOISTURE 
IN COAL FLAME TEMPER- 
ATURE = 2000 F 


and Morrow. Since the latter was 
derived for a cube we are to use 2/,; X 
side of cube for the L of Equation [2]. 
The resulting curve is given in Fig. 1, 
—— marked HH. Within the limits of ac- 
curacy of plotting, the curves are coin- 
cident out to values of 1/dy equal to 


8 


BLACK-BODY COEFFICIENT , 
° 
hPPLICABILITY 
AS_ RECOMMEND: 


“Limit OF 
WM. CURVE 


700. Beyond that value the new equa- 
‘| tion is seen to predict a rational value 
2000 


Fic. 1 Errect or ParticLe Size on Emissivity oF A OF 


Two FormMuLas 


in which L is length of path of radiant beam through flame, 
dy is initial particle diameter, and k is a function of the same 
quantities involved in the a, 8, y of Equation [1]. 

Before this equation can be compared with that of Wohlen- 
berg and Morrow, there is necessary the introduction of a con- 
cept with which the average engineer is not familiar, but which 
is extremely useful in calculations of radiation either from 
luminous suspended solids or from non-luminous gases. It 
has been discussed in considerable detail in a paper by one of 
the authors (3), and will be considered but briefly here. Ac- 
cording to Equation [2], the intensity of radiation at a spot 
on the bounding surface of a cloud of coal particle depends 
on L, the length of travel of the beam through the cloud. But 
there are beams coming toward the spot from all directions 
inside the flame cloud and L is consequently a variable dependent 
on the angle of incidence of the beam at the surface of the cloud, 
and on the particular shape of the cloud. Fig. 2 illustrates the 
manner in which the length of path L of the beam varies for 
different shapes of gas. One of these shapes, Fig. 2(b) has the 
peculiar property of constancy in value of L. If, then, Equation 
[2] is used with constant value of L, it represents the radiation 
from a hemisphere of flame to a point at the center of its base. 
The radiation intensity from a given gas shape to its base, divided 
by that from the hemisphere to the center of its base, is called 
the shape factor, and is designated by ¢. It is a function of 
kL only, in which k is the same as in Equation [2] and L is some 
dimension of the gas shape in question. A plot of the shape fac- 
tor vs. kL is given in Fig. 3 for a cube of flame. If L is taken 
equal to the side of the cube (lower curve), ¢ varies from */; to 1. 
If L equals 2/; X cube side, ¢ varies around unity, with a maxi- 
mum deviation of 5 per cent and an average deviation much 


2400 of emissivity approaching 1 as a limit. 
It has the added merits of greater sim- 
plicity, adaptability to flames of various 
shapes by use of their ‘effective 


Fie. 2. RapIATION FROM FLAME oR GAs To A BOUNDING SuRFACE— 
CoMPARISON OF DIFFERENT GEOMETRICAL SHAPES 


thickness,” as read from Table 1, and, most important, 
mathematical similarity to non-luminous gas radiation. ne 
of the consequences of this latter merit is the ability t 
use effective flame thicknesses worked out by laborious 
double graphical integration for gas shapes, on powdered-cosl 
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flames. Another consequence of it will be manifest in Section 
V of this paper, where simultaneous radiation from luminous 
particles and from non-luminous gases is considered. 

Equation [2], with k properly evaluated, becomes 


..... 


in which L 
7 


effective thickness of flame, ft. See Table 1 
absolute temperature of flame, deg. fahr. + 460 
2 3 
= in which Ky = — v) bo coking 
9 
diameter ratio 
gs = pounds of combustion products per pound of 


fuel burned 
59 = initial density of coal, lb. per cu. ft. 
6; = density after coking 
dy = average initial particle diameter of coal, inches 
r = fraction of volatile and moisture in coal as fed 


to burners 


TABLE 1 EFFECTIVE THICKNESSES OF VARIOUS GAS SHAPES 


Description of shape Effective thickness, L. 


Sphere 2/; diameter 

Infinite cylinder 1 X diameter 

Space between infinite parallel planes 1.8 X distance between planes 

1 X 2 X 6 rectangular parallelopiped, radi- 
ating to one of large faces 1.3 X smallest dimension 

Cube 2/3 X side 

Space outside infinite bank of tubes with 
centers on equilateral triangles; tube di- 
ameter equals clearance 

Same as preceding, except tube diameter 
equals one-half clearance 


2.8 X clearance 
3.8 X clearance 


9 


red spectrum of gases, having its origin in simultaneous quantum 
changes in energy levels of rotation and of interatomic vibration 
of the molecules, and capable of thermal excitation. No satis- 
factory treatment of available data was made, however, until 
the important contributions of Schack (4,5) made their appli- 
cation to heat transfer possible. A partial translation of one 
of Schack’s papers appeared in the appendix of a paper presented 
by Broido before the Society (6), and a set of curves for caleu- 
lations was included in the paper by Wohlenberg and Lindseth. 


PROBABLE RANGE OF VARIATION 
OF KL FOR POWDERED 
12 coat rurnaces 
2 
L=0.6 <CcuBE SIDE) 
2 
« — 
5 a H K FUNCTION OF FURNACE | 
= =08, CuBE SIDE) CONDITIONS, PARTICLE 
SIZE, ETC, AS 
| | SPECIFIED IN TEXT. 
L = EFFECTIVE THICKNESS 4 
OF FLAME,IN TERMSOF 
CUBE SIDE AS SPECIFIED 
06 ON INDIVIDUAL CURVES. 4 
0. 02 04 1.0 2.0 4.0 10.0 20. 


Fig. 3. Errect or Cuotce or “ErrectivE THICKNESS’ ON SHAPB 
FacToR FOR A CUBE 


for given furnace conditions, Fig. 4 may 08 / IN WHICH 

be used instead of Equation [2a]. OF FLAME | 
When the different factors included in 2 WE TO 
a are known, the top scale may be n= 
used. When they are not known ap- vo COMBUSTION com 
proximate values of pz may be obtained bos a- INITIAL COAL DENSITY, #/CU.FT, 
by the use of one of the other six scales 4 ee 

04 COAL #1 | COAL #2 | COAL d, = iNITIAL AVERAGE PARTICLE 
provided along the base of the plot. pir, | | PURE 
These scales are for three types of coal, 03 
each ground to two different degrees of | 
fineness. The coals are those used x AL | & 7% | 
basic types in the paper by Wohlenberg 8, }+—__+—_+—_+ ct 
and Lindseth (loc. cit.). 


| | | 
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The emissivity obtained from Fig. 4 * 
tion equation which is of the form T 7 T 3 how ZT 
2 + 1 9 0 " 75% THRU 


in which Q/@ is B.t.u. per hr., p is the 
emissivity of the surface (in this case, 
flame surface), A is the area through which heat is flowing, sq. 
ft., and 7 is the absolute flame temperature, deg. fahr. + 
460. Equation [3] gives the heat emitted from the flame 
surface. If a receiving surface is parallel to it, the heat absorbed 
is the Q/@ above, multiplied by a second emissivity, that of the 
receiving surface. 

Because of the fact that radiation from carbon particles 
always has superimposed on it radiation from non-luminous 
gases, the discussion of the use of pz as determined by Equation 
[2a] will be postponed until gas radiation has been considered. 


II RapratTion From Non-Luminovus GASES 


Physicists for a long time have been familiar with the infra- 
*The slight difference between ¢ for gas shapes and for solid- 
particle clouds is considered in reference 3 at end of paper. 


Fic. 4 Emissivity oF Powperep-Coat Frames, Due To Partictes ONLY 


In view of the importance of the subject and of recent develop- 
ments in it, however, gas radiation will be considered here in 
sufficient detail to permit calculations on heat transfer of this type. 

Of the gases encountered in heat-transfer equipment, carbon 
monoxide, the hydrocarbons, water vapor, carbon dioxide, and 
sulphur dioxide are the only ones with emission bands of sufficient 
energy content to merit consideration. Moreover, carbon 
monoxide and the hydrocarbons are present in such small 
concentrations in combustion products as to be negligible 
compared with water vapor and carbon dioxide. Sulphur 
dioxide does occur in large concentration in the coolers following 
a sulphur burner, but the data on the infra-red spectrum of 
SO, are inadequate as a basis of calculation of heat transmission. 
The following treatment, then, will be concerned only with 
water vapor and carbon dioxide. 
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The importance of radiation from gases is best emphasized 


The latter type varies widely with gas velocity and size of gas 
passage, somewhat with temperature of gas, and scarcely 
at all with gas composition. Heat transfer by gas radiation 
is independent of gas velocity, varies with the size of apparatus 
in a manner entirely different from convection heat transfer, 
and is highly sensitive to achange in temperature. It is obvious, 
then, that safe extrapolation of plant data on heat-transfer 
coefficients necessitates the assumption of the proper mechanism 


rithmic scale for heat transferred, to obtain approximately straight 
lines. Each line represents a constant value of the product 
term PL. If we let C be the B.t.u. per sq. ft. per hr. radiated 
due to carbon dioxide, with a subscript g to indicate gas tempera- 
ture or s to indicate surface temperature, and let W be the corre- 
sponding notation for water vapor, the heat-transfer equation is 


/o = —C,), due {4} 
and = A-px(W, — W.), due to H,0......... [5] 


in which Q/@ is B.t.u. per hour, A is the receiving-surface area, p 
is the black-body coefficient of the receiving surface. C or W 


TOTAL RADIATION - 20000 
P=PARTIAL PRESSURE OF 
CARBON DIOXIDE , ATM. 10000 
L=CHARACTERISTIC DIMENSION 8000 
OF GAS SHAPE (EFFECTIVE 
er THICKNESS OF GAS LAYER)FT. 16000 
SEE SHAPE FACTOR PLOT. AG 
THIS PLOT IS BASED ON ASSUMP- 3000 
OF UNIT SHAPE FACTOR. 
~ 
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of heat transfer. At low temperatures or with thin gas layers 
heat transfer by gas radiation is negligible. At high temperatures 
and with thick gas layers it is the controlling factor. 

A complete exposition of those laws of gas radiation essential 
to heat-transfer calculations is given elsewhere (3,5). It is 
sufficient for the purposes of this paper to point out the fact 
that the energy emitted from a gas mass to a unit area of its 
bounding surface is a function of two variables, one of which 
is gas temperature, the other a product term PL, in which P 
is the partial pressure in atmospheres of the radiating constituent 
(CO, or HO), and L is the “effective thickness’ of the gas 
layer, a term to be considered later. The relation among 7, 
PL, and energy radiated is of so complicated a nature as to 
require a solution by tables or graphs. A set of two graphs is 
given in Figs. 5 and 6, one for carbon dioxide and one for water 
vapor. A reciprocal scale is used for temperature and a loga- 


¢ The justification for addition of the individual emission bands of 
one constituent, leading to Figs. 5 and 6, involves considerations dis- 
elsewhere (3). 


Fic. 5 Rapiation To Carson 


for the proper value of PL and T is determined from Figs. 5 and 4. 
When both gases are present simultaneously, their individual 
effects can be added only under certain conditions. Carbon 
dioxide and water vapor both have an emission band at 2.7 u, 
and the intensity of energy emission at that wave length by the 
two gases combined is less than the sum of their individual 
intensities. When the gas layer is thin the values of ( @ 
from Equations [4] and [5] may be added without appreciable 
error. For thick gas layers a correction is necessary. Because 
of the complicated nature of the correction term (3), an align- 
ment chart, Fig. 7, has been provided for determining it. The 
total radiation from a gas to its bounding surface is given by 


Q/é A-pe + (W, W,) (Ky K,)} . [6] 


in which K is the correction term from Fig. 7, where it is labeled 
Q/Aé. It will be found that when 


L(4.9Pco, + 6.5PH.o) < [7] 
the correction term K is negligible. 


by a consideration of how heat transmission of this type differs 
pat from the more familiar mechanism of conduction and convection. 
=: 
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The product term PL contains the term ‘effective thickness”’ 
of gas layer L, the same sort of term as appeared in our con- 
sideration of radiation from a cloud of solid carbon particles. 
The same Table 1 is used for determining effective thicknesses 
for gas radiation as for black-body coefficients of powdered- 
coal flames. For example, if one is determining the heat trans- 
mission by radiation from a gas to a cracking coil with tube 
centers on equilateral triangles and tube diameter equal to 
clearance, Table 1 indicates that for effective thickness L one 
should use 2.8 X clearance, expressed in feet. 

When there is a large drop in temperature of gas from en- 


. [6] and [8] for gas-radiation calculations. 


illustrative of the use of Figs. 5, 6, and 7, Table 1, and Equations 
It should be pointed 
out, however, that since this type of heat transmission differs 
from heat transfer by convection and conduction in not being 
expressible in the form of an equation giving the functional 
relation of 7’ and C or W, a number of the problems involve 
a short trial-and-error solution, such as that of finding the 
exit temperature of a gas passing through a duct, given its 
initial temperature, duct shape, surface, and temperature. 
Illustrative problems are given elsewhere (3,4). 

Although heat transmission from gases does not follow the 
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trance to exit end of gas passage, the question arises as to the 
proper average gas temperature to use for 7',, in terms of entrance 
and exit-gas temperatures. The problem has been solved 
exactly by graphical integration and the results are given in 
another paper (3); where it is shown that, within the limits of 
error in other terms, the average gas temperature may be taken 
as equal to the surface temperature plus the logarithmic mean 
temperature difference of gas and surface. In other words 


in which 7, is the average gas temperature, 7; and 7 are en- 
trance and exit gas temperatures, and 7’, is surface temperature. 
It is not within the province of this paper to give examples 


Stefan-Boltzmann fourth-power law with respect to tempera- 
ture,’ an emissivity for a given gas shape may be determined 
arbitrarily to fit over a given temperature range, just as the 
radiation equation for solids may be thrown into a first-power- 
of-temperature form for combination with convection coefficients 
over given temperature ranges. For the purpose of expediting 
this procedure, a dotted curve has been drawn on Figs. 5 and 6 
expressing the value of Q/A@ corresponding to emission from 
a solid in accordance with the Stefan-Boltzmann law when the 
solid has an emissivity of 0.1. As an example of use of this 
curve, suppose it be desired to find the equivalent emissivity 
for a layer of CO, two feet thick, containing 10 per cent COs, 
at a temperature of 1800 deg. fahr.. when the receiving surface 


7 Over a short temperature range C or W may be expressed satis- 
factorily as a power function of 7, but the power varies with the 
temperature range from 4 at low temperatures to 2.5 at high ones. 
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temperature is at 700 deg. fahr. The product term PL = 0.2, 
for which value Ciso = 3450, Cro = 325, and their difference 
is 3125 B.t.u. per sq. ft. per hr. From the dotted curve a 
10 per cent black body would radiate 4500 — 310 = 4190. Then 
the equivalent black-body coefficient of the gas is 0.10 X 3125/- 
4190 = 0.075. It should be remembered that this is a purely 
arbitrary procedure, and that the value 0.075 is applicable 
only over a certain temperature range and for a fixed gas com- 


position. 
III RapratTion rrom Luminous Gas FLAMES 


The difference between luminous gas flames and powdered- 
coal flames lies in the origin, size, and purity of the solid matter 
suspended in them. Powdered-coal flames contain particles 
varying in size from 0.01 in. to 0.0 in. with an average size in 
the neighborhood of 0.001 in., and a composition varying from 
a high percentage of carbon to nearly pure ash. The suspended 
matter in luminous gas flames has its origin in the cracking 
of hydrocarbons in the flame due to incomplete mixing with 
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Fie. 7 ALIGNMENT CHART GIVING CoRRECTION TO SuPER- 
IMPOSED RADIATIONS FROM CARBON DIOXIDE AND WATER VAPOR 


air before being heated, consists of pure carbon, and has an 
initial particle size of about 0.000012 in. (7). The very small 
particle size of the soot in a luminous gas flame prevents the 
same type of treatment as was used in connection with powdered- 
coal particles, where the assumption was made that a particle 
is completely opaque to radiation falling on it. Furthermore, 
the evaluation of the concentration of soot in a flame, in terms 
of the variables affecting that concentration, is out of the ques- 
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tion. This is one example of a problem defying a completely 
analytical solution, but capable of empirical treatment. The 
latter method, however, requires data, and data on the luminosity 
of various types of flames are meager, frequently unreliable, 
and usually the result of experiments not designed to permit 
of quantitative application to industrial conditions. 
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Fic. 8 Errect or ‘ABSORPTION STRENGTH’ ON EMISSIVITY OF 
tits Luminous Gas FLAMES 


24 | 


| 
| 
T 


| 
| 


ABSORPTION STRENGTH 


= 
| 


N 

See: 


2 a 
00 


20° 40° 60° 80° wo? I20 140° 160° 160° 200° 220° 240° 260°F. 
QT = TRUE FLAME TEMPERATURE — “BLACK” TEMPERATURE 
Fic. 9 “ABSORPTION STRENGTH” oF LumMINous Gas FLAMES AS A 
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DETERMINED WITH AN OPTICAL PYROMETER 


It is possible to show, however, how data may be obtained 
from a furnace with known conditions of combustion, and applied 
to a different size or shape of furnace in which the conditions of 
combustion are roughly the same. Schack (7) has attacked 
this problem with some success, and a brief résumé of his work 
will be given. His preliminary conclusions as to luminous 
flames are these: (a) A soot particle when first formed is of 
such size as to emit from its surface about 5 per cent as much 
energy as a black body of the same temperature and size; in 
other words, it is transparent to a considerable extent; (6) the 
temperature of the soot particles is within one degree of that 
of the gas surrounding them; (c) there is no appreciable dis- 
persion of radiant energy passed through luminous particles; 
(d) reflection from flames is negligible; (e) an amyl acetate 
flame has the same absorption coefficient as the deposited soot 
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from it, and the absorption coefficient is independent of flame 
thickness; (f) absorption coefficients for layers of soot and for 
soot dispersed in a flame vary in the same manner with wave 
length. These conclusions permit a treatment of luminous 
flames similar to that of non-luminous gases, except that the 
radiation from the former is continuous in the spectrum. The 
absorption coefficient of the soot varies with wave length, and 
is proportional to the —0.9 power of the wave length. Thin 
flames are consequently not gray bodies, and their average 
emissivity will vary with temperature. The substance of 
Schack’s contribution is summarized in two of his graphs, repro- 
duced in Figs. 8 and 9. Fig. 8 shows the value of the black- 
body coefficient of the flame, p, (due to soot only), as a function 
of flame temperature TJ; and a term kL, called the absorption 
strength of the flame. JL is flame thickness; k is proportional 
to the soot concentration in the flame. To evaluate kL for a 
given flame in order to determine p,, it is necessary to determine 
true flame temperature 7 and the black temperature 7) of 
the flame, the latter by direct sighting with an optical pyrometer. 
Knowing 7’; and 7», we may use Fig. 9 to determine kL, then 
Fig. 8 to determine p,, the desired black-body coefficient. 

The objection to the method lies in the difficulty of determining 
true flame temperature T,. It is necesary to use a high-velocity 
thermocouple or shielded couple, or to extrapolate from readings 
on couples of different sizes (8). It should also be remembered 
that in determining the apparent or “black”? temperature of 
the flame with an optical pyrometer, the light entering the 
pyrometer should come from the flame only and not from the 
flame plus the back wall of the furnace. This necessitates 
sighting in such a manner that there is a hole or cold spot in 
the furnace wall opposite the pyrometer. When 7, and T» 
differ by a small amount, a small error in either makes a large 
error in 7'; — 7», and consequently in kL as read from Fig. 9. 
Considering the fact that one temperature is obtained with a 
thermocouple and the other with a pyrometer, the method is 
valueless for small values of Ty — T».® 

This method of treatment obviously contributes nothing 
toward a determination of p, unless measurements are made 
on a flame similar to the one for which it is desired to make 
heat-transfer calculations. The method merely indicates how 
such measurements should be made, and interprets them. 

The data available on luminous flames in industrial furnaces 
indicate that radiation from the soot is frequently of a greater 
order of magnitude than non-luminous-gas radiation. Lent (9) 
has made a blast-furnace-gas flame practically black by addition 
of benzene to form soot. Haslam and Boyer (10) found that a 
luminous acetylene flame radiated roughly four times as much 
heat as when non-luminous, and the size of their experimental 
flame was such as to indicate that maximum blackness had 
not been obtained. 


IV Rapration BerweEen Finite Soiip SuRFACES 


Although the Stefan-Boltzmann fourth-power law is familiar 
to engineers, its frequent misuse justifies a few words about it 


here. The familiar forms of the law are 
and 


*The difficulty in obtaining 7; by thermocouples suggests a 
Possibility which, so far as is known, has never been considered. 

at is the use of two screens mounted side by side in an optical 
Pyrometer in such a manner that they may be used alternately. 

€ would be of the present wave length, 0.65, the other of a differ- 
ent wave length fixed by available absorbing screens. Because the 

me is not gray, its apparent temperature would differ, depending 
on which screen were used; and, provided the variation of absorption 
Coefficient of carbon is known in the range of wave length of the 
two screens, the two temperatures obtained with the optical would 
Permit a determination of the true flame temperature. 
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c-A-(T,*— T,*) 


= 


1 1 

Pp 
The first form applies to the case of a small Lody completely 
enclosed in a large one, in which case the area and black-body 
coefficient of the external body are immaterial. A is the area 
of the enclosed body and p, is its black-body coefficient. For 
the case of two infinite parallel planes the form [10] is used, 
in which p,; and p2 are the black-body coefficients of the two 
surfaces. When p, and p2 are equal to or greater than 0.9, 
Equation [10] may be expressed more simply in the form® 


Q/6 =c-A-m-: po: — 


When the surfaces between which heat is being interchanged 
are of the same order of magnitude so that [9] may not be 
used, and finite so that [11] may not be used, the true heat 
interchange may be obtained by suitable integration of the 
Stefan-Boltzmann equation, starting in its differential form 
and making allowance for solid angles. Such a procedure, 
however, leads to complications unwarranted by the required 
engineering accuracy. It is consequently customary to use 
approximate methods. Suppose two finite surfaces. A surface 
element dA on one plane radiates in all directions throughout a 
solid hemispherical angle, which is equal to 27. If the radiation 
were of the same intensity regardless of the angle of the beam 
emitted from dA, and if the receiving surface subtended the 
angle w, at dA, then the receiving surface would intercept 
w:/2e of the radiation from dA. However, the intensity of 
radiation from dA decreases as the beam emitted from it makes 
a greater angle with the normal to dA. In other words, a re- 
ceiving surface subtending an angle w: at the emitting surface 
dA may receive more or less than w:/2r of the total radiation 
from dA, depending on whether the receiver is directly above 
or to one side of dA. The conclusion one reaches is that in 
using the factor w/2x in the Stefan-Boltzmann equation of 
form [11] to make approximate allowance for the finite angle 
subtended, one should weight the value of w in accordance with 
its position, doubling it if a small angle located directly above 
dA, and multiplying it by 0 if completely to one side. It is 
intended to make a more complete and exact treatment of the 
subject of radiation between finite surfaces in a future paper. 

It should be mentioned at this point that the Stefan-Boltzmann 
constant c of Equations [3], [9], [10], and [11] has a value of 
1.72 < 10-* in English units. The use of the old value of 
1.62 X 10-* has persisted among most American engineers 
long after physicists have agreed on the newer value. German 
engineers have been using the value 4.9 for several years; its 
English equivalent is 1.721 X 10~*. The International Critical 
Tables report a value equivalent to 1.723 x 107~°. 


V RapiaTIon oF GASES AND SUSPENDED 
So.ips 


This paper has so far considered independently the radiation 
due tosuspended coal particles, non-luminous gases, and suspended 
soot. Frequently two or all three phenomena occur simultane- 
ously, and the question arises as to how to combine them. 

The experiments of Callendar (11) and Hunneman (12) 
indicated that the radiation from a non-luminous gas of constant 
temperature and composition may be expressed in the form" 


* The error introduced by use of [11] instead of [10] is 1 per cent 
when 7: = p2 = 0.9, and 4 per cent when p; = p2 = 0.8. 

10 This simple expression cannot be strictly true if the basis of 
calculation of Figs. 5 and 6 is justifiable. Equation [12] represents 


the variation of J with L with sufficient accuracy, however, to permit 
its use in the derivation. 
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in which J is the intensity of radiation, L is the thickness, 
and k’ and a’ are constants. For an infinitely thick layer 
J becomes equal to @’. Since the temperature is constant 
it is possible to express gas radiation in the form of a black- 
body coefficient p, in accordance with the manner outlined in 
Section II." Then 

De = a(l—e [13] 


in which a@ is the black-body coefficient of an infinitely thick 
layer of gas. This expression, it will be remembered, is mathe- 
matically similar to that for the black-body coefficient of a 
powdered-coal flame, which has the form 


pp mi—e [14] 


and which may be rewritten 
pt = a(l—e —*£) + (1 — a)pz.......... [15] 


The significance of the last equation is this: The first term on 
the right represents the fraction of radiation from the solids 
which falls in the same wave-length range of the spectrum 
as gas radiation. The second term represents that fraction 
lying in those wave-length regions in which there are no emission 
bands for CO, and H,O. In adding the radiations represented 
by Equations [13] and [15], then the fraction (1 — a)p, of 
the radiation due to the coal particles is unaffected by the 
presence of the gas, whereas the other fraction a(1 — e —*4), 
and the gas radiation, a(1 — e ~*’£), interfere with one another. 
Mathematical similarity of the two permits a simple treatment 
which leads finally to the expression 


PL = Do + PL — PL... [16] 


in which Yp,,pz is the emissivity of a flame due both to its 
gaseous constituents and to the solid coal particles in it, and 
Po and pz are the individual coefficients due to gas and to ccal 
particles, determined independently. The derivation of Equa- 
tion [16] is given in Appendix No. 2. The same type of addition 
of coefficients may be applied to luminous gas flames when the 
individual coefficients due to soot and to the gases are known. 


VI AppLicaTrion oF MeEcHANISMS DESCRIBED TO FURNACE 
DESIGN 


To clarify our ideas on the mechanism of using the charts 
and formulas given in the preceding sections, and of applying 
them to furnace design, it is convenient to consider two limiting 
types of furnaces, neither of which actually is met in practice, 
but both of which are approximated fairly closely. The limiting 
case of the first type is that in which combustion is instantaneous 
and complete at the point of entry of fuel into the furnace. 
The temperature attained by the flame at that point consequently 
is that generally known as “theoretical flame temperature,” 
based on the heating value and analysis of the fuel, the excess 
air, ete. As the gas passes from this point to the furnace exit 
its temperature falls continuously as it loses heat to the furnace 
walls. Although the calculation of this type of furnace is by 
no means simple, it is nevertheless straightforward because 
the initial gas or flame temperature is known directly without 
any calculation of heat loss during combustion. 

The limiting case of the second type is that in which com- 
bustion is fairly slow and, due to turbulence in the combustion 
chamber, is progressing uniformly at all points in the chamber. 
The flame temperature attained will be determined by the 
heat input in the coal minus the loss to the walls of the combus- 
tion chamber from the flame during combustion. Since the 
chamber is assumed filled with a homogeneous mass of flame, 
the exit temperature of the gases from the combustion chamber 
will be the same as the flame temperature. 


Although neither of the above cases is met in practice, the 
first is approximated in a gas-fired furnace using Bunsen-cone 
combustion with nearly all the air supplied as primary air. 
The actual time required for a homogeneous gas-air mixture 
to burn is the time required for the gas to flow through the 
narrow conical zone at the burner tip. Rembert and Haslam (13) 
showed that for this type of combustion the reaction is complete 
at a distance of four inches from the burner tip when the gas 
velocity in the burner is as high as 78 ft. per sec. An industrial 
furnace typical of this class is the Morgan continuous billet- 
reheating furnace operating on coke-oven gas. A paper illus- 
trating the method of calculating heat transfer in such a furnace 
is planned for the near future. 

The second type of combustion is not so closely approximated 
in practice. If the reheating furnace just mentioned were 
fired with producer gas and long-flame combustion were used, 
the flame in the half of the furnace containing the gas ports 
might be assumed substantially of the same temperature through- 
out, and its temperature be determined by a heat balance on 
that half of the furnace. The other half of the furnace could 
then be treated in the same manner as in Case I. Another 
industrial: furnace approaching Case II is the powdered-coal 
boiler furnace. Though the flame is not actually at the same 
temperature in all parts of the combustion space, the assumption 
that it has a mean effective temperature should not lead to great 
error, and is imperative if we wish to avoid almost insurmount- 
able complications. The powdered-coal boiler furnace is in 
such widespread and increasing use and calculations on it so 
representative of other furnace calculations, that it will be con- 
sidered in somewhat more detail here. The method of treat- 
ment is essentially that of Wohlenberg and his associates (loc. 
cit.), with the modifications necessary to the use of emissivities 
throughout, instead of shielding coefficients and effective surface 
areas of the particles on the flame. 

Heat is being transmitted from the flame to the refractory 
and to the cold surface; and from the refractory to the outside 
and to the cold receiving surface. (1) The heat evolved by 
combustion of the fuel must equal that given up by the flame 
plus the heat content of the flame as it leaves the combustion 
space. (2) The heat given up by the flame to the refractory 
must equal that lost through the refractory to the outside 
plus that radiated by it to the cold surface in the chamber. 
These two conditions to be satisfied permit us to set up two 
equations involving the effective temperature Tr of the flame 
and the average temperature 7'pg of the refractory. (ther 
quantities involved are either known or are functions of these 
temperatures. 7’r and 7’ consequently may be determined, 
after which the furnace efficiency follows readily. If we take 
as a basis of operation one hour, the equations become 


[Ki:(Tr* — + K.A(Tr* — Tc')| 


Heat from flame in 
direction of cold surface 


Qe = 
Heat trans- 
mitted from 


Heat from flame in 
direction of refractory 


flame — — 
Heat transmitted by radiation 
Heat to cold 
surface by con- 
vection, at those cold 
surfaces exclusive 
of point of exit of gas 
and 
pr‘ = [18]" 
Heat from flame to Heat from refractory in 
refractory direction of cold surface 


11 Based on the assumption that all radiation toward refractory 
is either absorbed or reflected to the cold surface, and that the heat 
transmitted from flame to refractory by convection and heat !ost 
from refractory to the outside are of the same order of magnitude. 
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in which Qr 
Pe = 


B.t.u. per hr. transmitted from the flame 

net emissivity of the cold surface. May be 
taken equal to 0.95 when cold surface con- 
sists of tubes, and 0.90 when plane 

Pr = net emissivity of refractory. May be taken 

equal to 0.9 when true emissivity of refrac- 

tory is 0.8. See Wohlenberg and Morrow, 

loc. cit. 


Tr = average flame temperature, deg. Rankine = 
(deg. fahr. + 460) 

Tr = average refractory temperature, deg. R. 

Tc = cold-surface temperature, deg. R. 

Zc = B.t.u. per hr. to cold surface by convection, at 
those cold surfaces only which affect the 
average flame temperature in the combustion 
space. Heat transmitted by convection at 
the boiler tubes where the gases leave the 
combustion space, even though the flame sees 
the tubes, is not included in Ze 

K,, K,. K; = values defined by the Equations [17] and [18] 


in which they are used. 
sidered subsequently. 
T» may be eliminated from [17] and [18] giving 


They will be con- 


Q K,- Ks 


The heat given up by the flame, Qr, is also given by the following 
equation: 


Qe = Gr-U + 


+ K.| -(Tr*— + Ze. . [19] 


Aha 


.[20] 
Sensible heat in 
gases leaving at 
temperature 


Heat content 
of entering air 


Heat evolved by 
combustion of 
fuel 
in which Ge is the pounds of fuel burned per hour, U is the 
available heat in the fuel, Ga is pounds of air per hour, Aha 
is heat content per pound of air (0 if no preheat), and the term 
<GeAhe represents the sensible heat contents of the various 
products ‘of combustion leaving the furnace at temperature T'r. 
Equating [19] and [20] we have an equation in 7’r, all other 
values being either known or functions of Tr. The solution 
involves the trial-and-error method of assuming 7'r and deter- 
mining whether Qr is the same for [19] as for [20]. When 7'r 
has been determined, the efficiency of the combustion space 
of the furnace is Qr divided by the heat input, Gr+U or (Gr-U 
+ G4- Sha), depending on whether it is desired to base efficiency 
on the heat of the fuel alone or on that of fuel plus air. Before 
Equation [19] can be evaluated, it is necessary to determine 
K,, K:, and K; as used in Equations [17] and [18]. 
K, (T; TR 


‘) = com from flame in ) 
direction of refractory 


= pr-Sre- ao: — TR‘) 


K-(Tr* — T¢*) 


Heat from flame in 
(direction of cold surface 


= Scr * (TF! Tc‘) [22] 


Heat from refractory in 


Ky (Txt — Tc‘) = direction of cold surface 
= pe (1 — — To) [23a] 
or = — pr)Scao(T — Tc*) or [23b] 
In these equations 
Pe = emissivity of flame due to all constituents in it, 


as determined individually in accordance with 
Sections I, II, and III, and added in accordance 
with Section V 
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Pr = emissivity of refractory surface 

Srr = that portion of the flame surface which is adjacent 
to the refractory, sq. ft. 

Scr = that portion of flame surface adjacent to cold 
surface; Scr + Sgr = total flame surface ~ 

Sr = refractory surface 

Se = cold surface 


wre = average solid angle subtended by cold surface at 
refractory surface 


wor = average solid angle subtended by refractory surface 
at cold surface. See Section IV 
a@ = Stefan-Boltzmann constant = 1.72 107° B.t.u. 


per hr. per deg. R‘ per sq. ft. 


Substituting the values of K,, Ke, and K; from [21], [22], 
and [23] into [19], and recording [20] with it for convenience 
in use, we have 


Sup = 
Qr = Po: pr: aw + Ser } Tc‘) 
pr wre 
l pe Sr + Zc....[24] 
and 
Qr = Gr-U + She......... [25] 


Equations [24] and [25] are in a form for solution to determine 
Tr and, simultaneously, Qr, from which the efficiency of the 
vombustion chamber follows readily. If it be desired to determine 
refractory temperature 7p which was eliminated by combining 
Equations [17] and [18], the following equation may be used: 


4 
Tr 1— pr , wre 
Ta = 4 ¢ = _. [26] 
Serer + =< 
pe 


The expression for heat radiated from refractory to cold 
surface, Equation [23], was given in two forms, depending on 
which of the two areas is used as the basis of calculation. Equa- 
tions [24] and [26] are based on the form [23a], using the re- 
fractory surface Sr and the angle wec subtended at it by the 
cold surface. If it is more convenient to use [23b],!* the terms 
Sr and wre in Equations [24] and [26] should be replaced by 
Se and wer. 

It will be noticed that when the combustion chamber is 
completely water-cooled (i.e., Ser = 0 and Scr = Sr), the 
first of the additive terms in the bracket of Equation [24] 
disappears, leaving Scr, which is then total flame surface. 
This greatly simplifies the solution of [24] and [25] for Tr. 
Wohlenberg and Lindseth have proposed simplifying all furnace 
problems by this assumption of a totally cold envelope around 
the flame. The furnace efficiency so determined is then multi- 
plied by a factor y, called the “coefficient of emission reference 
factor,”’ which they have plotted as a function of ¥, the fraction 
of the furnace which is cold. Eighteen graphs (54 curves) 
of the y-¥ relation for different energy-liberation rates, degrees 
of air preheat, size of furnace, etc., are given in their paper, 
pp. 900-905. 


Vil 


Two empirical methods of determining furnace efficiency 


EmprricaL MernHops OF SOLUTION OF FURNACE ProBLEMS 


12 Which of the two forms to use depends on the distribution of 
surface. The calculation is most easily based on the area of that 
surface present in the smallest amount, with the angle subtended at 
it by the larger surface. For example, when there is a single cold 
face, use Sc and wcr = 2r. 
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have been presented before the Society in the past two years. 
Broido (6) suggested that the furnace efficiency which, in the 
nomenclature of the preceding section, is Qr/Gr-U, may be 
satisfactorily approximated on the assumption that it is a 
function solely of the total heat generated per square foot of 
cold surface!* per hour. For the data plotted by Broido the 
variation in efficiency, for a fixed ratio of heat-receiving surface 
to energy-liberation rate, amounted to as much as 20 per cent 
on either side of the mean value, the average deviation being 
of the order of magnitude of 15 per cent. Considering the 
number of factors assumed as determining efficiency, the method 
can be considered nothing more than a gross approximation. 

Orrok (14) has proposed an empirical equation which involves 
in addition to the factor included by Broido, the amount of air 
used. The equation he proposes is based on a considerable 
and varied amount of data from three designs of locomotive 
boilers, four designs of water-tube boilers, one revolving boiler 
—burning high- and low-volatile bituminous coal, briquets, 
coke, powdered coal, and oil—with hand-firing, stokers, and 
other types of firing mechanisms. The equation, in the nomen- 
clature of this paper, is 


Heat-absorption 1 
efficiency of = ——— 
combustion chamber AV Gr/Sc 

1+ — 


[27] 


in which A equal pounds of air per pound of coal, Gr equals 
pounds of coal per hour, and S¢ equals radiant-heat-absorbing 
surface. 

The varied data purporting to be the basis of Equation [27] 
are presented in tables, but that part required to determine A 
has apparently been omitted. It is consequently impossible 
to determine from the data presented how closely Equation [27] 
predicts the heat-absorption efficiency of the furnace chamber. 
Orrok records other data, however, on eight boiler tests, the 
data including the quantities A, Gr/Se, flue-gas temperature, 
and total furnace and boiler efficiency, but not the distribution 
of heat absorption between furnace chamber and boiler section. 
He proposes to use the data to test his empirical formula in the 
following manner: 

Using Equation [27] one may find that fraction of the heat 
in a pound of coal which is given up during combustion of the fuel. 
This value enables one to determine the temperature of the 
gases leaving the chamber, by equating the residual heat of the 
coal to the heat content of the gases leaving the combustion 
space. Having obtained the temperature of the gas entering 
the boiler section, and knowing from test data its exit tempera- 
ture, one may determine the heat given up in the boiler section. 
The sum of the heats given up in the two parts of the furnace 
is the overall furnace efficiency. It is proposed to test the 
validity of Equation [27] by comparing the total furnace efficiency 
calculated by the method just outlined, with the efficiency 
reported on the boiler test. An inspection of the calculation 
shows, however, that although use is made of Equation [27], 
the method leads to a furnace efficiency determined solely by 
the heat of the coal minus the heat of the flue gas. The agree- 
ment between calculated and observed furnace efficiencies is 
a proof, not of the validity of Equation [27], but of the justifica- 
tion for assuming a specific heat of 0.25 for flue gas and of the 
accuracy of the recorded measurement of flue-gas temperature. 

It is therefore evident that the data presented offer no sub- 
stantiation of the validity of the empirical formula [27]. How- 
ever, values predicted by it may be compared with those cal- 
culated by the method outlined in the preceding section. This 


18“Cold surface” as here used is the projected areas of cold sur- 
faces in sight of the flame. 


method should give efficiencies substantially the same as those 
reported by Wohlenberg and Morrow, with whose results Orrok 
has compared his formula. The agreement, for the small 
amount of calculated data used in the comparison, is satisfactory 
but by no means conclusive. 

As a means of approximating efficiency the formula should 
be more satisfactory than Broido’s single curve, since it includes 
the important factor of air used per pound of fuel. In con- 
trast to the method of Section VI, it tells nothing about refrac- 
tory temperature, which is frequently of importance in furnace 
design; and it of course gives no idea of the effect of any one of 
a large number of factors taken into consideration in the other 


method of treatment of the problem. 


Appendix No. 1—Enmissivity of Flame Due to 
Suspended Coal Particles 


See the discussion in Section I. The problem involved is 
the evaluation of the fraction of a beam of light stopped by 
passage through a cloud of particles. By projecting the particies 
on a plane normal to the direction of the beam, the problem 
becomes that of finding the covering power of a number of disks 
tossed at random on a plate. 

Suppose that, when n disks, of area D each, have been tossed 
at random on a plate of area A, the fraction of total area covered 
is F,. Toss on the (n + 1)st disk. The probability of its 
falling on uncovered area is 1 — Fn, and its effective covering 
power therefore has an average value of D(l — Fn). The 
resulting fractional area covered is PF, +(1—F;)D/A. Therefore 


D 


From this relation successive terms may be evaluated. 


Fy +2 —] 


Let n = 0; then Fa = 


Let the average concentration of disks per unit area equal c’. 
Then the total number of disks = c’/A, and [28] becomes 


This is not quite in the form desired, for the following reason. 
With a constant concentration c’ of disks per unit area, the frac- 
tion covered Fn is not fixed, but changes slightly with the total 
area A; i.e., one hundred pennies tossed at random on an area 
of one hundred square inches cover a different fraction of the 
area from ten pennies tossed at random on an area of ted 
square inches, or one penny on one square inch. It is desired 
to find the limit of the fractional covering power for constant 
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concentration c’, when the area A becomes very great compared 
to the area D of each individual disk, i.e., when D/A becomes 
equal to zero. 


D c’A 
limit | 1—{1—— D 
A 
A a = 0 


Converting from the problem of disks back to that of particles, 
let c equal concentration of particles in a cloud and L the thick- 
ness of the cloud in the direction of penetration of the beam. 
Then c’ = cL, and 


in which D is now the average cross-sectional area of a particle. 

The concentration c and average cross-section D have been 
evaluated by Wohlenberg and Morrow. According to them, 
the total number of particles Ni, divided by the volume V, 
= 130.6 103 + = c. (See nomenclature of 
Section I.) The average cross-sectional area of a particle, 
in square feet, equals (Kod))?.x/1728, when dy is expressed in 
inches. Substituting these values into [29], and remembering 
that F is the emissivity of the cloud, we have 


pp = 1 — e— 287.7 Ko'L/GBT. bode 
which is the desired relation. - 

Let us consider briefly the assumptions involved. The first 
is that an individual particle is sufficiently thick to be completely 
opaque to any radiation falling on it. The validity of this 
assumption is shown by the values reported for the absorption 
coefficient of carbon in a paper by Schack (7). 

The second assumption is that the expression of Wohlenberg 
and Morrow for N:, the total number of particles, is correct. 
The derivation involves the application of the perfect gas law 
to determine the quantity of gas present which, from a knowledge 
of the fuel associated with a given quantity of gas, permits a 
determination of the number of particles. The method should 
not involve any considerable error. 

The third assumption is that the expression for D, the average 
particle cross-section, is correct. This is the weak spot in the 
derivation of [32]. The value used for D is obtained on the 
assumption of a constant surface rate of combustion of particles 
and a final particle diameter of zero. Actually the surface 
rate decreases due to decrease in oxygen concentration. The 
effect would be to decrease the average value of D below that 
used in Equation [32], due to the particles being small a greater 
fraction of the time. In neglecting ash,-several errors are 
introduced. On the assumption that all the ash in a coal particle 
is present in one lump at the end of combustion, two effects 


must be considered. (1) The final size of the particle is that 
of the ash instead of zero, and the average value of D consequently 
greater than in [32]. (2) The presence of an ash layer through 
which oxygen must diffuse has the same effect as the decrease 
in oxygen concentration, i.e., the value of D would be less than 
in [32]. If the ash does not remain as a unit particle but breaks 
off as dust during combustion, the pz of [32] would be increased 
by an unknown amount due to the presence of many additional 
fine particles. 


Appendix No.2—The Combining of Emissivi- 
ties Due to Gas Radiation and to the Presence 
of Solid Carbon 

See the discussion in Section V. 
= &-(1—e~ + (1— a) pm... 
= a: 


Addition of the interfering portions is by addition of coefficients 
on the exponents. 


La (1—e~ a(1—e~*’L) =a 
From [33], —kL = 
From [34], —k’L 
then 


[35] 
In(l — pr) 
= In(l — p,/a) 


—k’L = — pe) (1 — [36] 


Substituting from [36] into [35], we have 
= a [1 — — — = [1 — (1 — pz) (1 — 
= Pot — PL’ Po 


To this must be added the portion of pz in [33] which does 
not interfere with gas radiation, i.e., the term (1 — «)py. Then 


Po, PL = Po + Pu— PL- 
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Discussion 


Geo. A. Orrox.'* Professor Haslam and Mr. Hottel are to be 
complimented on their excellent paper. The troubles with 
radiant-heat formulas have been many, and everyone who has 
attempted to work with them has had to make supposition after 
supposition, some actually made, others implied. The implicit 
assumptions have often been three or four or even ten times as 
many as the actual assumptions that one may have made when 
one started to use the equations. 

The work of Professor Wohlenberg in this country, Dr. Mun- 


‘’ Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


singer in Germany, Professor Roszak in France, and now Haslam 
and Hottel in this paper, all on this same subject, are extremely 
interesting, but they all rest on the measurement of a temper- 
ature and this is the first time the writer has heard of any real 
attempt to get some kind of a temperature measurement to put 
into the radiation formula. It is the writer’s opinion that the 
difficulties involved in the measurement of a furnace temperature 
or of a flame temperature from which one can calculate radiation 
effects are still too large for the ordinary engineer or designer of a 
furnace. 

We must have something by which we can figure our fur- 
naces with a reasonable degree of speed, and know that at least 
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they bear out what we actually find when we separate the parts 
of the water-heating surface and actually measure the heat going 
into them. It is true that we have made calculations to show 
how much of that heat went in by conduction and convection, and 
from that it is the writer’s belief that possibly 95 or 96 per cent 
went in by radiation. 

But it is sufficient for our purposes to take the ordinary em- 
pirical formula and consider that the four or five per cent of 
convection and conduction is only an incident, knowing that 
our answer is not correct within from 10 to 25 per cent. How- 
ever, any work which leads toward the simplification of a rational 
formula for radiation in a furnace is greatly to be commended. 


H. W. Brooxs.'* Mr. Orrok, quite a number of years ago, 
made some experiments on the absorption of the first two rows of 
tubes on a straight tube boiler, segreating that absorption from 
the balance of the boiler. It would be of interest to know the 
characteristics of the boiler tested, and approximately what was 
found to be the radiation-convection-absorption ratios. In other 
words, what proportion of the total heat was absorbed in the 
first two rows of tubes? 


Geo. A. Orrox. Regarding Mr. Brooks’ comment, there 
have been a few such experiments made. The only published 
ones that the writer knows of are those he gave in the discussion 
of Broido’s paper on this same radiation subject at the 1925 Annual 
Meeting of the A.S.M.E. All the facts are given in that paper. 

Sixty-eight experiments, covering everything that could be 
located in the literature, were given. Five or six extra deter- 
minations have been obtained since then, but unfortunately they 
have not been published—the writer fears they are not in shape 
to be published. 

We look with a great deal of interest to someone to separate 
the circulation of the boiler into various parts and actually mea- 
sure the heat going into each part from radiation or convection. 

Out of one set of eight experiments that were made there was 
found in the two lower tubes of a B and W boiler an absorption 
of as high as 63 per cent of the total heat absorbed by the boiler, 
and as low as 42 per cent, depending on the radiation conditions. 


H. W. Brooks. It is rather interesting to note, in the use of 
the Wohlenberg formula, that with water walls, heat releases per 
cubic foot of furnace volume of the order of 40,000, and quite 
high furnace temperatures, it is very seldom that one finds the 
radiation-convection-absorption ratio much more than about 25 
per cent of the total heat absorbed. 

If Mr. Orrok’s approximation is correct, that the data seemed 
to indicate about half of the heat absorbed in the first two rows 
of tubes, there must be something radically wrong when the best 
available formulas give us a maximum of only about 25 per cent 
or only one-half of the best-data figures. 

The writer has had occasion to calculate by the Wohlenberg 
formula quite a number of furnaces, both with and without water 
walls, within the past six months. It was striking to find that, 
apparently, the radiation by formula never exceeded about one- 
half of the amount it is known to be from tests. The contri- 
bution by Professor Haslam and Mr. Hottel should go far toward 
giving some idea of why this difference exists. Apparently we 
have not taken full account of the effect of the gases in which 
the burning pulverized coal is suspended. Thus we continue to 
correlate what we know to be facts with the theories which we 
know have been and will be deduced to cover eventually all 
contributing phenomena. ‘ 


Geo. A. Orrox. It must be remembered that radiation form- 
14 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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ulas of the type of Wohlenberg and Haslam and Hottel are ra- 
tional. They deduce from physical constants the constants 
they are going to apply in the formula to get the results. With 
an empirical formula, on the other hand, one takes a result and 
calculates from that result the kind of constant one ought to 
have to get the results and then notes how they vary and take the 
average. It is a rule-of-thumb arrangement and it must work if 
measurements are correctly made. However, it is not a good 
method if a rational formula is available. 


Epwin LunpGren.” There are actually in operation today, 
units through which it is possible to measure heat radiation of 
certain surfaces and heat convection to the remaining surfaces 
in a boiler operating with pulverized fuel. 

A particular installation is that of the Ford Motor Company at 
River Rouge. Four 2300-hp. boilers have been rebuilt in order 
to increase the capacity output by means of water screens and 
water walls. The screens are entirely isolated from the boiler 
itself. These boilers are operated at extremely high ratings, 
the common evaporation rate being 500,000 Ib. from each unit. 
At 500,000 Ib. evaporation per hour, exactly 100,000 Ib. per hour 
is evaporated from the screens. 

The screens have practically no heat transfer by convection, 
because the flames do not pass through or over them. In other 
words, it is purely a radiation surface, and the screens deliver 
100,900 Ib. of steam when the total output of the boiler is 500,000 
lb., so that confirms very closely the statement already made 
as to the percentage of radiation as compared with the total heat 
input. 

The performance of a boiler unit today is so different from what 
was standard six or seven years ago that the performances of al! 
large installations are now calculated in a manner that was never 
dreamed of at that time. 

The company with which the writer is associated uses a method 
by which the performance of every unit is calculated by means 
of certain formulas that have been established. The performance 
of such units, that is, how much heat is absorbed by radiation 
and convection and, naturally, the heat absorption through 
other equipment which forms a part of such a complete unit, are 
calculated, and it is interesting to note that when the installation 
is placed in actual operation the results obtained are extremely 
close to the calculated performance. 


Joun Van Brunt.'* The first of the Combustion Engineering 
Corporation calculations of the performance of water-cooled 
furnaces were based on tests made by John Bell, in which he 
isolated two or three tubes in the lower row of a Babcock and 
Wilcox boiler and by applying well-known formulas of absorption 
by convection obtained the heat absorbed by radiation. At 
2500 deg. fahr. furnace temperature the absorption by radiation 
was approximately 60,000 B.t.u. per sq. ft. per hr. Using that 
figure a fourth-power curve was plotted through that one point, 
and a correction factor applied for the total carbon in the fuel. 
In spite of the crudeness of that formula it has been found to 
check very closely with more modern methods and with actual 
tests within 10 or 20 per cent. 

At the Cahokia Station in St. Louis six tubes were isolated, 
three in the bottom screen and three in the rear wall, and by 
actually measuring the water passing through the tubes and the 
temperature rise, figures ranging from 20,000 to 75,000 B.t.u. 
per square foot, depending upon the shape of the flame, were re- 
corded. 


15 Combustion Engineering Corporation, New York, N. Y. Mem. 
A.S.M.E. 

16 Vice-President, Combustion Engineering Corp., New York, N. Y- 
Mem. A.S.M.E. 


rs. 
iy 
‘ 
| 


FUELS AND STEAM POWER 21 


Z. G. Devutscu.'? It would be interesting to know if any 
attempt has been made to correlate these data with those of 
Walker and Turner in the lower-temperature fields of heat trans- 
fer, that is, particularly the liquor-film coefficients. 

The temperature in the tube will be the saturation temperature. 
The overall cannot be any greater than one of the three coeffi- 
cients. There is a surprisingly high rate of heat transfer from the 
glowing gases, especially in the first two front rows of tubes. 
This has to be absorbed somewhere, and, being absorbed, there 
must be a terrifically high velocity through the tube. 


Geo. A. Orrox. This discussion has brought up a question 
which leads to a statistical remark. In hunting for examples 
of heat transmission the writer found one well-authenticated case 
where 202 pounds of water were evaporated from a square foot 
of surface. That will be of the order, we will say, of 200,000 
B.t.u. per sq. ft. per hr. In none of our radiation experiments 
have we ever obtained a transfer greater than around 78,000 
or 79,000 B.t.u., which is, after all, good. Callendar reported 
heat transfers of the order of 140,000 B.t.u. per sq. ft. in steam 
cylinders, but the writer has not seen better than 90,000 and is 
using 100,000 as the maximum possible. 


Tus Aurnors. The discrepancy between the observed values 
of Mr. Brooks and Mr. Orrok and those predicted by the Wohlen- 
berg equation for percentage of absorbed radiation may be due to 
the faet that Wohlenberg’s equations do not take into considera- 
tion radiation due to luminosity in the sense of luminosity due 
to hydrocarbon material from the coal. 

That, as can be seen from this paper, amounts to quite an 
appreciable percentage in some cases. Of course, to a lesser 
extent, the fact that Mr. Orrok had to estimate heat transfer 
by convection, particularly at those high temperatures, may 
account for a small percentage of that discrepancy. However, 
it is probable that the major portion is due to the fact that Pro- 
fessor Wohlenberg did not include radiation from the carbon 
formed by partial cracking of the hydrocarbons present, and the 
authors are not sure that he got in all the radiation due to non- 
luminous gases. 

Mr. Orrok’s viewpoint, namely, that oftentimes it is wise to 
have an empirical equation, is very well appreciated, but if one 
uses an empirical equation that is not based on scientific fact, 
but merely a result of test, then the danger lies in the transition 
from one burner design to another, or from one fuel to another. 
Furnace design in the last ten years has changed greatly and the 
types of fuel have changed greatly. With the scientific guide, as 
against empirical equations, we have done much to avoid trouble 
when changes are made. 

Mr. Orrok, apparently, is thinking of boiler furnaces and pos- 
sibly coal-fired boiler furnaces; and that isthe most difficult case 
we have to meet. The situation in an oil-fired or gas-fired fur- 
hace is comparatively simple, and can be handled by these equa- 
tions very easily; but in the treatment of heat transfer from 
pulverized coal there is still much to be learned. 

The question was asked as to whether these gas-radiation 
plots were based on empirical formulas or rational ones. The 
physicist would call the equations empirical; the mechanical 
engineer would call them rational. Actually, the coefficients were 
determined by a mathematical treatment of infra-red radiation- 
Spectrum data which, in reality, are empirical from the stand- 
point of the physicist. But the treatment, we hope, is a rational 
one; so we end with plots which one may call whatever one pleases. 
However, we believe there is reason for considerable confidence 
in the use of the plots. There have been a number of oppor- 

tunities of comparing them with data obtained from open-hearth 


’ Engineer, Solvay Process Co., Syracuse, N. Y. Jun. A.S.M.E. 


furnaces in Germany, re-heating furnaces at Buffalo, and a num- 
ber of cracking coils, and the agreement of the calculated and 
determined coefficients is excellent. 

As to whether the partial coefficient due to the suspended 
matter in the flame is the result of a rational or empirical treat- 
ment, we would say that it is purely rational, and it is by no means 
above question. Much remains to be done on it. The partial 
coefficient due to the presence of luminous particles in the flame 
is of necessity an empirically determined one, dependent upon 
measurements with an optical pyrometer and at present with a 
true-temperature thermocouple. Those who have used such an 
apparatus perhaps smile at the suggestion of its use. We are 
working at the Massachusetts Institute of Technology on a 
double-sereen optical pyrometer with which we hope to be able 
to determine the magnitude of that portion of the flame emissivity 
due to the soot formed when gas is burned with insufficient air. 
We hope the result will be of interest to engineers. 

One statement in the discussion indicated that perhaps there 
was a misunderstanding as to measurement of temperature. 
In the treatment of the general furnace problem, use was made of 
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equations which involved temperatures determined by heat 
balances. The use of those equations does not require an actual 
measurement of temperature, although a superficial examination 
might give the impression that actual furnace temperatures are 
involved. 

The authors do not for a moment pretend that the resultant 
black-body coefficients for a powdered-coal flame as determined 
by adding the partial coefficients obtained in accordance with the 
methods outlined in this paper will compete with the best of 
empirical formulas from the standpoint of the time required for 
using them. On the other hand, if we are able to determine 
rationally coefficients which predict the same values as the 
empirical formulas, we have a tool which can be combined in 
other fashions and applied in other forms to apparatus of entirely 
different design; and from that standpoint the authors think a 
rational treatment of the subject justifies itself. 

The data to which Mr. Deutsch refers, we believe, apply only in 
the convection range, that is, to that heat transferred through the 
gas film by convection only. The equation of McAdams and 


Chappell correlates such data, and provides an additional co- 
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efficient to be superimposed on that due to gas radiation. It is 
of a negligible order of magnitude compared with gas radiation at 
high temperatures, whereas at low temperatures it is the con- 
trolling factor. 

To determine the overall coefficient there is first added to the 
external-gas-convection coefficient that due to radiation from gases 
or solids to obtain a resultant coefficient at the outside of the 
tube; the usual method of treatment in obtaining overall co- 
efficients then follows. An overall coefficient lower than any 
one of the others will always result; consequently, in operating in 
the range where the liquid film is the controlling factor a co- 
efficient less than that due to the liquid will result. 

Cracking coils furnish one example. There is considerable 
evidence pointing to the fact that the gas film is the controlling 
factor; so it is hardly necessary from the standpoint of heat trans- 
fer rate to worry about the liquid-film coefficient, except in so far 
as it must be kept high enough to avoid coking troubles. 

The question raised by Mr. Deutsch concerns the high liquor- 
film coefficients of heat transfer which one must of necessity find if 
quantities of heat of the order of magnitude of 70,000 to 140,000 
B.t.u. per sq. ft. per hr. are transmitted into the tubes in the ra- 
diant section of a boiler. The only work on this subject with 
which the authors are familiar is that described in an unpublished 
paper by Blake and Peters, written in 1924. Water was forced at 
velocities of 6 to 26 feet per second through small steel and copper 
tubes heated electrically. The tubes were '/i5 in. internal di- 
ameter and 5 in. (copper) and 10 in. (steel) long. Liquor film 
coefficients were obtained which varied with conditions between 
the very high limits of 3000 and 9000. Fig. 10 presents the data, 
with hD/K plotted against Dup/z, in which 


h = liquor-film coefficient of heat transfer, B.t.u. per sq. ft. 
per hr. per deg. fahr. 

D = internal pipe diameter, in. 

K = thermal conductivity of liquid 


u = liquid velocity, ft. per sec. 
P = density of liquid, lb. per cu. ft. 
z = viscosity of liquid film, relative to water at 68 deg. fahr. 


According to the investigators there are reasons for considering 
the data on the copper tube more reliable than those on the stee! 
tube. On the same plot there has been drawn a line representing 
the equation recommended in Walker, Lewis, and McAdams’ 
“Principles of Chemical Engineering,” first edition. The agree- 
ment of data and equation is quite satisfactory. 

It may be objected that these experiments were not made on 
pipes of size sufficiently near those met in steam-boiler practice. 
It should be remembered, however, that experiment and theory 
both predict a small variation of liquor-film coefficient of heat 
transfer with pipe diameter, h being proportional to the two- 
tenths power of the diameter. Furthermore, the coefficients 
obtained in this experimental work were true liquor-film coeffi- 
cients, whereas there is evaporation at the film surface in the 
case of boiler tubes, tending to decrease film thickness and in- 
crease the value of h. We believe, therefore, that the high heat 
transfer rates found in radiant sections of boilers are not at al! 
inconsistent with the present equations in use for predicting 
heat flow through liquid films. 

Most of the discussion of this paper has concerned its appli- 
cation to boiler furnaces, on which individual designers usually 
have adequate data for prediction of performance of a new in- 
stallation of type similar to those already in service. A much 
more promising field of use of the methods presented here is 
their application to new types of furnaces, less standardized than 
those in use in power plants, furnaces on which there is little 
or no advance information as to the amount of heat transfer to be 
expected. Under such conditions it is believed that the results 
obtained by intelligent use of the methods presented here 
will fully justify the complications involved in their applica- 
tion. 
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The High Cost of Fuel Saving 


By W. TRINKS,! PITTSBURGH, PA. 


In this paper the author compares the progress in engineering with 
the tendency toward fuel saving, and gives some of the reasons for 
shunning new equipment that will save a large percentage of the 
fuel wasted by the old. It is pointed out that in most cases it is 
less expensive in the long run to retain the old equipment than to 
install the later types with their economies. Mention is made of the 
well-known practice of building houses of flimsy construction but 
of beautiful exterior appearance, appearance being the best drawing 
card from the standpoint of sales, rather than to insulate the structure 
and thereby save fuel for the occupant. A tax on fuel is recom- 
mended as a possible stimulus in the interest of fuel saving. 


was quite familiar to us, but few among us have paid suffi- 
cient attention to the high cost of fuel saving. 

That the saving of fuel and its conservation for future gener- 
ations are desirable is almost an axiom, but under the present 
economic order it is unfortunately cheaper to waste fuel than to 
save it, at least in many localities and under many circumstances. 


hw A number of years the phrase “the high cost of living” 


Cost or SAvING 


What is the cost of fuel saving? If we possess fuel-wasting 
equipment and consider replacing it with other equipment which 
saves fuel, the standard method of calculation is the following: 

We ascertain the cost of the new equipment, including the cost 
of installation and of removal of the old equipment, minus the 
cost of salvage of the old equipment, and compute interest, de- 
preciation, amortization, also cost due to loss of use during the 
time of changing over. We add to this the cost of possible in- 
creases in labor, supervision, and maintenance, and compare 
the sum total with the fuel saving, at existing market prices of 
fuel. If the saving overbalances the cost items sufficiently 
to make the change attractive, then we go ahead and install the 
fuel-saving equipment. It always comes right down to dollars 
and cents, or immediate personal gain. Saving for future gener- 
ations is never even considered. 


Gas ENGINES aS FuEL SAVERS 


Examples of this state of affairs are many. Twenty years 
ago the steel works were installing gas engines, because it was 
possible by their use to convert three times as much of the heat 
of the gas into mechanical work as could be done through the 
use of steam engines. But the steam turbine came along, steam 
pressures and temperatures rose, and the gap between the ther- 
mal efficiencies of the gas and steam units became smaller. 
Furthermore, the gas engines covered a “ten-acre lot,” while 
the turbo-machinery could be tucked away in a small corner of 
the building. Finally, gas-engine repair costs were exceedingly 
high; gas cylinders had to be replaced every five to eight years, 
piston-rod nuts and packings gave out with more or less regularity, 
and the labor for intelligently operating and maintaining gas 
engines was not easily obtained. Because of these facts, we 
stepped backward, so far as fuel saving is concerned, and now 
install steam machinery, because it costs too much to save fuel 
with gas engines. 

SreaM PRESSURES 


While discussing steam machinery, let us cast a glance at the 


‘Professor of Mechanical Engineering, Carnegie Institute of 
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situation concerning steam pressures. Technical papers are 
full of calculations which try to determine that particular steam 
pressure at which cost of investment and of operation, including 
fuel, is at the minimum. The most economical steam pres- 
sure computed on that basis varies with the location of the plant. 
We know that we can save fuel by going to still higher pressures, 
but it is not done because it costs too much. 

In our steel plants and factories, numberless steam engines, 
pumps, turbines, and boilers are operating at pressures ranging 
between 100 and 250 Ib. per sq. in. Most of the owners know 
that a great deal of fuel could be saved if the old equipment were 
removed and if new equipment designed for a pressure of 400 
lb. per sq. in. were installed, but the cost of making the change 
would be very great in comparison with the money saved; there- 
fore the change is not made. But worse than this, new boilers 
and new prime movers are added from time to time, and are 
operated at the same old low pressure, because the new boilers 
send their steam into the old system of piping. 

By raising the steam pressures in locomotives to 800 or 900 
Ib. per sq. in. we can save at least 30 per cent of the fuel; but 
the introduction of radical changes in railroad work is fraught 
with danger. Motive power has been pretty well standardized, 
and changes mean more spare parts, education of operating and 
maintenance crews, and the overcoming of a great deal of fric- 
tion and inertia among the mechanics. The management, 
knowing the cost of changes, hesitates. 


RatLway ELEcTRIFICATION 


A very glaring example of the high cost of fuel saving is fur- 
nished by the electrification of our railroads. Fuel can indeed 
be saved by electrification, but the cost is so enormous that elec- 
trification has been limited to suburban and terminal traffic. 
There are but few exceptions to this rule, and the road which 
is the principal exception went into bankruptcy shortly after 
the completion of electrification. 


Waste-Heat Borers 


Let us turn to another example. In forges and rolling mills 
it was customary 25 years ago to send the waste gases from 
heating furnaces through waste-heat boilers. But one by one 
these waste-heat boilers have disappeared. In their places we 
find coal-fired boilers in a central boiler house, and we allow the 
hot products of combustion from the heating furnaces to go to 
waste. We burn more fuel by the modern method, but we save 
labor by the concentration of the many scattered boilers into 
one or two centrally located and easily supervised boilers. It 
costs too much to save fuel. 

In open-hearth practice waste-heat boilers have been “coming 
in,” because the heat quantities are so large and so dependable 
with regard to time that the saving by their use is obvious. 
However, their adoption is by no means universal. In dis- 
tricts of cheap fuel their introduction is very slow, because the 
saving in dollars is small compared with the installation cost, 
and because floor space often is at a premium. 

Steet plants are great wasters of fuel. Products of combus- 
tion leave the reheating furnaces at temperatures as high as 
2400 deg. fahr., and few attempts are made to salvage the enor- 
mous quantities of heat. The reason is plain. It costs too much 
to save this heat. It can be salvaged by waste-heat boilers, 
regeneration, or by recuperation, or finally by substituting 
sufficiently large continuous furnaces for those that are too small. 
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Waste-heat boilers have been discussed. Regenerators and 
recuperators are expensive, require space and maintenance, 
and occasionally lead to interruption of operation. For the 
sake of reliability and simplicity they are often dispensed with, 
and fuel economy steps into the background. Matters are even 
worse if the steel plant is located in a district in which natural 
gas is cheap. In that case there is but little incentive to save 
by-product coke-oven gas. It must be used within the works 
because it has no value outside. 

While speaking of coke-oven gas, we might turn our attention 
to the waste of this fuel over Saturday and Sunday. While 
the steel plant is shut down, vast quantities of coke-oven gas 
are bled into the atmosphere and wasted. In a few localities 
the gas is sold to the city. In all other works it could be saved 
by the installation of large gas holders. But in districts of cheap 
fuel the installation of gas holders is too expensive in comparison 
with the saving which they effect. 


LossEs BY RADIATION 


Our open-hearth furnaces, glass-melting furnaces, and similar 
high-temperature furnaces waste enormous quantities of heat 
by radiation, which could be saved by insulation; but the 
cost of saving this heat is at present prohibitive. The refractory 
materials now available at reasonable cost are viscous at furnace 
temperatures; that is to say, they flow or slough off. In order 
to preserve the furnace structure, we must reduce the thickness 
of the semi-fluid hot layer as much as possible and provide ad- 
jacent to it cooler and rigid layers, which can be accomplished 
only by allowing a lively flow of heat from the furnace interior 
through the walls. The quantities of fuel wasted in this manner 
are enormous. In open-hearth-furnace practice we use a quar- 
ter of a pound of coal to make a pound of steel. Some of the 
processes require no heat, while others require not more than 
1/12 lb. of coal per ton of steel for the reactions. The rest is 
wasted on account of the use of imperfect refractories. The 
efficiency of glass-melting furnaces is about 6 per cent; the rest 
ot the heat is wasted on account of imperfect refractories. If 
fuel were dearer, research for perfecting refractory materials, 
and the incentive for using more expensive refractories, would 
be stimulated; or if the right refractory material could not be 
found, the low-temperature heat given off by the walls would 
be utilized. 

The large radiation loss, or wall loss, of high-temperature 
furnaces entails a high flue-gas loss, because so much fuel must be 
burned in order to furnish the heat lost through the walls. A 
large part of the heat can be recovered by waste-heat boilers, 
and is so recovered in an ever-growing number of works in con- 
nection with those furnaces which furnish a large, steady, unin- 
terrupted flow of heat. But these waste-heat boilers are, as a 
rule, located in regions of expensive fuel. In districts enjoying 
inexpensive fuel, however, their introduction has been painfully 
slow or wholly absent, because they pay small dividends on the 
investment. Not only must boilers, forced-draft equipment, 
and flues be installed, but the furnace regenerators must be made 
tight against air infiltration and must be kept tight. And, as 
before stated, it costs too much to do all this. 


Use or INSTRUMENTS 


In steel works, glass works, and the like, fuel can be saved 
by working with complete combustion with minimum excess 
air, or where a reducing flame is necessary, with the minimum 
possible amount of unconsumed combustible in the flue gases. 
Doing so requires instruments, and instrument men to keep 
them in repair, change charts, compute results, etc. These 
men are frequently considered non-productive and are discharged 
at the first approach of hard times, perhaps never to be hired 


again. In districts of cheap fuel, discarded CO, recorders of 
every description stand around in dark corners. It costs too 
much to use them. Municipal pumping plants, power plants 
of hospitals and schools, and many other fuel-consuming plants 
know only one instrument, namely, the steam gage. All others 
are out of use. 

The great cry is apparently not to save fuel but to save man 
power, to increase production per man, except in those processes 
in which the cost of fuel is so great that it completely overshadows 
wages and salaries; as for instance, in central-station power plants. 


INSULATION FOR DWELLING Houses 


Turning from the industries to our domestic life, we are like- 
wise confronted with the high cost of fuel saving. Altogether 
too many houses in the United States are flimsily built. They 
keep out the rain, most of the wind, and the neighbor's curiosit 
They could be built with heat insulation, and a few are so built, 
but by far the greatest number are built with very little regar« 
to insulation. Houses are built to sell or to rent, and the pur- 
chaser or renter will more readily buy or rent an inexpensive, 
attractive house than one less attractive but better built. Fur- 
thermore heating equipment is often inadequate, and furnaces 
must be forced, that is to say, used inefficiently, to generate 
the necessary heat. The result is a great fuel consumption 
during the cold season. Again, it costs too much, apparently, 
to save fuel. 

The examples for the high cost of fuel saving could be multi- 
plied without much effort. Once having recognized the under- 
lying principle, we may observe it in many transactions of busi- 
ness and private life. 

The question is: What can be done to remedy matters? As 
long as the present economic situation continues, as long as the 
present formula for judging the financial returns of a fuel-saving 
installation is taught in the technical schools and is lived up to 
in practice, just so long will fuel be wasted; it costs too much 
to save it. 

The picture would change as if touched by a magic wand, 
if fuel suddenly became scarce and expensive. If that change 
occurred, the fuel engineer, who is now the “fifth wheel’’ on the 
wagon in many industries, would suddenly rise into prominence 
and become an important personality. 


Tax As A SOLUTION 


The miners’ unions, it is often said, are doing their bes! to 
make fuel both scarce and dear; but such efforts do not help 
the nation, because they are selfish and not constructive.  Fur- 
ther, they do not directly affect the cost of natural gas or oil. 
On the other hand, our government, whether it be state or fed- 
eral, could levy a high tax on fuel. Such a suggestion was made 
by the author in 1918 (see Blast Furnace and Steel Plant, and 
Literary Digest). The thought expressed at that time was 
that the tax on fuel would create an income and a surplus out 
of which the government could pay a large part of the cost of 
fuel-saving equipment, because it would, on account of the govern- 
ment subsidy, cost but very little more than the fuel-wasting 
equipment, and would very greatly reduce the cost of operation, 
which otherwise would be high as a result of the high cost of 
fuel. Furthermore, the plan would furnish a strong induce 
ment to save fuel by careful operation, and instruments as well 
as fuel engineers would become indispensable. It is immediately 
evident that the execution of such a plan would call for standard- 
ization of the fuel consumption of different types of equipment 
for the purpose of determining the government subsidy to be 
paid in each case, but engineering societies would doubtless 
assist in this work and would put it on a sound basis, reasonably 
free from politics or graft. 
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Let it be emphasized again that if fuel is to be saved, if the fuel 
engineer is to amount to anything while it is so easy to extract 
fuel from the earth, fuel must be made dear artificially. EKvi- 
dently, the only motive of such a step would be thoughtfulness 
for posterity. The question may well be asked: What has 
posterity done for us? But a wise government must look ahead 
into the future and do like the farmer who plants fruit trees 
when he knows well that they will not bear fruit while he is 
among the living. 


Discussion 


J. B. Crane.? Professor Trinks states as an axiom: “The 
saving of fuel and its conservation for future generations are 
desirable.” This is true, but it would seem that the following 
statement also might be made as an axiom: ‘Mortgaging the 
earnings of future generations for possible savings of fuel is un- 
desirable, particularly when that fuel as a source of energy may 
later be replaced by something else.” 

This generation does not have enough money to do everything 
for itsel{—to pay for its wars, its public improvements to make 
life more worth while, to build its monuments to good taste, good 
engineering, good judgment, and its monuments to bad taste, bad 
engineering, and bad judgment—so it issues mortgages to obtain 
the money necessary for these things. These mortgages must be 
paid out of the earnings of future generations, just as our present 
generation is paying out of its earnings for money spent in the 
past for roads, water works, industrial plants, and other improve- 
ments which have long since passed back to the dust from whence 
they sprung. 

Let us consider waste-heat reclamation. During the past 
six years one organization has furnished over 260,000 sq. ft. of 
boiler heating surface for cement plants, steel mills, oil stills, 
zine furnaces, copper furnaces, and for similar applications. 
These boilers, at a conservative estimate, are saving over 200,000 
tons of coal annually. The only reason this figure is not tre- 
mendously larger is because specialists in waste-heat reclamation 
have not been consulted in a greater number of instances. Take, 
for example, an open-hearth furnace. The return on the in- 
vestment may be 80 per cent if the most economical unit from 
a money-investment standpoint is considered, or it may be only 
10 per cent if the installation is designed to save the last pound 
of coal. The proper place to stop is somewhere between these 
extreme values. 

Each of us is, to a greater or less extent, his own doctor. If 
we don’t feel well, we take certain medicines, adjust our diet, 
and try to correct the ailment; but if an operation is necessary 
we secure the best surgeon we can find for that particular kind 
of operation. Many of these engineering problems require 
surgical treatment by the best men we can find instead of con- 
tinued nursing with old family remedies. ~ 
: The cost of fuel saving is not high if the problem is approached 
intelligently, if the commercial as well as the technical phases 
of the subject are fully considered, and if the ultimate goal is 
constantly kept in mind. 

A few years ago every new power plant provided room for 
economizers. Coal was so cheap at the time that they were 
hot justified, but coal prices were rising and it was argued that 
some day coal would cost enough to justify an economizer in- 
stallation. Coal prices did go up, but so did the price of econo- 
mizers, and it was not until boilers were worked at higher ratings 
Bving correspondingly larger amounts of gas, that economizers 
came into their own. In the meantime the plants wherein space 
had been left for economizers were replaced by more modern 
installations, and thousands of dollars invested to provide room 
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for economizers never brought in a cent of return. It would 
seem to the writer that the manufacturers who are taking con- 
ditions as they find them and who are designing and marketing 
apparatus necessary to operate boilers at higher ratings and 
thereby make it economical to install economizers, air preheaters, 
and the like, are doing far more to conserve fuel for future genera- 
tions then any government bureau could possibly do, even if 
supported by a tax on fuel. 


W.L. Asport.? “The high cost of fuel saving” sounds strange. 
Why should it be expensive to save coal, save fuel? Further 
analyzed, it resolves down to the high cost of saving money. 
If saving fuel would always save money, we would save more 
fuel; where saving fuel does not save money, fuel is deliberately 
wasted. Laymen, seeing a waste of fuel and ignoring the cost of 
it, naturally protest against the waste. In their opinion, any 
water power going to waste is an economic sin, regardless of the 
fact that to develop a low-head water power often would require 
an investment the fixed charges on which would be far greater 
than any possible saving, and this is true of most of the water 
powers in the Middle West. 

Boilers have been cut up into a number of sections. The 
first, the high-temperature section, is called the boiler; it ex- 
tracts the heat from the flue gas for a range of one thousand de- 
grees or more. The next is the economizer, which takes a lower 
range of heat of a few hundred degrees, and beyond that is the 
air preheater, which takes another one hundred degrees or so 
of the gas temperature. 

Plotting a curve of this fall in temperature, we see that there 
is quite a tail of available heat which is not yet absorbed, some 
of which could be absorbed by adding still more heating surface, 
at greater and greater expense. The economic question is: 
Does it pay to go any farther—have we gone too far? And that 
question must be answered for every price and quality of coal, 
in every locality, and for every load factor. 

Old equipment might be replaced with new, requiring only 
two-thirds as much fuel while carrying load, but during the time 
both shut down due to load-factor conditions, which may be 
all but a few hundred hours a year, they have exactly the same 
efficiency, so that in comparison with the relative capital charges 
against old and against new equipment, the difference between 
the fuel saving and nothing is so small that it can be disregarded. 


R. T. Kent.‘ There is no questioning the fact that one of 
the most serious wastes of fuel to day is the inefficient isolated 
power plant. 

With the development of the central station, with its high 
efficiency, economical transmission lines, and the interconnection 
of central stations into a network, so that power failures in any 
given locality are almost unknown or of short duration, there 
seems to be but little excuse for the continued existence of these 
highly inefficient isolated plants. 

The writer believes that one of the constructive steps that cap 
be taken in fuel saving—and without the prohibitive expense 
that Professor Trinks has spoken of—may be the prohibition 
of the operation of any power plant that cannot attain a certain 
fuel efficiency. 


L. A. Mexkter.® It is the writer’s opinion that a great deal 
of fuel can be saved without substituting new for old equipment 
if the old equipment is given 2 little more attention in its operation. 


3 Chief Operating Engr., Commonwealth Edison Co., Chicago, 
Ill., Mem. A.S.M.E. 

4General Manager, Bridgeport Brass Co., Bridgeport, Conn., 
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5 Combustion Engineer, Universal Oil Products Co., Chicago, Ill. 
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A terra cotta plant coming to mind burned approximately 
150 gallons of oil to one ton of terra cotta produced, or the equiva- 
lent of about 250 gallons of oil to a ton of coal previously burned. 
An expenditure of $25,000 for reconditioning twelve kilns and 
for new oil burners resulted in a saving of $47,000 a year. 


A. J. Gprman.* Mr. Kent mentions the desirability enacting 
laws prohibiting the operation of any plant unable to attain 
a certain efficiency. Germany is already preparing a law which 
is just the reverse: it is planned to compel some industrial plants 
to stop purchasing power and make it themselves, for they can 
do it more economically than the very finest of central stations. 
With a high vacuum and high boiler pressure and efficiency, 
the remaining B.t.u. can be absorbed in the heating system or 
industrial steam or both. Any central-station engineer or in- 
dustrial engineer knows very well that when that heat is so 
absorbed, it is impossible for the very finest of central stations 
to compete successfully. 

The writer agrees that there are certain industrial plants that 
should be prohibited from generating their power and should 
purchase it from the central station, but this does not apply 
to all industrial plants. 


Frank M. Van Deventer.’ In connection with a proposed 
central station, starting out the first year at 100,000 kw. of in- 
stalled capacity, and with roughly 300,000 kw. at the end of 
the tenth year, an analysis was made rather carefully to com- 
pare the relative merits of 150, 350, 600, and 1200 lb. per sq. in., 
operating pressure. For this discussion, the two extremes 
will be dropped and reference made to the 350 and 600 Ib. only. 

Each of the first ten years of the life of the plant was con- 
sidered, first, by setting up an investment sheet, and then adopting 
an anticipated load curve for each year. The date when addi- 
tional turbines would be necessary was decided on, and the cost 
of making the additions for each year, or whenever the installation 
would be increased, were estimated, and fixed charges for each 
year were tabulated. Then, of course, for the ten years, the 
summation could be obtained for the total fixed charges for the 
ten-year period. Then operating sheets were set up on the 
anticipated load curve, and the fuel costs for the ten years were 
obtained and totaled. 

It was found that if 600 lb. was used, compared with 350 lb., 
a saving in ten years’ time of one million dollars worth of fuel 
would be effected. 

A rather attractive fuel saving, to be sure; but upon going 
back to the investment and fixed-charge tabulation, it was found 
that the summation of fixed charges over ten years for the 600- 
Ib. plant would exceed by two million dollars the fixed charges 
on the 350-lb. plant. Therefore, by adopting the higher pressure, 
$100,000 worth of fuel a year would be saved at the expense of 
$200,000 of the stockholders’ funds. Naturally, the 350-lb. 
cycle was adopted for the station. 

That does not mean, however, that the 600- or 1200-lb. plant 
does not have its place. The capacity-use factor over the ten- 
year period was 56 per cent, and the fuel cost was $2.35. Natur- 
ally, if the fuel cost had been $4.70 then the fuel saving would 
have been two million dollars, the additional fixed charge would 
have been two million dollars, and the two systems would have 
been on a par. 

Furthermore, if the load factor were increased from 56 per 
cent to some higher factor, then the two systems would have 
been more nearly equal. Similarly, a combination of a some- 
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what higher fuel cost and a somewhat higher load factor would 
tend also to effect equalization. 


W. C. Granam.® It is a well-known fact that it is very diffi- 
cult to get the average southern fireman, who is a negro, in a 
small plant, to operate instruments and to take care of them. 
The small southern plant is inefficient; there is hardly a plant 
in which a large saving cannot be effected. A saving of 50 per 
cent is not uncommon, yet these inefficient plants can in many 
cases make their own power cheaper than they can buy it, and 
some of them have high-tension lines passing by the door. 


W. B. Cuapman.® There have been marked increases in 
efficiency brought about by the centralization of controls to- 
gether with the installation of proper indicating instruments 
The psychological effect of giving the operators something that 
is handy and easy to operate is to make them rather proud of 
the fact that they are furnace operators. Very pleasing results 
in the saving of fuel have followed. Regarding the tendency 
toward central-station power, it should be noted that much of 
this tendency is the direct result of the intelligence centered 
in the central station. Development of equipment for the 
smaller plants has been held back because the development of 
the large units has received practically all of the attention. 
Small units can be developed, and when the necessary intelli- 
gence becomes more universal the trend will be in the other 
direction. Just one little example: A certain plant of 150 hp. now 
shows 80 per cent efficiency without superheat, using eight-inch 
fuel and smaller breeze. It formerly gave but 55 per cent effi- 
ciency. The 88 per cent in the result of a new type of equipment 
that has been worked out. The time will come when this equip- 
ment will be more universally applicable, and the pendulum will 
swing the other way. Then there will be no feeling that the big 
plants have all of the intelligence and all of the opportunities 
of improved equipment. 


Geo. A. Orrox.” ‘Fuel-wasting equipment” is a very nice 
phrase indeed, but perhaps the chief difficulties lie in the type 
of men we have to operate the equipment. For instance, an 
open-hearth furnace takes about the same amount of coal per 
hour whether it is making steel or whether it is not, as long as 
it is in operation. The art of the melter is to get in as many 
heats per week as possible. It is a simple matter to run nine 
heats per week; a good melter will do fourteen or fifteen, all 
conditions being the same. That difference, which is the dif- 
ference between 700 lb. and 350, or even 300 Ib., of coal per ton 
of steel, is due solely and simply to the melter. We should 
spend more time—and this is a cheap thing to do—on the train- 
ing of men to handle this fuel-wasting apparatus. 


H. D. Savace."* W. C. Graham mentions the difficulty of 
inducing the colored operator of the South to use instruments. 
It is recommended that he try the good old bonus system; give 
him part of the saving, and the result will be quite remarkable. 
The writer heard of a southern plant, some years ago, in which 
there were a number of hand-fired boilers and colored firemen. 
The management installed Bailey meters which drew nice green 
and red lines, and then showed the operators how these lines 
should match up. With the bonus that accompanied the change 
the game got to be better than a crap game, as the colored opera 
tors strove to better each other’s record. 


® Consulting Engineer, New Orleans, La. Mem. A.S.M.E. _ 

* President, Chapman-Stein Furnace Co., Mt. Vernon, Ohio. 
Mem. A.8.M.E. 

10 Consulting Engineer, New York, N. Y., Mem. A.S.M.b:. 

11 Vice-President, Combustion Engineering Corp., New York 
N. Y., Mem. A.S.M.E, 


i 
é 


eme a 


if tay 
fy - 
| 
q 
4 
4 
4 
| 
| 
‘ 
Pier 
dg 
4 
— 


FSP-50-5 


Application of Powdered Coal to Small 
Boilers of Industrial Plants 


By HENRY KREISINGER,'! NEW YORK, N. Y. 


In this paper the author points out that improvement of small- 
plant efficiency is generally possible through the use of pulverized- 
coal firing. Factors causing poor combustion conditions are 
enumerated. Several typical installations of powdered coal under 
small steam boilers of industrial plants are discussed, and the 
method of operation calculated to produce best results is given atten- 
tion. Complete information in tabular form is given for one in- 
stallation, showing size of boiler, furnace dimensions, type of 
burners, operation results, etc. 


HE good results that are being obtained with powdered coal 

in large central stations have created an interest in powdered 

coal among the operators of small steam plants and small 
boiler units of industrial establishments. The small plants 
are usually stoker- or hand-fired, and the results are frequently 
far from satisfactory. The monthly operating efficiency seldom 
reaches as high as 70 per cent. When the operators of the small 
plants hear of the high efficiencies which are being obtained with 
large pulverized-coal installations, they feel that they should take 
advantage of the new developments in pulverized coal, reduce 
their coal bills, and increase the capacity of their plants. 

Although the small plants can be benefited by the installation 
of powdered-coal firing, they cannot as a rule obtain the high 
efficiency that is obtained by the larger central stations. There 
are certain limitations in the design and in the operation of the 
small plants that make the attainment of the high efficiencies 
impracticable. This paper points out some of the limitations and 
gives a few examples of the application of pulverized coal to indus- 
trial plants, some of them having very small units. 

It may be true that pulverized-coal burning was developed on 
smal] boilers, but most of the first new pulverized-coal instal- 
lations with rational design of furnaces were made in large central 
stations on large steam-generating units. The efficiencies ob- 
tained with some of these installations are high, averaging 88 to 
99 per cent by the month. These high efficiencies were made 
possible because with these large units the designing engineer 
was justified in using such combinations of apparatus as could 
be operated with high efficiency. To obtain a good heat ab- 
sorption the designer used larger economizers or a combination 
of a smaller economizer and air heater. To obtain good com- 
bustion he designed large, well-proportioned furnaces with water- 
cooled walls. This design of furnace made it possible to burn 
the coal with low excess air, easy ash removal while the furnace 
was in operation, and small furnace-maintenance. 

These large installations also use the storage or bin system, 
which gives conditions more favorable to high efficiency. The 
roller mills used with the bin system, being independent of the 
furnace requirements, are operated at nearly constant capacity 
and produce coal of uniform fineness. The fineness does not 
change with the wear of the coal-pulverizing parts of the mill. 
The feeder and bin system lends itself to a close adjustment of 
the air and coal supplied to the furnace, which, together with the 
uniform fineness of the coal, promotes better combustion. With 
this system the furnace is independent of the mills, and therefore 
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can be operated without interruptions from the breakdown of 
the mills or renewals of the worn-out parts. There are, therefore, 
fewer unnecessary banking periods of the steam-generating units 
and smaller banking losses. 

Although with powdered-coal firing there is very little or no 
coal burned during banking periods, nevertheless there are losses 
from radiation and from heat being carried up the stack by the 
unavoidable flow of air through the setting. The setting is 
cooled off, and when the unit is started heat is put into the setting 
during the time it is heated to operating temperatures. 


IMPROVEMENT OF SMALL-PLANT EFFICIENCY GENERALLY 
PosstsLE TurouGcH Use or PULVERIZED-CoAL 


Generally speaking, the small-plant operator can appreciably 
improve his operating efficiency by using pulverized-coal firing. 
However, he cannot obtain the high efficiency and the greater ca- 
pacity that is obtained with the large installations. The size of 
his plant does not justify him in putting in the best combination 
of equipment such as is used in the large central stations. The 
cost would be prohibitive. The smali-plant operator can buy 
only such equipment the cost of which will be justified by the 
size of the plant and the saving in coal that can reasonably be 
expected. 

The small plant is usually a part of a manufacturing establish- 
ment and its financing is done on a different basis as to the rate of 
return on the investment from that which is the case with large 
plants of public-utility companies. The calculations on the costs 
and possible returns with the industrial plant must show fre- 
quently nearly double the rates of the public-utilities returns 
before financial backing can be obtained. As a result of this 
different basis of financing, many of the industrial plants must go 
without economizers and air heaters. Even the heating surfaces 
of the boilers may have to be reduced. Thus the products of 
combustion are allowed to escape at a comparatively high tem- 
perature, making it impossible to obtain high efficiency. 


Facrors Cavusina Poor CompusTIon CoNnDITIONS 


In the effort to keep the first cost down the furnaces of the small 
plant must forego the advantages that can be derived from air- or 
water-cooled walls and bottoms. ‘The furnaces may have to be 
built with solid brick walls and flat bottoms, which construction 
makes it necessary that they be operated with high excess air in 
order to avoid erosion of the walls and to make ash removal possi- 
ble without shutting down the boiler. Such operation of course 
results in lower efficiency. 

For the same reason of the necessity of low first cost, the storage 
or feeder and bin system is barred out and the direct firing system, 
which is admittedly less efficient, must be used. Although the 
direct firing under favorable test conditions can show a good 
efficiency comparable to that of the storage system, this good 
efficiency cannot be maintained over long periods of operation. 
Most of the mills used for direct firing are of the high-speed beater 
type. As the pulverizing parts wear, the capacity of the mill 
is reduced, and at the same time the pulverized coal becomes 
coarser. At times the operator may find it necessary to hold 
the capacity, which he may succeed in doing at the sacrifice of 
fineness, with the result that excessively coarse coal is supplied 
to the furnace. The coarse coal does not burn completely and 
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either falls to the bottom where it accumulates without burning 
completely, or is carried up the stack, thus causing high in com- 
plete-combustion losses and low efficiency. 

Another factor which may cause poor combustion condition is 


average rating on the boiler was 180 per cent. This was the regu- 

lar operation during five working days in a week. Saturdays 

and Sundays the boiler remained banked throughout. 

The boiler was a 1000-hp. horizontal water-tube Wickes boiler 
at the plant of the Farr Alpaca Company, Holyoke, Mass. It 
was vertically fired by the feeder and binsystem. The furnace 
walls were of the hollow-wall air-cooled construction and the 
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irregular feeding to the 
mill due to either ex- 
cessive moisture in the 
coal or variation in the 
size of coal. A lump of 
coal or a piece of wood 
or iron may stop the feed 
entirely and cause the 


bottom was cooled by a water screen. It was one of five similar 
boilers at this plant and was without an economizer or an air 
heater. It cannot be called a small boiler. It is referred to 
because of its comparatively short period of operation and long 
period of banking. Its operation illustrates the loss in operating 
efficiency due to long banking periods. The curve shows that 
the efficiency during the first two hours of operation after light- 
ing the fires was only about 69 per cent, although after the set- 


fire to go out before the 
operator is able to re- 


move the obstacle from 
the feed, andit may then /”// 
be necessary to light the 
fires with a torch. Such 
conditions increase the 


incomplete - combustion Fig.2 AppiicaTion oF Pow 


losses, thereby lowering 
the efficiency. 

The small industrial 
plant may be operated 
only during the daytime 
and remain banked a 
large part of the night. 
If the fires in a banked 
boiler are started at six ln 
in the morning it may | 
be one or two o’clock in 
the afternoon before the n 
setting becomes heated 
and all the heat gener- red) 
ated in the furnace be- Hoe 
comes available for mak- 
ing steam instead of a Z it 
being partly absorbed by 
the setting. The heat TA 
absorbed by the setting 
during the first part of 
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the day is largely lost 
after the boiler goes on 
bank in the evening. 
The average efficiency 
for the day’s run may be two or three per cent lower than it is 
during the afternoon after the setting becomes thoroughly heated. 


Loss 1n OPERATING ErricieENcy RESULTING FROM LONG BANKING 
Prriops 


Fig. 1 is the efficiency curve of a powdered-coal-fired boiler 
starting from a banked condition at 6:30 a.m. and going on bank 
again at 4:30 p.m., remaining banked from 4:30 p.m. until 6:30 
a.m., a total of 14 hours. During the ten hours of operation the 
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ting became thoroughly heated it reached 81 per cent. The weights 
of the coal burned and the water fed to boiler were determined 
by actual weighing for each two-hour period. Fifteen such tests 
were made, and each of them gavean efficiency curve similar to that 
shown in Fig. 1. It is safe to say that had the boilers been fired 
with stokers the operating efficiency would have been much lower 
although, when compared with the operating efficiency of some 
of the large central stations, the efficiency of this boiler appea's 
low. 
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It may appear that the substance of this paper is an argument 
against the application of powdered coal to small industrial 
boilers, but such is not the case. The author is merely pointing 
out some of the reasons why the owner of a small plant with small 
boilers cannot obtain the high efficiency that is obtained in some of 
the large central stations. If the small-plant operator with his 
low-cost equipment and unfavorable operating conditions were 
made to believe that by the use of pulverized coa] he could obtain 
as high efficiency as the large plant, he would be doomed to dis- 
’ppointment. He should realize that with his equipment and 
his unfavorable operating conditions, 75 per cent operating effi- 
yd is quite creditable, and cannot be obtained by other methods 

ring. 

The following illustrations show five typical installations of 


sat 
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powdered coal under small steam boilers of industrial plants. 


TypicaL INSTALLATIONS OF PowpERED CoaL UNDER SMALL 
Sream Borters or INDUSTRIAL PLANTS 


Fig. 2 shows an installation of powdered coal under a horizontal 
tubular boiler having 1830 sq. ft. of heating surface. It is one of 
two similarly fired boilers at the nursery of A. H. Budlong, 
Chicago, Ill. The boilers supply steam for heating glass houses 
and for pumping water for irrigation purposes. The heating 
season is ten months long. Steam is also used on cold nights 
during the remaining two months. 

Coal is pulverized by a Raymond impact mill driven by a steam 
turbine. The pulverized coal is discharged directly into the 
furnace and burned by means of a Leach burner. The operating 
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rate of combustion varies from 235 to 1100 lb. of coal per hour. 
The exhaust steam from the turbines driving the mills is used in 


the heating system. 


Object of plant......... 


Number and size of boilers .. 


Number and size of tubes... 
Kind of setting.......... 4 


Method of firing....... 
Width of furnace........ 
Height of furmace....... 


Length of furnace........ 
Kind of pulverizing mill. . . 
Capacity of each mill..... 
Method of driving mills... . 
How started when boilers are 


Number and type of burners.. 


Load on boilers............ 


Continuity of operation..... 
Approximate efficiency ...... 


Object of plant......... 
When installed........ 


Furnaces... . 


TABLE 1 

A. H. Budlong, Nursery, Chicago, Ill. 

Heating glass houses for cultivation of 
flowers and pumping water for irrigation 
purposes. 

1925 

Two horizontal return-tubular boilers, 72 in 
in diameter, 18 tt. long and containing 1830 
sq. ft. of heating surface each. 

124 3-in. tubes. 

Brick, partly air-cooled side wall and bottom 
of furnace. 

firing pulverized coal. 

7 ft. 

Bottom of shell to bottom of furnace, 7 ft. 

we in. rear, 8 ft. 0 in. front. 

23 ft. 

Two Raymond No. 3 impact mills. 

1400 Ib. 

Steam turbine direct connected, 1800 r.p.m. 


Cold furnace can be started with ball of oily 
waste ona rod. However, 20 Ib. of steam 
is required to start turbine, so if both 
boilers are cold, one must be started with 
wood fire to raise 20 lb. of steam to run 
turbine. 

One 8-in. Leach burner per boiler, horizontal 
firing. 

Maximum winter load 12,000 Ib. of steam per 
hour. Minimum load during warm 
weather, 2400 lb. of steam per hour inter- 
mittently. 

Boilers on for tnree months at a time. 

78 to 80 per cent at 150 per cent of rating. 

Tllinois No. 5 size. 

Yes, very. 


TABLE 2 
Pejepscot Paper Company, Lisbon Falls, Me. 
Steam for power and process. 


Two Stirling; 3750 sq. ft. of heating surface 
each; brick furnace with air-cooled hollow 
walls and water screen over the furnace 
bottom. 

2170 cu. ft. of furnace volume; vertically 
fired; storage system. 

One Raymond 6-roll, 6 tons per hour ca- 
pacity. No driers used; coal dried in mill 
using hot flue gas. 

Two Lopulco burners to each boiler. 

14,000 to 28,000 Ib. steam per boiler per hour. 

Operates 24 hours, 6 days a week. Plant 
idle on Sundays. 

80 to 81 per cent. 

New River. 


Installation ........ 
Object of plant..... 
When installed .. 
Boilers....... 


Furnaces. . 


Mills. . . 


Burners... 


Service condition 


Efficiency ...... 
Coal used... . 


Installation ..... 


Object of plant.. 
When installed. . 
Type of boiler... 


Type of furnace... 


Width of furnace........... 
Length of furnace.......... 
Height of furnace.......... 
Method of firing........... 
Number and type of burners.. 
Kind of pulverizing mills... . 


Object of plant.......... 
When installed...... 


Furnaces..... 


Coal used..... 


TABLE 3 
Cushnoe Paper Company, Augusta, Me. 
Steam for power and process. 
1926. 


Three Edge Moor horizontal water-tube 
boilers 6000 sq. ft. of neating surface each. 

One furnace has water-cooled fin-tube side 
walls, and a radiant superheater in the rear 
wall. The other two have air-cooled hol- 
low walls with radiant superheater in the 
rear wall; furnace volume, 2800 cu. ft.; 
all three furnaces are direct-fired. 

One No. 50 Raymond impact mill to each 
boiler; capacity, 4500 Ib. of coal per hour; 
motor driven. 

One Couch burner firing horizontally to each 
boiler. 

30,000 to 36,000 Ib. of steam per hour per 
boiler. 

24 hours per day for 6 days a week; plant 
shut down Sundays. 

78 per cent. 

Pocohontas slack. 


TABLE 4 


Atlas Portland Cement Company, North- 
ampton, Pa. 

— for power for manufacturing cement. 

1926. 

One 2-drum Ladd boiler; boiler heating sur- 
face 7200 sq. ft. 

Water-cooled fin-tube side walls and roof. 
Water-cooled tubes and refractory front 
wall; water screen over bottom of furnace; 
water-cooled furnace surface, 2150 sq. ft. 

24,480 sq. ft. heating surface. 

24 ft. 6 in. 

Front to rear, 20 ft. 

Roof to water screen, 20 ft. 

Direct firing, vertically downward. 

Eight Lopulco burners. 

Two No. 70 Raymond impact mills. 

60,000 to 140,000 Ib. of steam per hour. 

Pennsylvania high-volatile bituminous C0a!. 

81 per cent operating efficiency by the month 


TABLE 5 


American Writing Paper Company, Holyoke, 
ass. 

agg for power and process. 

Two B. & W. horizontally fired water-tube 
boilers, 4000 sq. ft. of heating surface each. 

Solid brick-wall furnace; volume, 1386 cu. 
ft.; direct fired; horizontal burners. 

Two No. 40 Raymond impact mills, on” 
each boiler; capacity of each mill, 2500! 
per hour. 

One Couch burner to each boiler 

24,000 Ib. steam per hour. 

76 per cent. 

Pocahontas. 
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The boilers are kept in service about three months at a time 
before they are taken off the line for general cleaning inside and 
out. The plant has been designed for continuous operation. 
Mill repairs during the heating season consist only in changing 
the hammers. A set of hammers has been changed in eleven 
minutes from the time the turbine has been shut down to starting 
it up again. Major replacements are made in the summer. 

The operation of this installation has been very satisfactory. 
The content of CO, in the flue gases varies from 12 to 16 per cent, 
and depends on the rate of working. With the high rates of 
working and high percentage of CO, there is a tendency for the 
ash to fuse, which should be expected with Illinois coal and the 
type of furnace used. Table 1 gives the principal data. 

Fig. 3 shows an application of powdered coal to two small Stir- 
ling boilers at the plant of Pejepscot Paper Company, Lisbon 
Falls, Me. The two boilers are set in a battery with brick air- 
cooled furnace walls and bottoms. Storage system is used at 
this plant. Plant operates continuously six days a week and is 
shut down over Sunday. Table 2 gives the principal data. 

Fig. 4 shows a powdered-coal application to one of the three 
Edge Moor horizontal water-tube boilers at the plant of the Cush- 
noc Paper Company, Augusta, Me. At this plant the boilers are 
fired by the direct-firing pulverized coal system. They are 
fired horizontally with one Couch burner to each boiler. One 
of the furnaces has fin-tube water-cooled side walls, whereas 
the other two have air-cooled hollow walls. All three furnaces 
have air-cooled furnace bottoms and radiant superheaters in 
the rear wall. Table 3 gives the principal data of this installation. 

Fig. 5 shows a two-drum Ladd boiler equipped with air heater 
and water-cooled fin-tube furnace at the plant of the Atlas 
Portland Cement Company, Northampton, Pa. It is fired with 
powdered coal of the direct-firing system, using vertical firing and 
Lopuleo burners, and kept continually in service for a month. 
It is then taken off the line and thoroughly washed inside on 
account of bad feedwater. Table 4 gives the principal data. 

Fig. 6 shows a powdered-coal application to two B. & W. hor- 
izontal water-tube boilers. This installation uses the direct- 
firing system. Coal is fired horizontally with a Couch burner. 
Table 5 gives the principal data of this installation. 


Discussion 


A. W. GavGer.? Owing to the enormous lignite deposits in 
the state, the Experiment Station of the School of Mines of the 
University of North Dakota is engaged in the study and de- 
velopment of the use of this high-moisture, low-B.t.u. fuel. 

Recently some experiments were carried out on the com- 
bustion of pulverized lignite in the university power plant. 
Although the research program is by no means complete, the 
results to date seem worthy of presentation-in this discussion 
of powdered fuels. 

The equipment consisted of a Strong-Scott No. 2, B Unipulvo 
pulverizer, electrically driven, of normal capacity of one ton of 
bituminous coal per hour; a Babcock & Wilcox Type F Stirling 
boiler with 2400 sq. ft. of heating surface with a furnace specially 
designed for burning pulverized lignite; and the necessary 
auxiliary equipment, such as blowers, meters, gages, etc. 

The results of the experiments may be summarized as follows: 

| North Dakota lignite with an average moisture content 
of 35 per cent was pulverized and burned successfully when 
Preheated air and furnace gas were admitted to the pulverizing 
chamber. The air entered the pulverizer at a temperature of 
about 250 deg. fahr. 


2 . > i i i i 
; Director, Division of Mines and Mining Experiments, Univer- 
sity of North Dakota. 


2 The amount of drying effected in the pulverizer depended 
upon the volume and initial tempersture of the air and gas 
entering the pulverizing chamber. 

3. The fineness of pulverizing was materially less than that 
maintained in commercial practice with higher-rank coals. - 

When 78 per cent or more of the dust was below 50 mesh 
there was no appreciable loss of combustible in the ash collected 
on the furnace bottom. This of course is a recognized property 
of the younger coals, and is perhaps to be ascribed to the structure 
of the chemical molecules of which lignite is composed. 

4 The capacity of the machine varied with the initial tem- 
perature of the air and furnace gas entering the pulverizer. From 
2800 to 2900 Ib. of raw lignite per hour was pulverized, or approxi- 
mately 40 per cent more than the normal rating of the machine. 

5 The power consumption varied with the size, moisture 
content, and temperature of the fuel, the amount and temperature 
of the inlet air and gas, and the fineness of pulverizing. With 
uniform supply and temperature of inlet air and gas the power 
consumption decreased with decrease in the original moisture 
content of the fuel. The power required per ton of lignite 
was at the minimum when the capacity was from 2500 to 2800 
lb. per hour. When operated at lower capacity the power 
increased, apparently due to inability to remove the dust from 
the pulverizing chamber with the decreased volume of air 
available. 

The power consumption per ton of lignite pulverized when the 
moisture was reduced in the pulverizer to about 20 per cent 
was approximately the same as that required for pulverizing a 
ton of Pocahontas coal in the same machine and compared 
favorably with published statements of the total power for 
drying, pulverizing, and feeding bituminous coal in commercial 
installations using the storage system. 

Because of the low heat value of the lignite, the heat liberated 
per unit of power expended in pulverizing was less than half as 
great as when Pocahontas was pulverized. 

The calculated heat equivalent of the power required for 
pulverizing varied between 4 and 10 per cent of the total of the 
lignite pulverized, depending upon the efficiency of utilization 
of the steam. 

6 With a uniform supply of heat sufficient to reduce the 
moisture content of the lignite to approximately 20 per cent in 
passing through the pulverizer, a maximum boiler rating of 
150 to 155 per cent was maintained. 

7 Continuous runs of 10 and 15 days were made. No 
operating period was terminated on account of pulverizer or 
furnace trouble. With proper facilities for moving ash from 
the furnace, much longer continuous operating periods would be 
practicable. 

8 Between 1500 and 2000 tons of lignite was pulverized 
with one set of hammers. No other parts were replaced. The 
cost of materials for maintenance per ton of lignite pulverized 
was from 1 to 1.5 cents. 

9 Average rates of combustion, over 12-hr. test periods, 
were from 14,500 to 17,400 B.t.u. per cu. ft. of effective furnace 
volume per hour, with lignite of 31-36 per cent moisture content. 

10 The combustion efficiency obtained with pulverized 
lignite was practically the same as that obtained with stoker 
firing for lignite with low ash of relatively high fusibility. For 
lignite of high ash of relatively low fusibility higher efficiency 
was obtained with pulverized lignite. On account of the rela- 
tively high power requirement, the overall efficiency with 
pulverized lignite was less than that obtained with the sprinkling 
type stoker and non-sifting grates. 


L. A. Mexter.’ For those who have had trouble with 
powdered-fuel installations on account of clinkering and ash 
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and cutting down of the walls, it is recommended that they 
turn to petroleum coke, if it is available. A few physical char- 
acteristics will show what a beautiful fuel it is for the small plant 
or industrial installation. The average moisture is 1.4 per cent; 
volatile matter, 12.3 per cent; fixed carbon, 85 per cent; ash, 
0.84 per cent; sulphur, 1.3 per cent, and B.t.u. per Ib., 15,300. 

On a test made in St. Louis, an overall efficiency, outside the 
economizer, of 80.5 per cent was obtained; with the economizer, 
the efficiency was 86 per cent; the steam pressure was 212 lb., 
and the steam temperature was 508 deg. fahr. The operation 
was very smooth and flexible. The output of the boiler was 
raised from 20,000 Ib. of steam per hr. to 60,000 per hr. in ap- 
proximately 6 min. 

The power requirements for pulverization were much smaller 
than a coal would require, for the simple reason that, to begin 
with, the coke comes in fines and, secondly, it is very soft. 

The plant owner located near a large refinery will save quite 
a lot of trouble and quite a lot of money if this powdered coke is 
used as fuel. One of the advantages is that it is not necessary 
to make any extensive changes in the existing boiler, as powdered 
coke does not require nearly as much combustion space as 
powdered coal. 


R. H. Morris.* Mr. Kreisinger might have summed up the 
whole situation satisfactorily in one word, “experience,” be- 
cause it is not difficult to burn pulverized fuel in small furnaces, 
if the user knows what he is doing. The trouble results from 
the belief that one can buy merely a boiler and a pulverizer, 
put them together, and make them work. The writer en- 
countered an installation in Kansas City not long ago where 
the engineer had made his own pulverizer. Contrary to what 
one might expect, it worked satisfactorily because the man had 
been connected intimately with pulverized-coal utilization since 
its first application and knew his business. He realized that 
there were limitations to his outfit, but he made a sufficiently 
good showing to prove to the management the wisdom of in- 
vesting in a first-class installation—and it will not be home-made. 

Another job coming to mind did not turn out so well. In 
this case two boilers and two pulverizers were installed. It 
later became necessary to remove one unit, because the con- 
tracting company did not go into conditions thoroughly enough. 
Water-cooled walls are used in a small boiler, and when the load 
drops below 100 per cent it is not possible to maintain combustion. 

It is perfectly possible to apply pulverized coal to small boilers 
with success, provided the engineer in charge knows the re- 
quirements and how to meet them. 

There are several companies in the manufacturing end who are 
capably installing practical plants. The point which should be 
emphasized to the average small owner is that he should deal 
only with manufacturers capable of selling him experience as 
well as equipment, for at this stage of the game it takes more 
than a miscellaneous collection of apparatus to make a successful 
pulverized-coal installation. 


Tue AvutHor. Burning lignite in pulverized form is no longer 
an experiment; however it may, need demonstration in different 
parts of the country where lignite is available. The Comal 
Plant located near San Antonio, Texas, has been burning Texas 
lignite nearly two years with entire success. This plant has 
two large steam-generating units each capable of producing 
about 200,000 lb. of steam per hr. A third unit of similar 
capacity is now being added. 

The Trinidad Plant located near Dallas, Texas, has been 
burning Texas lignite exclusively for the last two years. This 


* Combustion Engineer, Universal Oil Products Co., Chicago, III. 
* Associate Editor, Power Plant Engineering, Chicago, IIl. 
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plant has four large steam-generating units and two turbo- 
generators of 20,000 kw. capacity each. Additional equipment 
is now being considered. 

In both of these plants the lignite is dried in steam driers 
from an average moisture content of 36 per cent to 28 per cent. 
It is then pulverized in Raymond roller mills and burned. It 
has been found that this drying was sufficient for good operation. 

The capacity of the mill when pulverizing Texas lignite is 
about 20 per cent higher than it is with Pittsburgh coal. The 
power used in pulverizing lignite is 20 to 25 per cent jess per ton 
than it is with Pittsburgh coal. The fineness of the pulverized 
lignite is somewhat less than is necessary for bituminous coal. 
Only about 45 to 50 per cent needs to pass through 200-mesh 
screen. Even with this comparatively coarse pulverization the 
combustion is very good. The lignite ignites readily and burns 
quickly. In ordinary operation there is less than 1 per cent 
combustible in the flue dust. 

Very high rates of combustion per cubic foot of furnace volume 
can be obtained with very small losses from incomplete com- 
bustion. The rate of combustion is limited only by the fusi- 
bility of the ash. If the rate of combustion is very high the 
liquid ash is plastered on the boiler tubes and tends to clog the 
gas passages. However, with a properly designed furnace and 
proper spacing of the first two or three rows of boiler tubes, 
ratings of the boiler of 350 to 400 per cent can be obtained. 

Mr. Morris mentions difficulties of maintaining combustion 
at low rating in water-cooled furnaces. This difficulty is very 
likely due to improper burner design or uneven supply of coal 
by a mill in a direct-fired system rather than to water-cooled 
furnace walls. With a proper burner and furnace design and 
with uniform feed there should be no difficulty in maintaining 
low rating even though the furnace is water-cooled. The 
boilers of the Stanwix Station of the Allegheny County Steam 
Heating Company have water-cooled side walls and rear wall, 
as well as a water screen over the bottom of the furnace. During 
the summer season these boilers are operated as low as 15 per 
cent of their nominal rating without any difficulty. During 
the cold winter weather these boilers are operated at as high as 
300 per cent of their rated capacity. The ratio of the lowest 
and the highest load on the boiler which can be carried at this 
station is 1 to 20. This plant uses the storage system which per- 
mits much wider variation in load in the operation of the boiler. 

With direct firing such wide variation is not possible unless 4 
number of mills are used to supply the fuel to each furnace. 
At the low rating only one mill, operated at the lowest possible 
capacity, is used. At higher ratings other mills are put in service 
to supply the desired quantity of coal to the furnace. With 
the same mill it is seldom possible to get a ratio in capacity 
greater than one to three. 

Some engineers do not give enough consideration to the design 
of a burner when they expect to get large variation in the rate 
of burning coal. If the variation is to cover a large range 
some sort of adjustable burner is very desirable if not necessary. 

When operating a direct-fired boiler at low rating the coal 
supplied to the mill should be of uniform size, must be compart 
tively free from moisture, and must also be free from any foreigt 
material, such as tramp iron, pieces of wood, which might plug 
the feeder, stop the fuel supply to the furnace, and cause the 
fire to go out. 

As to petroleum coke, which Mr. Makler mentions as possible 
fuel that can be burned to advantage in pulverized form, * 
should be kept in mind that this fuel is available only in certa” 
localities and only in limited quantities. It must therefore be 
considered only as local fuel. Wherever available it will 0% 
doubt make good fuel for pulverized-coal plants. It is vey 
difficult to burn in any other manner. 
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The Clinkering of Coal Ash as Related to 


Laboratory Fusibility Determinations 


Investigation on Twenty-One Coals, Ranging in Ash Fusibility from 1990 to 2930 Deg. Fahr., 
as to Composition, Distribution, and Fusibility of Ash—Clinkering Characteristics of 
These Coals as Observed in a Specially Designed Hand-Fired Furnace 


By A. C. FIELDNER,? W. A. SELVIG,* anv P. NICHOLLS,‘ PITTSBURGH, PA. 


ash in a coal is not the only factor involved in evaluating 

the effect of this constituent in the burning of coal. The 
tendency with which the coal clinkers, and the nature of the 
clinkers formed, often have more to do with maintaining the 
desired boiler capacity than has the amount of ash. Bailey 
and Calkins® called attention to this fact in 1910, and showed 
that the tendency toward clinker formation is roughly pro- 
portional to the fusibility of the ash, as determined by molding 
the pulverized ash into small triangular pyramids similar to 
Segar cones and noting the temperature at which these cones 
melted down when heated in a small furnace. This test would 
be simple enough if coal ash had a definite melting point like 
nickel or salt; but unfortunately, coal ash is a heterogeneous 
mixture of slate, clay, silica, iron oxide, lime, etc., each constitu- 
ent having a different melting point of its own and all tending 
to react with or dissolve in each other to form, when heated high 
enough, a more or less homogeneous slag. With some ashes 
the temperature range of slag formation is short (20 to 50 deg. 
fahr.); with others it may extend over several hundred degrees. 
A high percentage of iron or lime in the ash causes it to melt 
sharply at low temperatures (1800 to 2200 deg. fahr.). A low 
percentage of these constituents means high alumina and silica, 
which form viscous, high-melting slags (2600 to 3000 deg. fahr.). 
From a testing point of view the situation is further compli- 
cated by the influence of the method of making the fusion test on 
the result obtained. Differences of several hundred degrees in 
the apparent fusing or softening temperature are easily produced 
by variations in the method of testing; hence, if the results of 
such empirical tests on different coal ashes are to be compared, 
they must be conducted by some standard procedure which will 
be used in all laboratories. Therefore, as a first step in the study 
of the clinker problem, the United States Bureau of Mines in- 
vestigated methods for determining the fusibility of coal ash and 
the effect of various factors on the softening temperature.* 
A standard method was developed which was subsequently ac- 
cepted by the American Society for Testing Materials as one of 
its standard tests,” and by using this method, a general survey 
re made of the fusibility of ash from various coals of the United 

tes.8 


, Published with approval of the Director, U. S. Bureau of Mines. 
Mi Chief Engineer, Division of Experiment Stations, Bureau of 


\ Associate Chemist, Bureau of Mines. 
7 Supervising Engineer, Fuels Section, Bureau of Mines. 
Bailey, E. G., and Calkins, W. B., Fusing Temperature of Coal 
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* Selvig, W. A., and Fieldner, A. C., Fusibility of Ash from Coals of 
i United States. Bull. 209, U. S. Bureau of Mines, 1922, 119 


Presented at the First National Meeting of the A.S.M.E. Fuels 
Division, St. Louis, Mo., October 10 to 13, 1927. 


F::«' engineers have long been aware that the percentage of 


In general, this method has been found satisfactory in prac- 
tical use. Results can be duplicated in different laboratories to 
within 90 deg. fahr. Barkiey® has shown a general relation be- 
tween the results of this method and clinker formation in fur- 
naces. It must be admitted, however, that this test does not 
tell the whole story. Some coals have been reported of appar- 
ently the same ash-fusing temperature which have markedly 
different clinkering properties, especially in the range between 
2300 and 2550 deg. fahr. The reasons for these differences are 
not known, although we should expect them from the very nature 
of the fusion test. In the laboratory we heat a finely ground sam- 
ple of the well-mixed ash, whereas in the fuel bed large pieces 
of slate, pyrite, and other extraneous impurities may never 
become mixed with the intrinsic ash of the coal. Clinkering in 
the fuel bed also is affected by the size of the coal, the type of 
stoker, and the thickness of the fuel bed, and of course the 
temperature. 

The urgent need of making a study of these factors and ob- 
taining some reliable data on the value of fusibility of ash tests 
as an index of clinkering tendencies was brought to the attention 
of the Committee on Coal and Coke of the American Society for 
Testing Materials by E. B. Ricketts, research engineer for the 
New York Edison Company, in 1925. Through the efforts of 
this Committee a cooperative investigation was undertaken at 
the Pittsburgh Experiment Station of the U. 8S. Bureau of Mines, 
with the aid of two fellows of the Carnegie Institute of Tech- 
nology supported by funds subscribed by The New York Edison 
Company and the Consolidated Gas Company of New York. 
This research was started in August, 1925, and the results” 
comprise the principal part of the present paper. 


Ossect or INVESTIGATION 


Briefly stated, the questions to be answered by the investi- 
gation were as follows: 

1 How do the micropyrometer and the Sinnatt methods 
compare with the Standard A.S.T.M. gas-furnace method for 
determining fusibility? 

2 What is the influence of ash composition on the softening 
temperature? 

3 Is the percentage of clinker to total ash in proportion to 
the fusing temperature of the ash? 

4 Is the initial point of softening of the test cone of ash, or 
the down point of the cone, the best index of clinker formation? 

5 Is the softening interval of the cone of any practical 
significance? 

6 Is the fusing temperature of either the inherent or the 


* Barkley, J. F., Ash-Softening Temperatures and Cli ing of 
Coals in a Boiler Furnace. Reports of Investigations Serial No. 
2630, U. 8S. Bureau of Mines, 1924, 3 pp. 

10 Selvig, W. A., Nicholls, P., Gardner, W. L., and Muntz, W. E., 
Fusibility of Coal Ash as Related to Clinker Formation (first report), 
Bull. 29, Carnegie Institute of Technology, 1926, 64 pp. 

Nicholls, P., Selvig, W. A., Corban, L., and Traubert, C. E. 
Fusibility of Coal Ash as Related to Clinker Formation (second 
report), in press, Carnegie Institute of Technology, 1927. 
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extraneous ash a better index of clinkering tendencies than the 


fusing temperature of the average ash? 


(Note: The inherent ash is from inorganic matter intimately mixed 
; Extraneous ash is from pieces of slate, 
clay, pyrite, etc., present as bands, partings, or nodules in the coal 


with the coal substance. 


bed, also fragments of roof and floor.) 


7 What influence has washing the coal on ash fusibility and 


clinker formation? 


8 What is the effect of size of coal on clinker formation? 


The 21 coals selected for test ranged in ash fusibility from 


Source or Coats TESTED 
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1990 to 2930 deg. fahr., as determined by the Standard gas- 
furnace method. Virtually all American coals come within this 
range of fusibility. Table 1 gives the source of the coals. Coals 
A, B, C, D, E, F, G, H, and HW consisted of from 3- to 5-ton 
lots; the others were from 3000- to 5000-lb. lots. Coal I was 
collected from a barge of New River coal from 5 mines; coal 
J from a barge of Pocahontas coal from 3 mines. The other coals, 
with the exception of coal 8S, which was a mixture of Illinois coal 
from 7 mines, were from individual mines. Coal HW was the 
same as coal H, except that it had been prepared by a wet-cleaning 
process. Likewise RW was the same coal as R except that it had 
been prepared by a dry-cleaning process. Each lot of coal was 
carefully mixed and sampled for analyses and fusibility tests. 


TABLE 1 SOURCE OF COALS TESTED 
Designa- 
tion Grade State County Bed Table 2 gives the analy SES. 
A Semi-bituminous Pennsylvania Somerset B = 3 
B Semi-bituminous Maryland Allegheny Big Vein SEPARATION OF INHERENT AND ExTRANEOUS ASH 
Semi-bituminous Pennsylvania Clearfield B 
D Semi-bituminous Pennsylvania Somerset C Prime i 
The separation of inherent from extraneous ash-forming ma 
F Bituminous Ohio Meigs 8-A terial was accomplished by crushing a portion of the laboratory 
G Bituminous Illinois Williamson No. 6 20. haki 
H Bituminous Pennsylvania Westmore- Pittsburgh sample to pass a 20-mesh sieve, shaking it vigorously in a bottle 
HW Bitamiaces containing a mixture of benzol and carbon tetrachloride of 1.35 
land specific gravity, and then allowing it to stand 24 hours at a con- 
I Semi-bituminous West Virginia (New River 
esol stant temperature. At the end of this period a good separation 
J Semi-bituminous West Virginia — of the pure coal which floated was obtained; the heavier impure 
K __ Bituminous Ohio Jefferson Pittsburgh No.8 coal and extraneous impurities sank to the bottom. Both 
L Semi-bituminous West Virginia Raleigh Beckley hvsed. with th 
M Semi-bituminous Pennsylvania Mercer Brookville portions were dried, weighed, and analyzed, with the results given 
N Bituminous Illinois Williamson No. 6 
in Table 3. The table shows that the float portions range d 
from 50.0 to 87.2 per cent; they contained from 2.0 to 4.5 per 
Pittsbureh cent ash and the sink portions from 16.0 to 35.9 per cent ash. 
R Te a a so The ash in the float portions is very intimately mixed with the 
RW Semi-bituminous Pennsylvania Somerset Miller or B coal substance and cannot be removed by coal-washing proces- 
Ss Bituminous Illinois (Mixture from 
7 mines) Ses. 
TABLE 2 ANALYSES OF COALS 
-—Calorific value— 
Condi- Volatile Fixed Hydro- Nitro Air-dry thermal 
Coal tion! Moisture matter carbon Ash Sulphur gen Carbon gen Oxygen loss Calories units 
1 Pe 15.9 75.4 7.0 0.8 4.5 81.5 1.5 4.7 1.3 7933 14280 
A 2 neice 16.2 76.7 7.1 0.8 4.3 83.0 ee 3.3 re 8067 14520 
1 1.0 19.1 72.1 7.8 0.9 4.5 81.1 1.9 3.8 0.7 7922 14260 
B 2 eon 19.3 72.8 7.9 0.9 4.4 82.0 2.0 2.8 we 8006 14410 
1 1.5 24.2 65.9 8.4 1.9 4.7 78.4 1.3 5.3 3.8 7844 14120 
fe 2 jae 24.5 67.0 8.5 1.9 4.6 79.6 1.3 4.1 an 7961 14330 
1 1.6 15.7 72.8 9.9 2.0 4.2 79.2 1.3 3.4 1.1 7650 13770 
D 2 ones 15.9 74.1 10.0 2.0 4.1 80.4 1.3 2.2 ae 7772 13990 
1 1.2 21.2 72.3 5.3 1.2 4.8 83.2 1.4 4.1 0.7 8150 14670 
E 2 pe 21.4 73.2 5.4. 1.3 4.7 84.2 1.4 3.1 eate 8250 14850 
1 5.2 37.6 45.0 12.2 2.4 §.1 66.0 1.1 13.2 2.4 6567 11820 
F 2 ak 39.6 47.6 12.8 2.5 4.8 69.6 Fe 9.1 gue 6928 12470 
1 9.6 33.4 44.4 12.6 3.6 5.2 62.8 1.2 14.6 6.6 6256 11260 
G 2 ja 36.9 49.2 13.9 4.0 4.6 69.5 1.3 6.7 rr 6922 12460 
1 1.3 32.3 55.4 11.0 1.5 4.9 74.9 1.6 6.1 0.5 7439 13390 
H 2 sia 32.8 56.0 83.2 1.5 4.8 76.1 1.6 4.8 ey 7556 13600 
1 1.3 33.5 57.0 8.2 1.6 5.2 77.4 1.6 6.0 0.5 7717 13890 
HW 2 ae 34.0 57.7 8.3 1.6 5.1 78.4 1.6 5.0 ms 7817 14070 
1 1.6 20.7 70.5 :.2 1.0 4.7 80.6 1.5 5.0 0.8 7911 14240 
I 2 en 21.0 71.7 7.3 1.0 4.6 81.9 1.5 3.7 one 8039 14470 
1 1.8 20.9 71.3 6.0 0.6 4.8 82.1 1.2 5.3 1.1 8044 1448) 
J 2 “i 21.2 72.6 6.2 0.6 i 83.6 1.2 3.7 wee 8194 14750 
1 2.2 35.6 53.3 8.9 2.2 5.2 74.3 1.4 8.0 0.8 7378 13280 
K 2 <a 36.4 54.5 9.1 2.3 5.1 75.9 1.5 6.1 ea 7544 13580 
1 1.5 17.6 73.8 Pe 0.8 4.6 82.4 1.4 3.7 1.0 7950 14310 
L 2 ae 17.9 74.9 7.2 0.8 4.5 83.7 1.5 2.3 ee 8067 14520 
1 1.5 17.7 70.2 10.6 1.4 4.5 77.9 1.5 4.1 1.3 7578 13640 
M 2 ~~ 18.0 71.2 10.8 1.4 4.4 79.1 1.5 2.8 rr 7694 13850 
1 5.6 33.4 50.4 10.6 2.0 5.4 68.9 1.5 11.6 3.5 6739 12130 
N 2 35.4 53.3 11.3 2.2 5.0 72.9 1.5 7139 12850 
1 1.9 32.5 54.8 10.8 1.8 5.1 74.2 1.5 6.6 1.0 7333 13200 
Oo 2 in 33.1 55.9 11.0 1.8 5.0 75.7 1.5 5.0 ee 7478 13460 
1 2.4 34.2 54.0 9.4 1.4 5.1 74.4 1.3 8.4 1.4 7378 13280 
P 2 a 35.0 55.4 9.6 1.4 5.0 76.2 1.4 6.4 eas 7556 13600 
1° 1.4 33.8 58.2 6.6 0.8 5.4 78.7 1.7 6.8 0.4 7822 14080 
Q 2 RY 34.2 59.1 6.7 0.8 5.3 79.8 3.7 5.7 ae 7933 14280 
1 1.3 16.7 72.8 9.2 1.9 4.4 79.8 1.3 3.4 0.8 7744 13940 
R 2 oa 16.9 73.7 9.4 1.9 4.4 80.9 1.3 2.1 a 7844 14120 
1 1.3 16.7 74.1 7.9 1.4 4.5 81.4 1.3 3.5 0.9 7889 14200 
RW 2 ws 16.9 75.1 8.0 1.5 4.4 82.5 1.4 2.2 cet 7994 14390 
1 12.5 33.0 38.3 16.2 3.2 5.3 57.4 1.1 16.8 6.8 5661 10190 
Ss 2 ae 37.7 43.8 18.5 3.7 4.4 65.5 1.2 6.7 tek 6467 11640 


} Condition 1 represents the coal as received. Condition 2 represents the analysis calculated to moisture-free coal. 
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TABLE 3 PROXIMATE ANALYSES OF FLOAT-AND-SINK POR- 
TIONS, PERCENTAGES OF MOISTURE-FREE COAL 


Condition and per- 


centages of float Volatile Fixed 

Coal and sink matter carbon Ash Sulphur  B.t.u. 
Untreated 16.2 76.7 7.1 0.78 14520 

A Float (80.9) 17.4 79.7 2.9 0.77 15280 
Sink (19.1) 15.8 58.2 26.0 1.69 11070 
Untreated 19.3 72.8 7.9 0.86 14410 

B Float (69.4) 18.4 77.3 4.3 0.86 14930 
Sink (30.6) 16.9 67.1 16.0 1.08 13020 
Untreated 24.5 67.0 8.5 1.90 14330 

c Float (81.5) 25.2 71.9 2.9 0.87 15330 
Sink (18.5) 20.1 50.7 29.2 5.25 10540 
Untreated 15.9 74.1 10.0 2.00 13990 

D Float (65.6) 17.2 79.3 3.5 0.62 15220 
Sink (34.4) 15.6 62.9 21.5 4.53 11960 
Untreated 21.4 73.2 5.4 1.22 14850 

EK Float (87.2) 22.1 75.4 2.5 1.02 15360 
Sink (12.8) 18.0 57.0 25.0 4.59 11370 
Untreated 39.6 47.6 12.8 2.51 12470 

F Float (70.8) 43.3 52.7 4.0 1.08 13890 
Sink (29.2) 29.5 34.6 35.9 5.75 8900 
Untreated 36.9 49.2 13.9 4.01 12460 

G Float (67.9) 41.2 55.1 3.7 2.41 14040 
Sink (32.1) 29.9 35.5 34.6 7.38 9270 
Untreated 32.8 56.0 11.2 1.5 13600 

H Float (74.1) 34.1 61.9 4.0 1.0 14740 
Sink (25.9) 25.1 45.6 29.3 FS 10410 
Untreated 34.0 57.7 8.3 1.6 14070 

HW Float (78.8) 33.9 61.8 4.3 4:2 14630 
Sink (21.2) 26.9 49.9 23.2 3.6 11330 
Untreated 21.0 71.7 7.3 1.0 14470 

I Float (76.2) 21.5 76.5 2.0 0.7 15410 
Sink (23.8) 17.4 ».6 22.0 2.0 11800 
Untreated 21.2 72.6 6.2 0.6 14750 

J Float (78.5) 22.1 75.8 2.1 0.6 15450 
Sink (21.5) 7.1 62.0 20.9 0.8 12160 
Untreated 36.4 54.5 9.1 2.3 13580 

K Float (78.0) 39.1 56.5 4.4 1.5 14360 
Sink (22.0) 27.3 47.0 25.7 §.1 10740 
Untreated 17.9 74.9 7.2 0.8 14520 

L Float (76.7) 19.5 78.5 2.0 0.7 15500 
Sink (23.3) 14.9 61.1 24.0 1.5 11590 
Untreated 18.0 71.2 10.8 1.4 13850 

M Float (72.2) 18.7 77.8 3.5 0.9 15190 
Sink (27.8) 15.9 55.4 28.7 3.7 10700 
Untreated 35.4 53.3 11.3 2.2 12850 

N Float (71.2) 38.3 57.2 4.5 1.8 13930 
Sink (28.8) 30.5 42.7 26.8 3.3 10460 
Untreated 33.1 55.9 11.0 1.8 13460 

O Float (78.2) 36.1 59.9 4.0 1.1 14740 
Sink (21.8) 23.7 40.5 35.8 4.2 9280 
Untreated 35.0 55.4 9.6 1.4 13600 

P Float (80.4) 37.4 58.8 3.8 1.0 14620 
Sink (19.6) 25.4 41.6 33.0 2.8 9830 
Untreated 34.2 59.1 6.7 0.8 14280 

Q Float (85.0) 35.0 61.4 3.6 0.8 14750 
Sink (15.0) ee 48.4 24.5 1.3 11290 
Untreated 16.9 73.7 9.4 1.9 14120 

R Float (75.3) 18.0 78.7 3.3 0.5 15270 
Sink (24.7) 16.4 56.2 27.4 6.1 10700 
Untreated 16.9 75.1 8.0 1.5 14390 

RW (Float (79.1) 17.4 79.1 3.5 0.5 15240 
Sink (20.9) 16.2 59.8 24.0 5.0 11400 

; Untreated 37.7 43.8 18.5 3.7 11640 
$s Float (50.0) 41.4 54.1 4.5 2.6 14140 
Sink (50.0) 21.3 45.8 32.9 4.7 9740 


SuLpuur Forms 1n Coa. 


Three forms of sulphur are recognized as occurring in coal— 
namely, (1) sulphur combined with iron as pyrite or marcasite 
and known as pyritic sulphur; (2) sulphur combined with the 
coal substance as organic sulphur; and (3) small amounts of 
sulphate sulphur in the forms of calcium sulphate or iron sulphate. 
High-sulphur coals usually contain relatively high percentages 
of pyrite which, on ashing, is converted to iron oxides that are 
likely to form readily fusible slags by combining with the silica 
of the ash. 

The float-and-sink portions of the coals, as well as the original 
coals, were all analyzed for sulphur forms by the method rec- 
ommended by Powell.!! In this method the total sulphur, 
pyritic sulphur, and sulphate sulphur are determined and the 
organic sulphur is taken as the difference between the total 
sulphur and the sum of the pyritic sulphur and the sulphate 
sulphur. Table 4 gives the sulphur forms in the float-and-sink 


P * Powell, A. R., An Analysis of Sulphur Forms in Coal. Tech. 
4per 254, Bureau of Mines, 1921, pp. 16-17. 


TABLE4 SULPHUR FORMSIN ORIGINAL COALS AND IN FLOAT- 

AND-SINK PORTIONS, PERCENTAGES OF MOISTURE-FREE COAL 
Ratio! 

Organic sulphur 


Pyritic Sulphate Organic Total Total sulphur 


Coal Condition sulphur sulphur sulphur sulphur per cent 
Original 0.19 0.02 0.57 0.78 73 
A Float 0.04 0.01 0.72 0.77 o4 
Sink 1.11 0.03 0.55 1.69 33 
Original 0.18 0.01 0.67 . 86 78 
B Float 0.07 0.01 0.78 0.386 91 
Sink 0.40 0.02 0.66 1.08 61 
Original 1.12 0.03 0.75 1.90 39 
¢ Float 0.17 0.01 0.69 0.87 79 
Sink 4.36 0.06 0.83 5.25 16 
Original 1.43 0.03 0.54 2.00 27 
Db Float 0.11 0.01 0.50 0.62 81 
Sink 3.61 0.06 0.386 4.53 19 
Original 0.56 0.01 0.65 1.22 53 
E Float 0.13 0.01 0.88 1.02 86 
Sink 3.75 0.05 0.79 4.59 17 
Original 1.61 0.04 0.86 2.51 34 
F Float 0.32 0.01 0.75 1.08 69 
Sink 4.87 0.07 0.81 5.758 14 
Original 2.17 0.04 1.80 4.01 45 
G Float 0.41 0.02 1.98 2.41 82 
Sink 6.02 0.12 1.24 7.38 17 
Original 0.73 0.05 0.74 1.52 49 
H Float 0.11 0.01 0.89 1.01 88 
Sink 2.43 0.15 0.71 3.29 22 
Original 0.64 0.05 0.94 1.63 58 
HW Float 0.14 0.02 1.03 1.19 87 
Sink 2.54 0.19 0.87 3.60 24 
Original 0.39 0.03 0.57 0.99 58 
I Float 0.05 0.01 0.60 0.66 91 
Sink 1.40 0.07 0.57 2.04 28 
Original 0.06 0.01 0.52 0.59 8S 
J Float 0.00 0.01 0.57 0.58 98 
Sink 0.29 0.04 0.46 0.79 58 
Original 1.20 0.07 1.01 2.28 44 
K Float 0.38 0.03 1.06 1.47 72 
Sink 4.10 0.24 0.7: 5.06 14 
Original 0.22 0.01 0.58 0.81 72 
L Float 0.04 0.01 0.60 0.65 92 
Sink 0.85 0.04 0.59 1.48 40 
Original 0.59 0.04 0.77 1.40 55 
M Float 0.04 0.02 0.380 0.86 93 
Sink 1.92 0.11 0.62 2.65 23 
Original 0.87 0.03 1.26 2.16 58 
N Float 0.44 0.02 1.2 1.75 74 
Sink 2.11 0.08 1.08 3.2 33 
Original 0.90 0.01 0.89 1.80 49 
Oo Float 0.18 0.00 0.96 1.14 R4 
Sink 3.50 0.06 0.62 4.18 15 
Original 0.61 0.00 0.80 1.41 57 
P Float 0.26 0.00 0.78 1.04 75 
Sink 2.14 0.02 0.63 2.79 23 
Original 0.11 0.01 0.70 0.82 85 
Q Float 0.03 0.00 0.75 0.7 96 
Sink 0.61 0.02 0.67 1.30 52 
Original 1.42 0.03 0.48 1.93 25 
R Float 0.03 0.01 0.49 0.53 92 
Sink 5.50 0.14 0.50 6.14 Ss 
Original 1.02 0.02 0.43 1.47 29 
RW Float 0.07 0.01 0.45 0.53 85 
Sink 4.35 0.08 0.52 4.95 ll 
Original 1.76 0.06 1.85 3.67 50 
iS) Float 0.33 0.03 2.19 2.55 86 
Sink 3.19 0.10 1.45 4.74 31 


1 Average ratio: For original coals, 54; for float portions, 85; for sink 


portions, 27. 

portions and in the original coals. The sink portions are higher 
in both total sulphur and pyritic sulphur than the original coals 
or the float portions. It is interesting to note that from 40 to 
60 per cent of the sulphur is present in the organic form in the 
majority of the original coals, and in the low-sulphur coals most 
of it is organic sulphur. This form of sulphur does not cause 
clinkering, neither can it be removed in any coal-washing 
process. 


ComPposITION OF ASH 


Analyses of the ash of the original coals and of the portions 
separated by the float-and-sink test are given in Table 5. 
From the table it is seen that most of the sink ashes have 
a higher iron content than the ashes of the original coals 
or the float ashes. Analyses of sulphur forms as given in Table 
4 show that the pyrite of the coals tend to go into the sink 
portions, which of course appreciably increases the iron content 
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of the sink ash. In all cases, except that of coal N, the alumina 
(Al,O;) content of the sink ashes is lower than that of the float 
ashes. A comparison of the silica (SiO,) content of the float and 
the sink ashes shows no definite trend. Coals G and S contained 
considerable amounts of calcite (CaCQs;) in the form of bands in 
the coal; this calcite went into the sink portions in the float- 
and-sink separations as shown by the high calcium oxide (CaO) 
content of the sink ashes of these two coals. 


TABLE 5 PERCENTAGE CHEMICAL ANALYSES OF ASHES OF 
ORIGINAL COALS AND FLOAT-AND-SINK PORTIONS 


Coal Condition SiOz: Fe2O: TiO: P:O; CaO MgO K:0 SO; 
Original 40.4 38.6 4.7 1.5 4.0 56 0.5 0.4 0.9 2.6 

A Float 36.9 40.5 3.1 2.2 5.5 8.2 0.8 0.6 0.6 0.7 
Sink 42.9 38.3 7.3 1.1 3.7 4.6 0.38 0.2 1.0 0.1 
Original 54.7 33.7 4.3 1.8 0.50 0.7 0.5 0.7 1.8 0.8 

B Float 62.0 35.0 4.2 2.1 0.69 1.5 0.5 0.9 1.6 0.5 
Sink 58.8 30.7 3.8 1.6 0.42 0.5 0.5 0.7 2.2 0.1 
Original 43.6 29.3 19.9 1.3 0.14 1.4 0.6 0.3 1.1 2.0 

es Float 44.9 34.2 8.1 2.2 0.22 4.5 0.8 0.3 1.0 3.0 
Sink 45.5 29.1 21.6 1.1 0.10 0.4 0.3 0.2 1.4 0.0 
Original 43.5 27.1 20.8 1.3 0.09 2.1 0.7 0.4 1.7 1.7 

D Float 49.2 35.8 4.1 2.5 0.18 3.5 0.3 0.4 1.5 1.6 
Sink 42.3 24.8 24.8 1.3 0.044 2.0 0.5 03 1.9 1.6 
Original 43.9 33.4 15.0 1.3 0.13 1.9 0.3 0.3 1.0 2.5 

E Float 45.3 36.5 §.3 2.2 0.16 4.3 0.6 0.4 1.2 3.6 
Sink 43.5 30.8 22.3 1.1 0.07 0.5 0.2 0.2 1.0 0.0 
Original 45.7 24.2 19.7 1.0 0.17 3.6 0.8 0.4 2.1 1.6 

F Float 49.7 30.5 11.2 1.5 0.21 2.1 0.8 0.7 1.9 1.0 
Sink 43.8 21.3 21.5 0.8 0.10 4.8 1.0 0.5 2.1 4.7 
Original 41.2 15.9 23.1 0.8 0.12 9.4 0.4 0.6 1.9 7.4 

G Float 563.9 22.3 12.7 1.8 0.07 3.5 1.0 0.6 2.5 0.9 
Sink 39.9 15.1 26.7 0.5 0.17 11.0 0.4 0.5 1.8 4.2 
Original 55.5 26.6 10.9 1.5 0.38 0.9 0.9 0.7 1.5 0.6 

H oat 53.2 33.7 5.4 1.8 0.71 1.9 0.6 (a) (a) 2.3 
Sink 56.4 23.8 13.3 1.4 0.31 0.7 0.5 (a) (a) 0.6 
Original 53.8 27.5 13.0 1.4 0.30 1.0 0.4 0.7 1.3 0.5 

HW Float 53.4 32.5 6.5 1.8 0.10 1.4 0.4 (a) (a) 2.7 
Sink 562.8 23.5 18.0 1.2 0.21 0.7 0.4 (@) (@) 1.2 
Original 50.8 28.5 13.4 1.2 0.13 1.1 1.0 1.0 2.3 0.3 

I Float 47.6 34.9 9.0 2.0 0.16 2.3 0.8 (@) {a} 0.2 
Sink 51.4 27.6 14.1 1.0 0.13 0.9 1.0 (a) a) 0.5 

igi 51.2 24.0 10.6 1.8 0.009 4.8 2.0 0.6 1.7 2.5 

J Float 37.5 30.7 14.5 2.4 0.07 6.8 2.5 (a) (@) 2.5 
Sink 8 21.8 9.7 1.5 0.00 4.2 1.6 (@) (@) 2.5 
Original 47.2 23.2 21.9 1.0 0.22 2.4 0.6 0.4 1.6 1.6 

K Float 49.7 28.5 14.4 1.4 0.23 1.7 0.6 (a) (@ 0.3 
Sink 46.5 20.8 25.1 0.9 0.18 1.6 0.6 (@) (a) 1.7 
Original 53.5 30.4 9.4 1.3 0.18 0.9 1.0 0.9 2.1 0.3 

L Float 47.7 34.9 8.1 2.0 0.31 1.9 0.7 (@) (a) 0.9 
Sink 54.4 29.5 9.4 1.2 0.17 0.6 0.8 (@) (a) 0.4 
Original 47.4 31.1 10.3 1.8 1.9 2.7 0.8 0.5 2.1 1.0 

M oat 44.0 35.5 4.5 2.0 2.7 4.6 0.6 (a) (a) 2.8 
Sink Gs 2:4 3.8 2.0 0.4 (a) 0.7 
Original 55.5 22.7 12.7 1.0 0.05 2.1 1.3 0.5 2.5 1.9 

N Float .4 22.0 13.8 1.8 0.07 1.8 1.0 (a) (@) 1.2 
Sink 57.0 22.2 12.6 0.8 0.08 1.8 0.8 (a) (@) 1.7 
Original -9 26.3 12.0 1.3 0.17 0.5 0.6 0.9 1.9 0.7 

oO Float 52.0 32.1 7.6 1.7 0.30 1.4 0.5 fe} (a) 0.7 
Sink 56.0 24.3 14.3 1.1 0.11 0.5 0.5 ( (a) 0.3 
Original 52.4 23.3 11.5 1.0 0.27 3.7 1.0 0.6 1.8 3.9 

P Float 53.0 26.9 11.4 1.7 0.10 1.5 0.6 (a) (a) 1.2 
Sink 51.4 22.4 11.7 0.9 0.08 5.3 1.0 (a) (a) 5.6 
Original 55.7 28.3 7.3 1.5 0.62 2.4 0.8 0.6 0.9 1.3 

Q Float 53.7 31.7 5.5 1.6 0.94 2.2 0.4 (a) (a) 1.1 
Sink 57.1 25.2 8.7 1.0 0.52 2.4 0.5 (a) (a) 1.9 
Original 38.6 31.1 24.2 1.3 0.30 1.6 0.4 0.5 0.8 1.1 

R Float 44.3 39.6 3.3 2.1 0.52 4.2 0.4 (a) (@) 2.2 
Sink 37.4 27.6 31.8 1.0 0.28 0.3 0.1 (a) (a) 0.2 
Original 41.3 33.1 19.3 1.3 0.35 1.8 0.3 0.4 0.8 1.4 

RW Float 43.4 38.4 5.0 2.0 0.50 3.9 0.4 (a) (a) 4.5 
Sink 39.7 29.9 27.0 0.9 0.29 0.6 0.2 (@) (a) 0.2 
Original 1.2 13.1 14.9 0.8 0.22 15.8 0.6 0.8 1.8 10.1 

s Float 68.8 17.6 11.2 1.7 0.18 2.4 0.8 (a) (@ 1.9 
Sink 36.8 11.4 14.6 0.6 0.28 16.1 0.8 (a) (a) 17.2 


(a) Not determined. 
Asu 


Methods Used. The fusibility of the ashes of the original 
coals, as well as that of the float-and-sink portions, were de- 
termined by three methods—namely, the Standard gas-furnace 
method, the Sinnatt method, and the micropyrometer method. 
This was done to determine which method would give the results 
most indicative of the clinker trouble experienced in the burning 
tests described later. As already mentioned, a complex mixture 
of mineral substances such as coal ash does not have any definite 
melting point, and when subjected to heat the ash gradually 


softens and becomes less and less viscous as the temperature is 
raised, until it finally becomes quite fluid. The gradual transition 
of the ash from a softening to a fluid state is a process that extends 
over a temperature range which varies with different ashes. 
Those ashes which are high in alumina and silica have long 
softening intervals, often as much as 400 deg. fahr., and ash high 
in lime and iron usually changes from the solid to liquid state in 
a relatively short range, 20 to 100 deg. fahr. 

Fieldner, Hall, and Feild"? carefully investigated the various 
factors that influence ash fusibility, as determined in the labor- 
atory by the cone method. Some of the factors that were found 
to influence the fusibility results are, (1) fineness of the ash; 
(2) rate of temperature increase during heating; (3) nature of 
atmosphere in which the ash is heated; and (4) form into which 
the ash is put for testing. It was found that the nature of the 
atmosphere in which the ash is heated is an important factor, 
especially in testing coals that contain a relatively large propor- 
tion of iron in the form of pyrite. High fusibility values were 
obtained with such coals in tests using oxidizing atmospheres 
which oxidized the iron mainly to ferric oxide, and in tests using 
strongly reducing atmospheres which reduced the iron largely to 
the metallic state. Under both of these conditions a more 
refractory slag is formed than in atmospheres sufficiently reducing 
to reduce the iron in the ash to ferrous oxide (FeO) which, with 
the silica present, forms readily fusible silicates. With silica, 
ferric oxide forms compounds that require a high temperature 
for fusion; on the other hand, if the iron is reduced to the metal- 
lic state, one of the most active fluxing constituents is removed 
from the system and high fusing points result. Analyses of 
clinkers from boiler furnaces indicated that fuel-bed conditions 
favored the formation of clinkers in which the iron was chiefly 
in the ferrous state; consequently, it was recommended that 
the atmosphere in the laboratory test be such as to reduce the 
iron in the ash to ferrous oxide (FeO), so the results would be 
comparable to fuel-bed conditions and the tests give the lowest 
temperatures at which the intimately mixed ash would soften 
with the formation of clinker. 

Standard Gas-Furnace Method. For a detailed description vi 
the gas-furnace method, reference should be made to the Stand- 
ards of the American Society for Testing Materials.'’ The 
finely ground coal ash (200 mesh and finer) is molded into small 
triangular pyramids, */, in. in height and '/, in. at each side of 
the base, which is an equilateral triangle. These ash cones are 
mounted vertically on a refractory base and heated in a gas-fired 
furnace at a rate of heat increase not less than 5 deg. cent. and 
not more than 10 deg. cent. a minute. The atmosphere surround- 
ing the cones is regulated by adjusting the air and gas, so that 
it consists approximately of equal parts of oxidizing and reducing 
gases. Temperature measurements were made with an optical 
pyrometer of the disappearing-filament type. Fig. 1 shows 4 
section of the furnace arranged for fusion tests. 

The softening temperature is defined as the temperature at 
which the cone has fused down to a spherical lump, as shown in 
cones 2 and 3 of Fig. 2. Cone 4 has almost reached the softening 
temperature. Temperatures were also taken at which the first 
rounding or bending of the apex of the cone occurred as shown 
in cone 1 of Fig. 2; this is designated as the initial deformation 
temperature. A number of readings were also made of the 
temperature at which the ash had become fluid and spread out 
over the base in a flat layer, as represented by cone 5 of lig. : 
this is designated as the fluid temperature. The range in tem- 
perature between the initial-deformation temperature and the 
fluid temperature is a rough indication of the viscosity of the slag. 

Sinnatt Method. The British investigators, Sinnatt, Bowles, 


12 See Reference 6. 
13 See Reference 7. 
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and Simpkin'* developed a method of pressing the coal ash 
through a circular orifice 1/32 in. in diameter so as to form ash rods. 
These rods are then cut into pieces */;., in. in length and mounted 
vertically. 

The small ash rods made as described were mounted verti- 
cally on a refractory base similar to that used in the gas- 
furnace method. They were then placed in the same furnace 
as used for the standard gas-furnace method, and heated in ex- 
actly the same manner in regard to temperature increase and 
atmosphere surrounding the test pieces. This was done so as to 
eliminate all variables except the difference in the shape of the 
test pieces. 

The temperature taken as the fusion point was that at which 
the ash rod fused to a spherical lump. Attempts were made to 
determine the initial-deformation point and the fluid temperature, 
as is done in the gas-furnace method. 

Micropyrometer Method. The micropyrometer method is an 
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Fic. Sscrion oF FuRNAcE ARRANGED FOR Fusion Tests 


adaptation of the method described by Burgess” for determining 
the melting points of minute specimens. It was first applied to 
coal ash by W. H. Fulweiler, chemical engineer for the United 
Gas Improvement Contracting Company. The apparatus and 
method are described in detail by Fieldner, Selvig, and Parker, “ 
who made a comparison of ash fusibility of a large number of 
coals as determined by this method and the gas-furnace method. 

In this method a small portion of the finely ground ash is 
placed on an electrically heated platinum strip enclosed in a 
small metal furnace. The furnace is designed to permit the 
introduction of combustion gases so that the atmosphere sur- 
rounding the ash is similar to that of the standard gas-furnace 
method. The furnace has a thin glass window so that obser- 


vations can be made with a microscope erenge with a 48-mm. 
P *Sinnatt, F. S., Bowles, A. B., and Simpkin, N., The Melting 
= of Coal Ash. Chemistry & Industry, cm 42 (1923), pp. 267T- 


Burgess, G. K., f 
Stan dards 1018, 4 2A Micropyrometer. Sci. Paper, 198, Bureau o' 
P " Fieldner, A. C., Selvig, W. A., and Parker, W. L., Comparison 
of the Standard Gas-Furnace and Micro yrometer "Methods for 

termining the Fusibility of Coal Ach. Jt Tutus. & Eng. Chem., 
Vol. 14, 1922, pp. 695-698. 


objective and a6 X ocular. The ocular contains a small tungsten 
hairpin-filament lamp, so that the microscope also serves as 
an optical pyrometer. 

Combustion gases were rapidly aspirated through the metal 
furnace for 5 min., after which the gas flow was regulated to three 
or four bubbles a second. The temperature of the platinum 
heating strip was raised by means of an electric current obtained 
from storage batteries; the current was regulated by an adjust- 
able resistance connected in series with the heating strip until 
the ash showed a well-defined fusion when viewed under the 
microscope. 

Results of Ash-Fusibility Tests by Different Methods. Table 
6 gives the average results obtained from at least two de- 


Fig. 2. Typrcat Forms or Cones Fusep sy THE STANDARD Gas- 
Furnace Meruop 


terminations in each case for ash fusibility by the standard 
gas-furnace method, the Sinnatt method, and the micropyrom- 
eter method. No difficulty was experienced in checking the 
softening temperatures of duplicate determinations within 50 
deg. fahr. by the gas-furnace method. Nearly all of the dupli- 
cate determinations of the initial-deformation and fluid temper- 
atures checked within 100 deg. fahr. for the gas-furnace method. 

No difficulty was experienced in obtaining good check results 
for the softening temperature with the Sinnatt ash rods, although 
there was some trouble in getting the initial deformation point 
and the fluid point with the ash rods. The shape of the test 
pieces ('/x in. by */i¢ in.) is such that the initial deformation 
point is not as closely defined as with test pieces in the form of 
cones, a8 are used in the gas-furnace method. The fluid point of 
the ash rods was very difficult to observe at high temperatures 
because the quantity of material is small and not readily dis- 
tinguishable from the surroundings. 

The fusion point of the ash as determined by the micropyrom- 
eter method was considerably more difficult to observe than in 
the other two methods. The point taken was that at which the 
ash had fused sufficiently to form a well-rounded form. After 
the determination, the fusion was examined under a binocular 
microscope to make sure that the ash was well fused and not 
simply sintered. With the micropyrometer method it is not 
feasible to obtain points other than the fusion point, so the 
method cannot be used to observe the temperature range from 
initial fusion to the fluid state. 

Table 6 shows good agreement between the softening tempera- 
tures as determined by the gas-furnace and Sinnatt methods; 
they are within 100 deg. fahr. in all but four cases. As already 
mentioned, the initial-deformation-temperature and the fluid- 
temperature points were more readily distinguishable with the 
cones than with the ash rods. The results obtained by the mi- 
cropyrometer method show poor agreement with those by the 
other two methods. 

One advantage of the Sinnatt ash rods is that a smaller quantity 
of ash can be used than in making the cones; however, more 
trouble was experienced in making the ash rods. Some of the 
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TABLE 6 AVERAGE RESULTS OF ASH-FUSIBILITY TESTS BY THE GAS-FURNACE, SINNATT, AND MICROPYROMETER 
METHODS, DEG. FAHR. 
Sinnatt softening Micropyrometer fusion 
temperature as point as compared to 
Method compared tothat gas-furnace softening 
-——-Gas-furnace————. Sinnatt ——~ Micro- of gas furnace, temperature, 
Coal Condition Initial Softening Fluid Initial Softening Fluid pyrometer deg. fahr. deg. fahr. 
As received 2550 2930 (a) 2430 2940 (a) 2440 + 10 —490 
A Float 2480 2620 2860 2420 2520 (b) 2570 —100 — 50 
Sink 2710 2910 2960 2300 2900 (a) 2790 —- 10 —120 
As received 2840 2930 (a) 2800 2930 (a) 2780 0 — 150 
B Float 2880 2920 2960 2890 2910 (a) 2830 —- 10 — 90 
Sink 2800 2900 2920 2750 2880 2910 2770 — 20 —130 
As received 2450 2520 2580 2120 2460 2510 2550 — 60 + 30 
Cc Float 2620 2740 2850 2480 2650 2740 2680 — 90 — 60 
Sink 2120 2550 2620 2440 2480 2580 2600 — 70 + 50 
As received 2180 2440 2580 2010 2340 2390 2630 —100 +190 
D Float 2800 2850 2920 2750 2830 2910 2780 — 20 -— 70 
Sink 2040 2270 2450 2020 2160 2280 2610 —110 +340 
As received 2520 2650 2710 2490 2620 2740 2760 — 30 +110 
E Float 2660 2800 2850 2560 2770 2880 2800 — 30 
Sink 2450 2530 2640 2440 2470 2630 2710 — 60 +180 
As received 2020 2190 2390 1960 2180 2220 2550 — 10 +360 
F Float 2450 2580 2740 2420 2570 2680 2690 — 10 +110 
Sink 2030 2130 2260 1990 2120 2190 2430 — 10 +300 
As received 1960 2070 2290 1920 2030 2110 2360 — 40 +290 
G Float 2010 2240 2340 2040 2170 2450 2460 — 70 +220 
Sink 1890 2010 2240 1920 1970 2110 2340 — 40 +330 
As received 2460 2600 2700 2370 2480 2620 mae —120 
H Float 2640 2740 2880 2710 2820 2850 peed + 80 
Sink 2390 2530 2660 2310 2450 2540 — 80 
As received 2460 2570 2700 2390 2540 2620 — 30 
HW Float 2750 2860 (a) 2670 2780 2850 — 80 
Sink 2280 2460 2530 2140 2370 2450 — 90 
As received 2440 2580 2630 2510 2530 2640 — 50 
I Float 2570 2770 2860 2650 2710 2820 — 60 
Sink 2260 2500 2600 2330 2450 2520 — 50 
As received 2160 2300 2440 2110 2200 2360 — 100 
J Float ; 2220 2320 2460 2200 2360 2400 + 40 
Sink 2130 2210 2440 2100 2270 2350 + 60 
As received 2090 2210 2330 2220 2330 2460 +120 
K Float 2280 2510 2600 2460 2510 2650 0 
Sink 2010 2160 2260 2140 2260 2440 +100 
As received 2630 2800 2850 2610 2740 2780 — 60 
L Float 2710 2850 +2850 2640 2820 +2860 — 30 
Sink 2370 2690 2780 2640 2690 2800 0 
As received 2390 2640 2830 2470 2610 2800 — 30 
M Float 2450 2850 +2890 2440 2800 +2910 — 50 
Sink 2370 2600 2800 2510 2620 2730 + 20 
As received 2110 280 2460 2030 2280 2410 0 
N Float 2100 2250 2410 2090 2320 2480 + 70 
Sink 2160 2400 2580 2070 2390 2490 - 10 
As received 2360 2520 2640 2340 2480 2610 — 40 
oO Float 2770 + 2800 (a) 2700 2790 2860 = 
Sink 2280 2460 2560 2190 2440 2570 — 20 
As received 2100 2270 2430 2150 2280 2400 + 10 
P Float 2200 2510 2690 2520 2590 2740 + 80 
Sink 2110 2200 2390 2080 2220 2410 + 20 
As received 2580 2730 2840 2550 2680 2730 — 50 
Q Float 2690 2830 +2910 2620 2740 2850 — 90 
Sink 2360 2660 2780 2310 2540 2600 —120 
As received 2390 2470 2560 2220 2420 2540 — 50 
R Float 2830 +2910 (a) 2780 + 2880 (a) 
Sink 2160 2360 2460 2090 2280 2400 — 80 
As received 2500 2630 2720 2480 2580 2730 — 59 
RW Float 2810 2920 +2940 2740 2850 +2880 — 70 
Sink 2420 2510 2600 2170 2420 2510 ver — 90 
As received 1930 1990 2170 1890 1950 2030 ay — 40 
Ss Float 2040 2230 2420 1990 2190 2390 ~ — 40 
Sink 1900 2000 2110 1890 1970 2050 pore — 30 


(a) Did not attain high enough temperature to reach the fluid point. 
(b) Could not distinguish the fluid point. 


ashes had to be ground considerably finer than 200 mesh in order 
to make satisfactory rods. On account of the trouble sometimes 
experienced in making the ash rods, and the greater difficulty in 


observing the initial and fluid temperatures, the authors prefer 


the cone method. 


RELATION OF ASH CoMPOSITION TO FUSIBILITY 


Attempts to calculate ash fusibility from the ash analysis give 
only rough approximations on account of the large number of con- 
stituents present in the ash and the varying proportions of these 
constituents. The fusibility of the ash is affected by the ratio of 
the silica to the bases present, the particular bases, and the per- 
centage of alumina present. Ash high in silica and alumina is 
not readily fusible, and, as a rule, ash that is low in iron and lime 
is high in silica or alumina. Ash from coals high in pyrite 
(FeS,) is necessarily high in iron, and the ratio between the bases 
and silica is often such that easily fusible compounds are formed. 


As a rule, coals containing considerable sulphur in the form of 
pyrite are likely to give clinker trouble. Under conditions 
existing in the fuel bed of a furnace the iron of the pyrite is likely 
to be converted to ferrous silicates, which fuse at comparatively 
low temperatures. 

The curve in Fig. 3 was constructed from the ash analyses 
given in Table 5 and the softening temperatures by the stand- 
ard gas-furnace method given in Table 6. A plot of the raties 
of the Al,O; + SiO, to the bases (FexO; + CaO + MgO + Nad 
+ K,O) shows that in general the ashes having large amounts 
alumina and silica as compared to the bases have high softening 
temperatures and that those having relatively low amounts of 
alumina and silica have low softening temperatures. 

Fig. 4 shows the ferric oxide (Fe,0;) content of the ashes 
plotted against softening temperatures as determined by th 
standard gas-furnace method. The very refractory ashes hav’ 
a low iron content, but in general there is no definite relation 
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between the ferric oxide content and the softening tempera- 
tures. 


Srupy or CLINKER FORMATION IN THE EXPERIMENTAL 
FURNACE 


Description of Furnace. A special furnace was designed for the 


investigation. Fig. 5 shows the lower part of the furnace, and 
Fig. 6 is a general diagram of the complete test assembly. The 
firepot is 20 in. in diameter, equal to an area of 2.2 sq. ft. The 


first 9 in. above the grate is water-cooled; it was not possible 
to use a refractory-lined firepot because it would slag with the 
clinker and introduce another variable. The lower part is welded 
construction made from '/,-in. steel plate. There are 10 sight- 
holes into the firepot for taking fuel-bed temperatures and gas 
samples. These consist of '/:-in. pipe passing through the water 
space and welded on to the inner and outer shells. The outer ends 
are closed with screw caps. 
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SOFTENING TEMPERATURES AS DETERMINED 


Gas-FurNacE METHOD 


BY THE STANDARD 


The upper half of the furnace is removable and consists of 
4 steel shell 36 in. in height with a 5-in. refractory lining. Re- 
fractory slabs above the top act as a cover and permit the opening 
to be varied. The upper half acts as a combustion chamber and 
helps to maintain the fuel-bed temperature. Two openings with 
doors at opposite sides act as firing holes and admit secondary air. 

The ashpit is airtight, and the air is supplied by a motor- 
driven fan and passes through an orifice so that the rate of supply 
can be measured and controlled as desired. The drop in pressure 
across the orifice and the ashpit pressure are taken on U-tubes 
supplemented by Bacharach pressure recorders. 

Temperatures of the fuel bed were obtained by removing a cap 
and poking a hole into the fuel and sighting on the end with a 
Leeds & Northrup optical pyrometer. Before taking a sight, 


night. 
30 min., starting about 45 min. after bolting on the ashpit door. 
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a special glass eyepiece is screwed on to the pipe to shut off the 
flow of gas through it and keep the objective of the pyrometer 
clean. 

Method of Conducting Burning Test. The method of conduct- 
ing the burning test was to start the fire with paper and wood; 


coal was added immediately on ignition of the paper. When the 
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Fic. 6 ASSEMBLY OF CLINKER FURNACE 

coal was ignited, the ashpit door was braced on and the fan 
started; the amount of air was gradually increased as the fuel 
bed built up. When the fuel bed was in good condition, of proper 
depth, and only the topmost layer was green coal, the dampers 
for air supply were closed and the ashpit door removed. The 
loose ash was then shaken from the grate bars and the ashpit 
was cleaned. The ashpit door was bolted on and the dampers 
adjusted to supply the necessary air for the desired rate of com- 
bustion. This was considered as the beginning of the test. 
The coal was fed at short intervals in amounts to keep the rate 
of firing equal to the combustion desired; the top of the fuel bed 
was raked as necessary to maintain uniform burning. The coal 
was fired as received except that all lumps were broken to pass a 
2-in. screen. Firing was discontinued after running 5 hours with 
the ashpit door bolted on, but the fan was run until all combus- 
tible was burned that would burn. The ashpit door was then 
removed, the fan shut off, and the furnace allowed to cool over- 


Temperature readings of the fuel bed were taken every 


Handling the Residue from Combustion. The method of han- 


dling the residue from each burning was as follows: 
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TABLE 7 NUMERICAL RESULTS OF FUEL-BED RESIDUE 


-—— Ash and clinker as per cent of total residue——~. Avg. ashpit Weight, lb. 


Approx, Percent ash in coal: Over '/s-in. pressure, percu.ft. Avg. maxi- 
Weight rateof From fuel- Chemical Clinker Over'/: through Through inchesof 2-in.to mum fuel-bed 
Coal burned burning bedresidue analysis Inashpit over2-in. in., total 1/¢-in. 1/s-in. water 1/:-in. temp., deg. fahr. 
1 2 3 a ; 5 6 7 8 9 10 11 12 13 
151 20 ‘ 7.5 26.5 4.2 21.9 24 27 0.21 neat 2494 
A 277 30 7.6 8.6 2.4 24.3 39 28 0.88 2599 
815 60 4.6 9.4 3.3 28.1 40 23 1.15 2807 
223 20 ve 7.8 4.2 a. 34.4 25 36 0.21 2728 
B 359 30 7.2 4.6 2.9 23.1 34 39 0.90 2796 
694 60 5.3 Ee 1.0 23.2 41 35 1.40 2871 
226 20 8.1 8.5 7.9 21.5 44.0 29 19 0.16 2657 
Cc 306 30 7.5 7.6 es 29.4 19 44 1.01 2659 
700 60 7.4 1.9 4.3 35.9 32 19 1.10 2737 
222 20 10.0 4.9 35.6 53.1 18 24 0.26 2687 
D 362 30 95 4.6 16.4 41.5 20 26 1.48 2700 
733 60 7.5 2.2 14.8 50.1 22 17 0. 2832 
203 20 Sr 5.3 18.4 18.4 39.0 16 25 0.23 2617 
E 345 30 4.9 Sean 14.1 1.5 20.0 24 42 1.04 2715 
766 60 3.9 ee 4.4 0.0 23.1 43 30 1.03 2878 
275 20 11.0 12.8 2.5 46.1 69.3 9 19 0.16 2613 
F 374 30 11.5 anew 2.0 36.8 63.7 16 19 0.45 2730 
710 60 9.2 Piao i 33.0 68.3 12 15 0.93 2772 
262 20 12.1 12.6 2.0 58.1 72.7 9 17 0.13 a 2562 
G 321 30 11.4 5 ts 1.2 50.9 72.8 9 17 0.20 sie sas 2623 
622 60 0.4 47.7 75.0 13 12 0.70 2696 
287 20 10.1 11.0 3.1 48.2 70.5 ll 15 0.12 31.4 2701 
H 398 30 9.7 Cotte 1.6 27.3 64.3 17 17 0.31 30.1 2697 
559 60 9.8 Linen 0.5 20.6 61.9 22 16 0.98 35.2 2697 
268 20 10.4 11.0 3.1 14.8 51.6 20 25 0.21 30.8 2596 
He 375 30 e.2 are: 3.8 3.2 49.4 23 24 0.48 30.0 2710 
665 60 7.6 — ee 4.9 42.9 29 28 1.35 34.6 2710 
241 20 8.6 8.2 1.1 42.9 65.2 16 18 oe 24.0 2657 
HW 30 e, oe 1.6 6.2 39.0 26 33 0.27 28.3 2722 
737 60 6.7 + 0.9 1.8 39.1 32 23 1.13 30.7 2827 
278 20 Bs 8.2 2.3 4.6 30.1 28 40 0.29 24.0 2540 
HWe 385 30 was saw 3.6 3.6 33.8 30 33 0.38 28.8 2692 
685 60 6.1 ines 1.2 4.8 33.1 33 32 1.37 33.3 2708 
266 20 7.2 7.2 9.1 34.3 57.2 16 18 0.28 33.0 2522 
I 359 30 6.5 eres 7.0 30.2 55.2 21 17 0.58 34.8 2677 
591 60 5.2 oe 4.3 8.9 44.5 30 22 0.95 33.6 2650 
261 20 6.0 6.0 28.9 39.8 46.2 8 17 0.19 ei tei 2443 
J 347 30 5.7 eee 15.1 47.2 58.8 12 14 0.50 27.7 2554 
704 60 4.2 at 14.4 30.1 55.3 17 14 0.93 30.9 2 
281 20 8.4 8.9 2.7 51.1 64.9 14 19 0.27 31.3 2513 
K 421 30 8.1 cata 1.5 29.5 56.4 20 23 0.40 34.0 2545 
699 60 7.5 ore 3.5 17.4 56.6 21 19 0.97 37.6 2567 
255 20 6.0 7.2 13.8 1.6 21.2 29 36 0.38 18.5 2581 
L 385 30 6.3 ee 10.3 6.2 36.0 30 24 0.55 25.0 2617 
597 60 5.5 a arava 7.1 2.1 31.6 34 27 1.19 30.7 2583 
269 20 10.1 10.6 6.9 21.1 47.9 22 23 0.36 33.0 2554 
M 367 30 8.8 em 5.4 12.8 45.1 26 24 0.56 30.6 2569 
714 60 6.4 ane 3.5 8.3 39.9 31 26 1.14 33.7 2659 
297 20 10.6 10.6 1.6 34.7 59.9 17 22 0.07 24.0 2484 
N 422 30 9.8 woe 1.2 41.8 68.4 16 15 0.40 29.3 2629 
757 60 8.6 oe 0.8 13.2 50.7 27 22 1.02 30.8 2682 
295 20 10.6 10.8 3.2 26.3 56.7 18 22 0.00 30.0 2562 
389 30 3.6 17.5 58.9 18 20 0.33 31.3 2660 
723 60 6.9 ane 1.8 8.3 53.1 24 21 1.30 32.5 2638 
279 20 8.9 9.4 4.0 33.7 59.3 17 20 0.18 30.6 2482 
P 389 30 8.5 ee 3.0 26.6 57.0 18 22 0.36 30.0 2562 
692 60 6.5 aes 1.7 5.0 46.6 27 25 1.20 32.0 2703 
273 20 6.3 6.6 3.7 21.9 47.4 19 30 0.09 26.6 26386 
Q 396 30 6.3 ene 2.4 12.5 44.3 26 27 0.30 32.0 2713 
725 60 5.3 ar 1.6 7.2 38.2 28 32 1.07 32.4 2856 
258 20 8.4 9.2 ys 41.9 56.8 17 21 0.24 30.0 2672 
R 363 30 7.4 ae 5.6 33.6 57.1 19 18 0.53 34.0 2642 
715 60 6.2 eas 3.4 13.5 46.1 29 21 1.40 39.5 2840 
250 20 7.3 7.9 5.5 15.1 35.0 29 31 0.34 29.0 2628 
RW 387 30 6.3 or 6.2 10.3 34.9 30 29 0.52 36.0 2683 
742 60 5.3 ee 5.1 3.5 30.0 37 28 1.16 35.5 2812 
253 20 14.3 16.2 5.5 51.2 64.4 12 18 0.26 38.0 2416 
s 402 30 14.3 ‘ew 2.6 60.4 77.0 9 ll 0.39 45.5 2459 
734 60 12.6 2.9 62.8 78.9 9 9 1.03 45.0 2628 


1 The material that fell or was shaken through the grate bars 
before the test was begun was weighed and the estimated weight 
of combustible therein was deducted; the remainder was con- 
sidered as ash. 

2 The ash that fell through the grate bars while the ashpit 
door was bolted on was removed and sized, and the weight of com- 
bustible present was estimated and deducted from the weight of 
that portion of the ash. 

3 The residue on the grate bars was removed and screened 
into four portions—namely, (a) that over 2 in.; (b) that through 
2 in. but over '/: in.; (c) that through '/: in. but over '/s in.; 
and (d) that through !/s in. 

4 The combustible material in portions (a) and (b) was 
picked out, weighed, and designated as coke; the remainders 
were weighed as clinker. 


5 The ash in (c) and (d) was determined by quartering to 
a small portion and the combustible therein determined; from 
this the total ash was estimated. 

6 The total amount of combustible in the residue from the 
test was recorded. The combustible estimated to be present in 
the material that accumulated in the ashpit before the test 
began was considered as good coal, and its weight deducted from 
the weight of coal fired to build up the fuel bed. 


Tests MapDE AND RESULTS 


The standard procedure finally adopted was to burn each coal 
at three rates of approximately 20, 30, and 60 Ib. per sq. ft. per 
hr. In addition to these standard tests, a number of special 
tests have been made in which either the method of burning o 
the condition of the coal was varied. 
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Table 7 gives the essential data for the standard tests. A 
number of duplicate tests were run and the agreements of results 
were reasonably close. 

A number of other characteristics of the fuel-bed residues were 
observed in addition to those recorded in Table 7, such as pre- 
dominant form, degree of fusion, friability, and color, but as 
they cannot be expressed as numerical values, the data are mainly 
useful for reference only. The most definite measurements are 
those of columns 6 to 10 of Table 7, giving the percentage by 
weight of the various screen sizes of the fuel-bed residue; as 
these are expressed as percentages of the total fuel-bed residue 
they are on a comparable scale which is independent of the weight 
of coal burned and the percentage of ash in the coal. 

As all of the coal passed through a 2-in. screen, a piece of resi- 
due larger than that size is formed by the slagging and inter- 
fusion of pieces and is therefore a clinker. The 2-in. screen 
percentage can therefore be taken as a fairly definite measure 
of clinker formation on a size scale. The percentage of the 
total over !/:-in. is of some interest as most of it was always slag. 

In none of the tests did the clinker fuse to the grate or seal off 
the air supply, nor does the hand-firing method of burning main- 
tain the high temperature long enough to fuse the clinkers com- 
pletely or permit of all the gases escaping from the slag; con- 
sequently the clinkers were more fragile than those produced 
in power-plant practice, and also the refuse as a whole was not as 
thoroughly fused. Complete fusion depends upon period of ex- 
posure to a sufficiently high temperature; this applies more par- 
ticularly to the pieces of refractory material which would not 
fuse at the fuel-bed temperature but will react with the slag and 
form compounds of lower fusion temperature, if given sufficient 
time. The hand-firing method with a comparatively thin fuel 
bed in which the combustion of the coke takes place in the lower 
4 in. of live bed, quickly cools the slag formed and does not give it 
time to melt together. The clinkering measures obtained in these 
tests can therefore only be compared directly with corresponding 
practical methods of burning, and it has yet to be shown as to 
how closely these scales correspond with those of other methods 
of burning. 

Fuel-Bed Temperatures. The temperature of a fuel bed cannot 
be given as a definite value, because even that of a theoretical 
bed varies from plane to plane; in addition to that, point read- 
ings are taken and these may vary widely over a small area 
through chance conditions of air currents and combustion. The 
values given in column 13 of Table 7 are the averages of the max- 
imum temperatures observed during each set of readings. They 
are fairly consistent and show higher values with increase of rate 
of burning. The maximum temperature noted during any one 
test was often 100 deg. or more greater than the average given. 
It is not possible to associate the clinker with a time-temperature 
curve, but it is not probable that any portion of it is long sub- 
jected to the highest temperatures. 

The coals were divided into the groups of semi-bituminous, 
Eastern bituminous, and Illinois bituminous, and the values of 
column 13 averaged as follows: 


AVERAGE OF Maxmum Fue.-Bep TEMPERATURES, DEG. FanR. 


Avg. cal- Avg. ash 
orific value, content, Rate of burning 
Coal B.t.u. percent 20lb. 30lb. 
Semi-bituminous 14427 7.6 2603 2664 2767 
H Eastern bituminous....... 13386 9.7 2590 2660 2715 
Illinois bituminous....... 11193 13.9 2487 2570 2669 


The average calorific values and ash percentages of the coals are 
also shown in the table; the relations between the observed tem- 
peratures and these values are consistent and the fuel-bed temper- 


atures increase with rate of burning and decrease with increase 
m ash content. 


Rate of Burning and Clinker Formation. Columns 7 and 8 of 
Table 7 show that the quantity of clinker formed varies with the 
rate of burning, or that it reaches a maximum and then decreases. 
The highest percentages were at the 20-lb. rate, though some had 
a maximum at the 30-lb. rate. Plots for a few of the coals of 
the percentage of clinker over 2-in. size against rate of burning 
are shown in Fig. 7. The coals shown in the figure have de- 
creasing ash-fusion temperatures, as their curves are higher from 
the base line. Although the quantity is greater at the lower rates, 
yet the clinkers are more fragile and not as much fused, as is 
shown by the densities in column 12. 


CoorDINATION OF BurRNING-TEst Data WITH THE Coat-AsH- 
Fusion TEMPERATURES 


The ash-fusion temperatures, as determined by the standard 
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gas-furnace method, are used in the attempt to coordinate the 
fusibility of the coal ash with the measures of clinker formation 
obtained from the burnings of the coal. Owing to the complexity 
of the reactions that affect clinker formation, there is no assured 
reason for predicting what common fraction of the total range of 
fusion temperature from initial to final may be the best measure 
of clinker formation; if such a relation exists it can only be deter- 
mined by trial. It is evident that the stage of melting reached by 
any particular portion of the ash will have considerable influence 
on its ability to help to form clinkers, and to do so it must at least 
have the ability to stick to another piece. The state of fluidity 
necessary to this sticking is not known, but it is not likely that 
it will occur below the softening temperature of the slag, although 
it may be below that of the average ash as determined by the 
standard method. 

Fig. 8 shows the percentage of clinker over 2 in. and that over 
1/, in., including the 2-in., plotted against the softening temper- 
ature; the percentages used are the average for the three rates 
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of burning. The two curves are those which best fit the two sets 
of points. 

Fig. 9 was plotted to show whether either the initial or the 
fluid ash-fusion temperatures would give points which would 
more nearly fall on a smooth curve; to avoid confusion of points 
this figure shows the percentage of clinker for the 2-in. size only, 
plotted against the initial and the fluid temperatures. A com- 
parison of Fig. 9 with the 2-in. curve of Fig. 8 shows that there is 
not much difference in the agreement of the points with the 
curves, and the mean curves have the same general shape. It 
would, however, seem that the ash-softening temperature is the 
most consistent measure. 


Fig. 8 Prior oF PERCENTAGE OF CLINKER OVER 2-IN. AND !/2-IN. 
ScREEN Sizes AGAINST SOFTENING TEMPERATURES OF As-RECEIVED 
ASH 


Fic. 9 oF PERCENTAGE OF CLINKER OVER 2-IN. SCREEN 
AGAINST INITIAL AND FLurp TEMPERATURES OF As-RECEIVED ASH 


Considering Fig. 8, although neither set of points would make 
a smooth curve, yet the shapes of the curves show a general 
trend of decreasing quantity of clinker with increase of the ash 
softening temperature. The rate of decrease is rapid at the lower 
temperatures and becomes small above 2600 deg. 

The plots show that the softening temperature is a good in- 
dicator of the general trend of the measure of clinkering used, 
but the departure of the points from the average curves suggests 
the probability that other factors influence the size of the clinker 
formation. 

Softening and Flowing Intervals and Clinker Formation. The 
softening interval of a coal ash is defined as the difference between 
the softening and the initial-deformation temperatures; the 
flowing interval is the difference between the fluid and the soften- 
ing temperatures. These values are therefore some measure 
of the rate of change of plasticity with temperature and the sum 
of the intervals fixes the temperature range during which there will 
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be viscous flow; this again will have some relation to the depth 
of fuel bed in which viscous flow may, on the average, exist. 

The interval values were plotted against the clinker scales but 
showed no consistent relation, nor could departures of the coals 
from the mean curves in Fig. 8 be consistently explained ly 
differences in the interval values. Such influences as they may 
have on clinker formation are evidently marked by the other 
factors, although they might be of value in explaining differences 
in clinkering where other conditions are known and fixed. 

Effect of the Size of Coal Pieces. It might be expected that the 
clinkering characteristic would have a more consistent relation 
to the mechanism of the fusion of the ash cone in the gas furnace, 
as all of the coals were crushed to a small size and thus the 
various ash constituents more intimately mixed. A study was 
therefore made on three of the coals to determine the effect of 
varying the coal size. 

Coal H, a Pennsylvania bituminous coal, having 11 per cent 
ash with a softening temperature of 2600 deg. fahr., gave percent- 
ages of clinker which lie farthest from the mean curve. This 
was received as a screened coal of from 2-in. to l-in. size, and was 
burned as received. HW was the same coal as H, but washed to 
have 8.2 per cent ash. Both of these coals were crushed to puss 
a l-in. screen and burned at the three standard rates. 

Coal N, an Illinois bituminous coal having 10.6 per cent ash 
with a softening temperature of 2280 deg. fahr., had a large 
percentage of lump as received. This coal was burned at the 
30-lb. rate in three sizes, a mixture of coal crushed to pass 2-in. 
screen, a size lying between 2- and 1-in. screen, and that below 
lin. The results of these tests are as follows: 


INFLUENCE OF Size oF COAL ON CLINKER FORMATION 


Rate of burning, Per cent clinker 


Coal Size Ib. over 2in. over in 
H 2- to l-in. Average of 20, 30, 60 32.0 65.6 
He through 1 in. Average of 20, 30, 60 9.3 48 0 
HW ~ 2- to 1-in. Average of 20, 30, 60 17 .¢ 47.8 
HWce_ through 1 in. Average of 20, 30, 60 4.3 32.3 
N through 2 in. 30 41.8 6s 4 
N 2- to l-in. 30 39.8 668 
N through 1 in. 30 40.0 61.9 


The crushing of coals H and HW reduced the amount of clinker 
and brings their test points on Fig. 8, designated as He and HWe, 
nearer to the mean curve, but the percentage of clinker with coal 
N is not appreciably changed. An examination of the clinkers 
indicated that the cause of this difference is that the building 
up of the clinkers of the H coals largely depends upon the slate 
pieces they contain, these being cemented together by the more 
fusible slag. It follows that there is a greater probability of 
building as the slate pieces are larger, and that the building 
action is accumulative because more of the dripping slag is caught 
and held. The clinkers of coal N, with the lower fusion temper- 
atures of its ash, are composed of slag for the greater part and 
very little unfused material is present; this would be expected 
because Table 6 shows that the fusion temperatures of both the 
float and sink are low. 

It will be noted in Fig. 8 that the test point for coal Q lies off 
the mean curve; as this coal was large as received and crushed 
without making much fines it is probable that if crushed smaller 
it would act as did coal H. This was confirmed by crushing 
pass a l-in. screen and burning at the 30-lb. rate. The quantity 
of clinker over 2-in. was reduced 50 per cent, which would make 
the point for Q fall below the mean curve as drawn. 

Effect of Coal Washing on Clinker Formation. One bit uminous 
coal, H, and one semi-bituminous coal, R, were received in the 
as-mined and washed condition, the cleaned coals being desig- 
nated as HW and RW, respectively. The mines supplying these 
coals took special precaution to insure that the unwashed sample 
should be comparable. The full data for these coals are give! 
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in the general tables, and some of the more pertinent are ab- 
stracted for easier comparison as follows: 


COMPARISON oF Test Data oF UNWASHED AND WasHED COALS 


H HW R RW 
Coal ash, per cent.... ; . 11.0 8.2 9.2 7.9 
Total sulphur, per cent in coal...... 1.52 1 63 1.93 1.47 
Pyritic sulphur, per cent in coal. . 0.73 0.64 1.42 1.02 
FeoOs, percent inash........ . 109 12.9 24.2 19.3 
Initial fusion, deg. fahr..... snaiatens 2460 2460 2390 2500 
Softening, deg. fahr. aes 2600 2570 2470 2630 
Fluid, deg. fahr........ ee 2700 2700 2560 2720 
Residue as clinker over 2in., percent! 32.0 17.0 29.7 9.6 
Residue as clinker over '/:in., percent! 65.6 47.8 53.5 33.3 


Average of the three rates of burning. 


Both coals show large gains on the clinker scales due to the 
cleaning, but from different causes. The sulphur and iron con- 
tent of coal H is not improved, nor are the ash-fusion tempera- 
tures changed appreciably, but the percentage of ash is materially 
reduced, presumably by the removal of extraneous material. 
On the other hand, coal R has its ash-fusion temperatures raised 
160 deg. by the removal of pyritic iron although the ash content 
is only reduced 1.3 per cent, as against 2.8 per cent for coal H. 

As far as quantity of large clinker may be considered a cause of 
trouble or expense, a comparative measure for the various coals is 
given by expressing the quantity as a percentage of the combus- 
tible burned. A plot of such values for the washed and unwashed 
coals is given in Fig. 10. 


CoorRDINATION OF CLINKER MEASURES WITH THE FLOAT-AND- 
Sink Asu-Fusion TEMPERATURES 


The doubt which exists among engineers as to the legitimacy 
of the fusion temperatures of the average ash of coals being correct 
relative measures of their clinkering characteristics is largely 
based on the belief that the intrinsic and extraneous portions of 
the inorganic material will act independently of each other in 
forming clinker. When the coal is burned, much of the ex- 
traneous matter in the form of large pieces of shale, or other 
forms of rock, is not completely fused, and enters into the 
clinker formation in a different manner to what it would if 
the same amount of material had been uniformly distributed 
through the coal. Such doubts are therefore reasonable, and 
even if the clinker formation is found to be approximately the 
same whether the inorganic material be largely as extraneous 
material or not, its physical qualities must naturally be different. 

Fig. 11 shows plots of the 2-in. clinker scale against the soften- 
ing temperature of the float and of the sink ash. Inspection 
shows that the test points show more divergency from the average 
curves than do the plots in Figs. 8 and 9 against the fusion tem- 
peratures of the as-received ash. Of the two curves in Fig. 11, 
that for the sink ash has better agreement with the test points. 

It appears that the softening temperature of neither the float 
nor the sink is as good a measure of the size and quantity of 
clinker formed as is the softening temperature of the as-received 
ash. It is possible, however, that they may be of assistance in 
explaining other eclinkering characteristics, such as excessive 
running of slags; or they may sometimes explain why two coals 
having the same fusion temperatures for the as-received ash 
differ in clinkering characteristics. 


SuMMARY AND CONCLUSIONS 


| Twenty-one coals, ranging in ash fusibility from 1990 to 
2930 deg. fahr., have been investigated as to the composition 
distribution, and fusibility of the ash; and the clinkering char- 
acteristics of these coals have been observed in a specially 
designed hand-fired furnace. 

2 Float-and-sink tests were made with the coals, after they 
had been crushed to pass a 20-mesh sieve, in a solution of benzol 
and carbon tetrachloride of 1.35 specific gravity. The float 


portions ranged from 50.0 to 87.2 per cent; they contained from 
2.0 to 4.5 per cent ash, and the sink portions from 16.0 to 35.9 
per cent ash. 

3 Sulphur forms were determined in the original coals and 
in the float-and-sink portions. The sink portions contained 
more total sulphur and pyritic sulphur than the original coals or 
the float portions. From 40 to 60 per cent of the sulphur was 
present in the organic form in the majority of the original coals, 
and in the low-sulphur coals most of the sulphur was present 
as organic sulphur. 

4 Analysis of the ashes of the original coals and the float- 
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and-sink portions showed that most of the sink ashes are higher 
in iron than the ashes of the original coals or those of the float 
portions. The alumina content of the ashes of the sink portions 
was, with one exception, lower than that of the ashes of the float 
portions. A comparison of the silica content of the float and 
the sink ashes showed no definite trend. 

5 Good check results were obtained in determining ash 
fusibility with cones as used in the standard gas-furnace method 
and with ash rods as used in the Sinnatt method. In general, 
the fusibility results obtained with the micropyrometer method 
did not check well with those of the other two methods. 

6 A plot of the ratios of the Al,O; + SiO, in the coal ashes to 
the bases (Fe,0; + CaO + MgO + Na,O + K,O) shows that 
the ashes which contain large amounts of alumina and silica as 
compared to the bases have high softening temperatures, and 
those having relatively low amounts of alumina and silica have 
low softening temperatures. The very refractory ashes had a 
low iron content, but in general there was no definite relation 
between the iron content and the softening temperatures. 

7 The experimental burnings were on the overfeed or hand- 
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firing method. The most definite numerical scale developed 
was to take the weight of clinker which would not pass a 2-in. 
screen, and to express it as a percentage of the total weight of 
fuel-bed refuse. The following conclusions are justified when 
using this scale: 

a The quantity of clinker formed decreases as the rate of burn- 
ing increases, although the density and fusion of the clinker 
pieces are greater at the higher rates. The rate of decrease 
of quantity with rate of burning becomes less when the coal ash- 
fusion temperatures are low. 

b The quantity of clinker formation has a fairly definite 
relation to the softening temperature of the coal ash as determined 
by the standard gas-furnace method. It decreases with increase 
of temperature, and has small change for coals having a softening 
temperature greater than 2600 deg. fahr. 

ce This relation is better expressed by using the softening 


temperature than it is by that of the initial or fluid temperatures. 

d The relation becomes more consistent as the size of the 
coal decreases. The influence of the size of coal pieces on the 
quantity of large clinkers is greater as the large pieces of ex- 
traneous matter are more refractory, and are not maintained at 
their fusion temperatures sufficiently long to slag completely. 

e The two coals received in the as-mined and the washed 
conditions showed a reduction of clinker formation on the scale 
used greater than that due to the proportion of inorganic matter 
removed. 

f No better relation can be obtained from the softening 
temperatures of the ash of the float-and-sink portions of the coal 
separated by fine grinding and using a liquid of 1.35 specific 
gravity. 

g No consistent relation was found between the softening- 
or the flowing-temperature interval and the clinker scale. 
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Factors Governing the Purchase of Coal 


By MORGAN B. SMITH,! DETROIT, MICH. 


In this paper it is pointed out that plant efficiency can be raised 
only by coordinating coal selection, better plant operation, better- 
ment and proper maintenance of plant, adequate records of plant 
performance, and installation of instruments for the guidance of 
plant operators and for obtaining comparative operating data. 
Coal selection is probably the most important single factor because 
only through proper selection can coal best suited to existing plant 
equipment be bought. Entering into the problem of coal selection 
are details of the boiler plant, the coal available, the coal mine, 
the vendor of the coal, a method of checking the quality of the coal 
delivered, method of delivery, the purchase order or contract, price 
arrangements, specifications, and contracts. Several contract 
forms appear in the paper, and suggestions for the study of coal- 
mining districts and individual mines are given. 


NDUSTRIAL steam generation is now emerging from that 
long primitive period in which steam-plant operation was 
merely operation and in which careful coal selection and 
purchase, beyond consideration of the delivered cost, was seldom 
seriously considered. 
Industry, the country over, is awakening to the benefits to be 
gotten by proper coal selection, the greatest single factor in- 
volved in efficient steam-plant operation. 


SIGNIFICANCE OF PLANT EFFICIENCY 


In this country industrial steam plants at large show an average 
boiler and furnace efficiency of 56 per cent, whereas 70 per cent 
may reasonably be expected. Careful coal selection followed by 
comparatively inexpensive plant betterments and more intelligent 
plant operation will bring about this increase in efficiency. 

In a plant burning, say, 100,000 tons of coal per year, a saving 
of 14 per cent in fuel will amount to 14,000 tons, which at $4 de- 
livered price per ton, represents a saving of $56,000 per year. 
This is equivalent to $933,300 if capitalized at 6 per cent. 


Purcuasina Versus PLANT OPERATION 


Steam-plant efficiency can be raised only by coordinating (a) 
coal selection, (b) better plant operation, (c) betterment and 
proper maintenance of plant, (d) adequate records of plant per- 
formance, and (e) installation of instruments for the guidance of 
plant operators and for obtaining comparative operating data. 

Thus it is apparent that coal selection and purchase cannot 
be divorced from plant operation uniess plant efficiency is con- 
sidered of little moment. Purchasing in gerieral cannot be effi- 
cient without thorough coordination of its function with that 
of plant operation and management. Real team work among 
men of widely different training, experience, knowledge, and 
points of view must be attained before maximum efficiency can be 
gotten. 

Purchasing agents are urged to line up their function in coal 
selection and purchase with that of the plant engineer and the 
boiler-plant operator. 

How, then, shall we tie in these several functions? 


COAL SELECTION 


Coal selection is probably the most important single factor be- 
cause only through proper selection can coal best suited to existing 
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plant equipment be bought. Therefore let us consider the lead- 
ing factors entering into coal selection. 


1 Tue Borter PLant 


a Type and size of boilers. 

b Volume and shape of combustion chamber. 

c Firing methods, such as by hand, stokers, pulverized coal, 
wood refuse, coal and wood refuse, etc. 

d Type of grates, stokers, pulverized-coal apparatus, etc. 

e Average ratiug at which boilers are operated, including 
banking periods, and minimum and maximum ratings. 

f Type of furnace construction, such as plain brickwork, air- 
cooled or water-cooled. 

g Type of refractories used in furnace construction, es- 
pecially with regard to resistance to fluxing and erosion; a matter 
of maintenance cost and also involving the question of continuity 
of plant operation. 

2 Tue Coau 


a General characteristics of the field or district and seam 
where the coal is mined should be determined, including analyses, 
of delivered coal. 

b The coal should be studied relative to its content of volatile 
combustible matter, ash, and sulphur. Considerable study 
should be made of the ash-sulphur ratio, as there seems to be a 
relationship (as yet undetermined) between this ratio and the 
fusing point of the coal ash. 

c The burning characteristics should be determined at all 
usual ratings of boiler operation, to determine coking properties, 
clinkering tendency, etc. 

d The three inerts in the coal structure—inherent moisture, 
ash, and sulphur—should be considered in order to determine the 
cost of true combustible content of the coal. 

e Labor costs for conditioning of fires and for ash handling 
should be considered. 

Jf Comparative costs of true combustible matter in several 
coals, including price at mines, freight, and handling charges, 
should be set up to determine which is the best coal relative to 
cost, always bearing in mind the plant equipment. 

g Such coals may then be comparatively rated with respect to 
the amount of heat recoverable from each of them in the form of 
steam. 

h_ By considering together the total delivered cost and the 
rating assigned to each coal we can determine a base cost for each 
coal, which logically may be the cost per 1,000,000 B.t.u. in each 
coal or may be the cost of 1000 lb. of steam in each case. 

i Such study should be followed by thorough service tests of 
several coals which have passed preliminary examination. Tests 
should be sufficiently exhaustive to determine what may reason- 
ably be expected from each coal in regular plant operation cover- 
ing all operating conditions. 

j Comparative study and tests and gradual collection of coal 
data will eventually enable a purchasing agent to choose his 
coals for the particular steam-plant equipment with a high de- 
gree of accuracy, speed, and economy. 

Eventually purchases will be limited to coals of certain well- 
defined characteristics obtainable in two or more districts, after 
which coal selection involves only the best market values con- 
forming with the desired characteristics. 

To make such a system workable we must systematically 
collect data on individual coals, which data then becomes capable 
of exact appraisal in advance of purchase. 
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We can then purchase a new coal with reasonable assurance re- 
garding its behavior in any given plant. 

k Too often coal buying is limited to one field or district. In 
time, because of such limitation, the buyer finds himself with 
but one source, accompanied by non-competitive prices and the 
chance that supply may fail in times of emergency. This all 
leads to limited experience with coals, whereas prudence in- 
dicates the value of broad experience with diversified sources 
which comes only by trial of coals from different fields. 

l Price relationship even among selected coals is in a constant 
state of change, and the ratio of price to test results soon be- 
comes obsolete. The answer to such a condition lies in the in- 
stallation and use of proper instruments in the boiler room so that 
the boiler plant will be in a state of daily test—the watchdog over 
coal selection and purchase, plant maintenance, and capital 
investment. 

3. THe Coat MINE 


Each mine should be studied relative to its location, district, 
and seam, methods used for coal preparation, shipping facilities, 
shipping point, originating railroad and routing, freight rates, 
mine output, and coal reserves. 

The labor question is very important. Is the mine unionized 
ornot? What is the probability of mine shutdown? 

Each selected or approved mine should be inspected at regular 
intervals, especially with regard to coal preparation. Is the 
preparation equipment adequate or not? It is improved from 
time to time in step with changes in the coal seam, especially 
with regard to seam ‘“‘partings?’’ Poorly prepared coal will 
contain more or less avoidable ash, which will involve higher 
freight and handling costs in terms of combustible matter shipped, 
as well as lower operating efficiency in the steam plant. 


4 Tue Coat VENDOR 


The vendor, preferably a producer or sole sales agent, should 
‘be studied and rated with regard to his ability and intent, based 
on past performance, to deliver coal from specified mines as per 
contract or “‘spot’’ purchase agreement. 

The vendor's financial stability should also be considered. 
Will he be in business one year hence or five years—or is he a 
“fly-by-night”? operator working a mine merely to take ad- 
vantage of a temporary demand? What has been his attitude 
toward his customers relative to productive wage increases at his 
mines? Has he made unjustifiable demands, or has he been 
reasonable in such matters? A coal buyer should always protect 
himself against such practices, remembering of course that 
productive-wage increases are often justified by conditions in 
the field. No buyer should pay more than the increase paid to 
true productive labor at the mine. Non-productive labor 
should not be considered. 


5 CHeEcK ON Quatitry oF DELIVERED 


As a protection against receipt of coal poorer in quality than 
that specified in the purchase agreement, the buyer should insist 
that regular and representative samples be taken from the de- 
livered coal for test purposes. 

Shipping points should be checked on each car received; other- 
wise substitution of coal other than that specified may be made, 
especially if the vendor knows that such checks are not made. 
Nearly all producers and vendors have so-called “headliner” 
mines upon which they depend to sell their inferior coals. Con- 
stant checking of delivered coal for quality and shipping point 
is absolutely essential. 


6 Tue Errect or Size or Coat On Price 


It is a fairly general practice to sell 1!/s-in. and 1'/,-in. slack as 
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2-in. stack. The buyer should know that 1'/,-in. slack as a rule 
contains approximately 25 per cent less fuel value than the 
2-in. slack. The vendor figures that if he can cut from the 2-in. 
size to the 1'/,-in. size he has added 15 cents per ton to his profit, 
which the purchaser of course pays. 
7 De vivery in Cars SPECIFIED 

Considerable expense can be saved by carefully specifying the 
type of car in which shipments shall be made. A plant equipped 
with track hoppers should specify Ralston hopper-bottomed cars 
or their equivalent, whereas such cars are not suitable for delivery 
to a plant without track hoppers. 


8 RovuTING AND SCHEDULING OF COAL SHIPMENTS 


Proper routing and scheduling of coal shipments will save con- 
siderable handling expense. Each order for coal should contain 
definite routing instructions and a shipping schedule. 


9 Tue PurcHASE ORDER OR CONTRACT 


Too often an order for coal specifies tons only, whereas it should 
also state the mine from which shipments shall be made, the 
seam, the shipping point (name of same with county and state 
also named), routing, class of railway cars, ete. This may in- 
volve a little additional clerical expense, but when completed 
the buyer has a definite legal contract and he can refuse substitute 
coal if he so desires. Without such an order or contract the 
buyer has no legal redress under emergency conditions or on a 
rising market. 

Confirmation of each order should be insisted upon by the pur- 
chaser, and such confirmation should be carefully checked against 
the original order as soon as the confirmation is received. It is 
an acknowledgment by the vendor that he not only understands 
the contents of the order but also accepts it in its entirety. If 
the vendor's confirmation and your order agree, or are mad ° to 
agree if necessary, you will not have to call in your legal do- 
partment to straighten things out. 


10 Price AGREEMENTS 


Orders should be placed at a definite price, especially in the 
case of ‘‘spot”’ orders. Contracts may be made, and often are, 
on a sliding seale of price. In either case the order or contract 
should contain a clause under which no increase or decrease in 
price can be made during the life of the order or contract unless 
the purchaser is given at least ten days’ written notice prior to 
such price change, and only after receipt by the vendor of pur- 
chaser’s written acceptance of such price change, and further- 
more, the purchaser should have the right within the ten days 
to cancel the order or to transfer the unshipped tonnage to an- 
other approved mine located in a district wherein such price 
changes have not been found necessary. The clause should 
also make it obligatory that the vendor shall notify the pur- 
chaser of any price reductions so that the purchaser may benefit 
thereby. This all refers to necessary increases in productive- 
wage scales, often reflected in the price of coal by demands on the 
part of the vendor that the purchaser pay the contract or order 
price plus the productive-wage increase. Obviously the buyer 
should determine the justifiable increase in price. 


11 CHeckinG Car SHIPMENTS 


Mention has been made of the need for checking shipping 
points, the only protection the purchaser has against substitution 
of inferior coal for that covered by the order or contract. 

A system which is simple and works well may be outlined 48 
follows: 

a Original requisition is filed with a copy of the purchase 
order. 
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bh Freight bills received are forwarded to the man in charge of 
unloading the coal. After he has inspected and unloaded the coal 
and is satisfied that the shipment is O. K., he forwards receipted 
freight bills to the filing room. 

c In the filing room the freight bills are placed with the 
order and requisition. 

d Upon receipt of the vendor’s invoice the comptroller calls 
for the complete file, and checks the invoice against the records to 
establish the shipping point and mine against those specified. 


12 COORDINATION OF THE PURCHASING FUNCTION AND THE 
Power-PLANT OPERATING FUNCTION 


The points of view of these two functions, each of which in its 
way may be correct, are often widely different and too often 
irreconcilable. 

For example, the purchasing department, with the consent 
of the management, may yield to the insistence of the operating 
staff, upon the purchase of a certain coal, which as a matter of 
fact can be duplicated in every essential respect, at a lower price. 
On the other hand, the reverse may be true, and a management 
with a prejudice for low unit cost of material supports the pur- 
chasing department in the selection of low-priced coal of such a 
character that resulting operating losses more than offset any 
apparent but unreal gains made in buying. These two ex- 
tremes must be brought together in such a way that the coal 
buyer will see and understand the viewpoint of the plant operator; 
that the latter shall appreciate the purchasing department’s 
problem of coal selection and purchase; that the management 
will understand why the plant operator has asked for plant better- 
ment, etc. The joint success of such procedure has much to do 
with plant management, not the least of whose problems consists 
in keeping capital investment within bounds. 


13. Approvep Coat MINES AND VENDORS 


In one form or another, every coal buyer should develop a list 
of approved coal mines and vendors. The number of mines will 
depend on the coal tonnage involved, but in any event they 
should provide diversity of sources, i.e., districts and seams. 
Such a list should be kept up to date and alive. It may in time 
consist of (a) several ‘“‘permanent” or proved sources, (b) a few 
doubtful sources more or less subject to rejection, and (c) of a 
few new sources on trial for say one year or longer if advisable. 
Sources under (a) are retained subject to good behavior; those 
under (b) are likely to be dropped unless markedly improved 
behavior is shown during a period of one additional year on the 
list; those under (c) are under close observation and their be- 
havior will determine whether they will advance in rating or be 
dropped. 

There is little to be gained by continually switching around 
from vendor to vendor or from mine to mine, but the purchasing 
agent should switch around until he has been able to develop 
several d-pendable sources to assure continuity of supply and 
competitive purchasing. 

Purchasing agents should cultivate their coal sources; should 
five courteous reception to the sellers sent out by such sources. 
Hearings of this sort are as a rule mutually advantageous. 


14. CLASSIFICATION OF COALS 


There is a movement on foot whereby coals are to be “classified, 
and such a movement is one in the right direction. Let us all 
hope that it does not stop with a mere geologic grouping of coals, 
but goes farther and tells us what the burning characteristics 
are; what the behavior of coals will be under conditions of high 
rates of combustion, ete. In other words, the purchasing agent 
and the plant operator need competent and unbiased advice 
4 to which coals will suit their plant equipment, and they do 
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not much care on the face of it whether a coal belongs to this or to 
that geologic age. 

Furthermore, while this ‘classification’ ’work is under way, we 
believe that those doing this thing might well take the time to 
gather together the scattered data on coals, preferably in hand- 
book form, for the ready use of those purchasing or burning 
coals. 


15 PurcHaAse oF Coat ON A SPECIFICATION Basis 


A specification covering the purchase of coal to be a success 
must be workable; and to be workable it must be equitable; 
finally, unless such a specification is equitable it will not hold as a 
legal contract. 

A bonus and penalty clause in the case of industries will work 
well provided that penalties do not overtop bonuses. The value 
of such clauses is open to serious doubt. In almost every 
instance which has come to the author’s attention they result 
in ill will between the parties to the contract. There are no 
doubt exceptions. In the long run, coal of reasonably uniform 
quality can be purchased without such clauses at prices which 
offset. any gain to be made through bonus and penalty provisos 
in the contract. 

a_ A large automobile plant buys its coal on a simple specifi- 
cation containing a bonus and penalty proviso. In this case 
buying has been ‘‘successful.”’ It is admitted that 
and penalties are practically in balance all the time, and both 
parties to the contract are happy. Briefly, this specification reads 
as follows: 


bonuses 


The coal shall be a good grade of mine-run coal free from bone, 
slate, dirt, and excessive dust, and of such a nature that when crushed, 
it will flow freely. It shall not take fire spontaneously while stored. 
The chemical and physical properties of the coal, when determined 
on the basis of an air-dried sample, shall be: 


Minimum Maximum 
Moisture, per cent , 0 2 
Volatile matter, per cent 30 37 
Fixed carbon, per cent 55 60 
Ash, per cent 6 s 
Sulphur, per cent 2.0 
B.t.u. per lb 13,500 14,500 
Fusing point of ash not less than 2700 deg. fahr. 
Ratio of volatile to fixed carbon.. 0.50 0.65 


Payment for coal will be made upon the basis of the agreed price, 
corrected for variations from the specified standards in heating value 
and ash contents. 

When the variation in B.t.u. exceeds or is below the specified 
amounts, the correction in price will be a proportional one. 

Premiums on ash content will be as follows: 


Ash content, 
per cent 


Per cent premiums, f.o.b. 
destination, on purchase price 


5.00-5.99 1 
4.00-4.99 2 
3.00—4 .00 3 


Penalties on ash content will be as follows: 


Per cent reductions, f.o.b. 
destination, in purchase price 


Ash content, 
per cent 


5.01-9.00 1 
9.01-10.00 2 
10.01-10.50 4 
10.51-11.00 


11.01 or over Special adjustment 


When price adjustments for both B.t.u. and ash content are neces- 
sary, that due to B.t.u. variation shall first be determined and that 
due to ash variation shall be figured on the price as revised for B.t.u. 
content. 


b Another automobile manufacturer buys his coal satis- 
factorily on the following specification, without a bonus or 
penalty proviso. 
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Mine run Nut and slack 


Inherent moisture, max., per cent..... 1.5 1.5 
Volatile matter, max., per cont........ 35.0 35.0 
Fixed carbon, per cent ea 56.5 56.5 
Ash, max., per cent.... eae 7.0 7.0 
Sulphur, max., per cent. cee 1.0 1.2 
Oxygen, per cent......... : 8.0 8.0 
B.t.u. per lb. as received............. 13,900 13,750 
Softening point of ash, min., deg. fahr... 2,750 2,600 


c A very large plant limits its specification to a careful state- 
ment regarding preparation of coal because they know that the 
coals on their approved list are satisfactory in every way if 
properly prepared. This statement is as follows: “Coal fur- 
nished shall be prepared in such a manner that material foreign 
to coal, in, above, or below the seams, shall be eliminated as far as 
possible. Coal specified shall not contain more than 8 per cent 
of ash. If the ash content exceeds 8 per cent the buyer may 
refuse to accept the coal in question.” This simple specification 
is still working well after approximately 15 years’ duration. 


16 Coat-Contract Form 
The ordinary material-purchase form is seldom suitable for 
writing coal contracts. A form which works well is as follows: 


STANDARD NUT, PEA AND SLACK, AND MINE-RUN COAL 
CONTRACT 


Agreement entered into this. ...day of...... 


hereinafter referred to as the ‘‘Buyer,”’ Witnesseth: 


The Seller agrees to sell and the Buyer agrees to purchase, at the 
price agreed upon subject to the following terms and conditions, 
Coal, hereinafter referred to as the ‘‘Article.”’ 


SPECIFIED SOURCES AND DESCRIPTION 


Shipping Point-——~ 
County State 


Mine Seam Town 


Weight of Shipments— 


Railroad weights shall govern tonnage shipped, excepting that if 
later such weights are found to be incorrect by the Railroad and by the 
Buyer, then such corrected weights shall apply. 


Price for Net Ton of 2000 Lb., F.O.B. Mine.......... Sere 


Schedule of Shipment—Delivery shall be made between the date 
ee as may be specified from time to time on 
Buyer’s regular Purchase Order, and in accordance with the re- 
quirements of Common Carriers. Shipments will be made where 
directed by Buyer in the case of embargoes on shipments to point of 
delivery herein specified. 

Preparation of Coal. (As in Specification c, Par. 15 above) 

Specification. May or may not be included as desired by Buyer. 

Seller’s Performance. If production at specified mines falls below 
the amount herein specified the Seller shall ship whatever coal is 
produced. This shall not, however, authorize the Seller to ship less 
than the specified amount where production equals or exceeds the 


amount herein specified. [This is a somewhat drastic clause but is 
workable and in force in several instances. If this clause is found too 
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drastic, terms and conditions of the ‘Standard Coal Contract, Form 
A or B,”’ recommended by the National Association of Purchasing 
Agents, may be used. Many coal vendors provide their own contract 
forms which always include a vendor's performance clause, generally 
designed solely for the vendor's protection. ] 


Non-Performance Excused. The Seller shall not be responsible for 
delays or defaults in deliveries nor the Buyer for failure to receive, if 
occasioned by wars, strikes, fires, the act of God or the public enemy, 
labor or transportation difficulties or other causes beyond their con- 
trol. 


Seller's Wage Scales. The price herein specified is governed by 
the Seller’s productive-wage scales in force at the time this contract 
goes into force, namely, Seller's base day-wage scale is $.... 
Seller’s hourly wage scale is $...... for productive labor. Increase 
in price over that herein specified shall take effect only upon Seller's 
written notice to the Buyer at least ten days prior to such increase 
and upon Buyer's acceptance of same. 


Increase in price shall not be effective until shipments shall have 
been completed which were specified before such written notice is 
sent to the Buyer by the vendor. 


The Buyer will not consider any increase in price over that speci- 
fied in this contract unless such productive-wage increases are general 
in the district wherein the specified mine or mines are located. 


In the event of such increase, the Buyer may cancel this contract 
or shall have the right to accept unshipped tonnage covered by this 
contract from a mine or mines, as agreed upon between Seller and 
Buyer, at which productive wage increase has not been made. The 
Buyer shall receive the benefit of any and all subsequent reductions in 
productive wage scales and the Seller shall at once notify the Buyer 
of any and all such reductions upon their consummation. 


The Buyer shall have access to Seller’s books in case of dispute in 
order to determine the amount of increase per ton justified by Seller's 
increase in the cost of productive labor. 


(The usual legal form.) 


Insolvency and Cancellation. 
Remedies, Etc. (The usual legal form.) 

Privacy of Contract. (The usual legal form.) 
Non-Assignment of Contract. (The usual legal form.) 


In Witness Wuereor the parties hereto have executed these 
presents in duplicate the year and date first above written. 


Seller Buyer 


By.. 


17 SuaGestTions For Stupy or Coat-MINING Districts AND 
INDIVIDUAL MINES 


a Determine the relationship between ash and B.t.u. content. 
b Determine, eventually, the effect of sulphur upon the sof- 
tening point of coal ash (if such a relationship exists). 

c Check up the preparation at the mine of coal delivered to 
your plant by watching the variation in ash content. 

d Check up with your plant engineer the performance of 
purchased coal in your steam plant. He is in a position to 
assist you in your problem of coal selection. 

e Study your vendors relative to their performance on con- 
tracts and on “spot’’ orders. Study their attitude toward you, 
one of the outlets for their product. Study their general business 
policy. In time you will develop a list of thoroughly dependable 
sources. 

f Develop adiversified list of sources to protect yourself against 
emergency conditions. Studying routing of shipments as well 
as freight rates. 

Much of the foregoing may seem to relate more to the steam 
plant and the chemical laboratory than to purchasing, and, 
frankly, it is the author's intent to show that the purchasing 
function cannot operate effectively unless it ties in with steam- 
plant operation. And steam-plant operation cannot be most 
highly efficient unless the plant.operator ties in with the pur 
chasing function in the selection of proper coal. 
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OUTLINE SPECIFICATION OF COAL 


Producer's or seller’s bond—Surety Co. 
| Trade name 
j | Te Region mined—state mines, seams; shipping point—town, county, and state 

Size limits, if any 

= Quantity { Per cent allowed for varying requirements—pro rata tonnage in case of strikes 

oA (Max.) Reserve for test purposes—right to buy on open market—per cent of max. quantity 

“Ga . { Rights in case of seller's failure to fulfil contract—annulment of contract clause 

5 g { Notice to seller as to requirements 
= | When—period 
| Where—tracks at yards 
> - Shipments Delivery How—types of cars desired 
ilway bills expense to purchaser 
| Weights { Purchaser's weights 
| Mines—productive-wage changes 
2 | § Price { Feeight—changes in tat how adjusted ; When to be made—monthly or otherwise 
= = | Sizing 
~ | § B.t.u. dry coal 
< | § Bonus and Scale of Per cent ash and fusing point I , 
| © Specifica- -—penalty —price per Volatile 

Payments tion clause ton Fixed carbon 

“ Sulphur 
quality Nitrogen 
<& Made by Test to be ( When } by whom—seller—purchaser— 
whom made ‘ Where J referee s li 
| Tests for named Methods to be followed { pine ng 
Quality Test { Forms _— 
reports (Sent to whom 
Discussion news to many coal shippers and consumers that hopper-bottom 


F. R. Wapueten.? It would seem, from the statements 
made in this paper, that the author considers the coal “vendors” 
constantly guilty of dishonest practices. Also it is stated that 
they are to be dealt with subject to their “good behavior,” 
as if they were school children under the discipline of their 
master, the purchaser. 

Specifically, attention is called to the following statements, 
regarding which information would be helpful: 

Under the heading ‘Coal Selection,’ sub-head No. 3, “The 
Coal Mine,” the author asks: ‘Is the preparation equipment 
adequate or not?” What is meant by “adequate” and to what 
factors does the author refer? 

Again, under the same sub-head, he asks: ‘Is the (preparation 
equipment) improved from time to time in step with changes in 
the coal seam, especially with regard to seam partings?” To 
what changes does the author refer? And what would be the 
nature of the improvements to be made with ‘“‘changes in the coal 
seam?” What changes in the coal seam are referred to? 

Under sub-head No. 4, “The Coal Vendor,” the terms “pro- 
ductive labor” and “productive-wage” are used. For the 
information of the coal producers, the author might state what 
mine labor he classes as non-productive. 

Under No. 5, “Check in Quality of Coal Delivered,” it is 
stated that “nearly all producers and vendors have so-called 
‘headliner’ mines upon which they depend to sell their inferior 
coals.” Speaking from a knowledge of the coal industry and 
coal sales methods, the writer considers the statement as given 
unwarranted and not in accordance with facts. The author is 
asked to give specific instances and proofs of the truth of his 
statement. 

Under No. 6, “The Effect of Size of Coal on Price,” there are 
three definite statements, not one of which is correct in the 
Writer’s judgment. Proof of the accuracy of the statements 
Porgy to might be requested, with reason, by the coal “ven- 


Referring to No. 7, “Delivery in Cars Specified,” it will be 
* Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


cars “are not suitable for delivery to a plant without track 
hoppers.” Why are they not suitable, for instance, where 
trestles are used for unloading coal? And why “specify Ralston 
hopper-bottom cars?” Their number is limited, and many 
people prefer the ordinary type of H-B gondola. 

Under No. 9, “The Purchase Order or Contract,” second 
paragraph, is not the apparent safeguard given needed by the 
“vendor’’ just as frequently as by the purchaser? 

No. 11, “Checking Car Shipments.” Here appears this 
statement: ‘Mention has been made of the need for checking 
shipping points, the only protection the purchaser has against 
substitution of inferior coal.’’ Perhaps the author does not 
know that a single shipping point may serve for as many as 
fifteen or more different mines—quite often for mines in different 
coal beds. 

No. 14, “Classification of Coals.” The author’s approval of 
the movement for coal classification is welcome, but it would 
be interesting to know what basis for coal classification he con- 
siders practical, useful, and broad enough. The suggestion 
regarding the collection of “scattered data” on coals is rather 
indefinite. To what “data” does the statement refer? Fur- 
ther, why should this collection be “for the ready use of those 
purchasing and burning coals” only? It would be quite as 
useful to producers and “‘vendors”’ of coal. 

Under sub-head No. 15, “Purchase of Coal on a Specification 
Basis,” no mention is made of sampling methods, one of the 
most important matters in specification purchase and perhaps 
the greatest obstacle, in the past, to the more extended use of 
that method of purchasing coal. 

To the last sentence of the paper, ‘And steam-plant operation 
cannot be most highly efficient unless the plant operator ties 
in with the purchasing function in the selection of proper coal,” 
might be added, using Mr. Smith’s terms, “and the purchasing 
function with the ‘vendor’ and producer.” 


Wiuiam Mirrenporr.*? It would be interesting to know if 
Mr. Smith in his specifications asks for a certain sulphur and 


* Consulting Engineer, Cincinnati, Ohio. Mem. A.S.M.E. 
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ash content, if he bases his ash content on an average of a number 
of cars, or if the ash and sulphur contents are based on an average 
plan of testing. 

This question is prompted by the experience of a coal company 
which recently sold a thousand cars of coal to a very large manu- 
facturer. The coal arrived at the port, and samples were taken 
from twelve cars for analysis. Out of those twelve cars, four 
individual mines were represented. The sulphur content of 
three of these cars was above the guarantee, because one of the 
mines from which they came ran higher in sulphur than the 
guarantee, and the entire shipment was rejected. The coal 
was sold by the ton, no mines in particular being specified, and 
the average coal was below the requirements in sulphur. It 
seems justifiable, in a case of that kind, that the coal be accepted 
on the basis of the average of analyses from the four different 
mines. 

In coal-mining operations, nut, pea, and slack coals are very 
hard to clean; in fact, the practice with nut and slack is such 
that it cannot be accomplished. It has to come from the mine 
as the miner takes it out, or as it is screened out. We are at 
the mercy of the miner as to how much of the bottom, as Mr. 
Smith terms it, gets in. We may get a car or two of coal that 
will run high in ash. If a hundred cars of coal are sold, and if 
two or three of those cars are high in ash and it happens that one 
of those cars is taken as a sample, it does not represent the total 
coal shipped. 

The writer feels that there is room for improvement in the 
acceptance or rejection of coal, based on the analysis of just a 
few cars in a large shipment. The point that should be empha- 
sized is that the operator is at the mercy of the miner in the 
shipment of coal. Fine coal, we know, is higher in ash. There 
are conditions in mining where some fine coal must be shipped. 
If a carload of that coal goes to port, the shipment is rejected. 
That does not seem just. The writer has advocated an average 
analysis of the shipment, and in accepting or rejecting coal the 
making of a large number of analyses in order to get an average. 
There is a lot of improvement to be made in methods of sampling: 
that is, if the samples are to be taken at the ends, off the top in 
the middle or from the bottom of the car. 

The well-known method of digging a shovel into the top of a 
carload and claiming that the sample is representative of the coal 
in that car can hardly be taken as a fair one. In transportation 
the coarse coal rolls to the sides of the car, therefore the repre- 
sentative of the coal company will not take a sample off the top 
and the representative of the purchaser will not take a sample 
off the sides, the question is, then, how far shall we go into the 
car? How much coarse and how much fine must be put into the 
sample to make it representative of the carload? 


L. C. Boster.* The American Society for Testing Materials 
has started a campaign to determine tolerances in sampling 
large shipments of coal. A satisfactory method of taking a 
sample is the only basis of determining whether or not the speci- 
fications of a contract are fulfilled. 

Obviously, it is not fair to take samples from one or two cars 
and consider them as representative of a thousand cars. The 
method as laid down by the A.S.T.M., with their size-weight 
ratio, properly carried out, gives a procedure as to how coal is 
to be sampled. In the end it enables one to ascertain within 
very close limits the ash content of the coal. 

It would be interesting to know what method is used by the 
General Motors Company for sampling cars or large shipments. 

The writer was once informed that the man best fitted to take 
a sample of coal was one without eyes or brains, because he would 
not know the difference between a piece of rock and a piece of 

4 M.E., Madelra, Hill & Co., Atlantic Bldg., Philadelphia, Pa. 


.coal. The automatic sampler seems to be the most desirable 
type because it eliminates the human element. 


Tue Autor. Mr. Bosler asks: ‘““‘What method is used hy 
the General Motors Corporation for sampling cars or large 
shipments?” 

In so far as is possible an average sample is taken from the 
entire carload by one of two methods: (a) by diverting about 
'/o of the carload from a conveyor by mechanical means 
whenever possible, or (b) by collecting approximately the same 
amount (!/2 of the carload) by hand sampling from a vertical 
run of bucket conveyors. This gross sample is then put through 
a Sturtevant automatic grinder and sampler to grind it to '/, in. 
and smaller particles and to automatically obtain an average 
sample which is approximately '/; of the gross sample. This 
is then rifled down to convenient size for the laboratory, generally 
about two quarts in volume. Glass fruit jars with rubber rings 
are used for the laboratory samples. 

We believe that the human equation is eliminated as far as is 
practicable. We do not receive “large shipments’’ as a rule. 
Shipments are judged by the average results gotten by grouping 
the analyses of cars received from a given mine, or, in the case 
of shipments from several mines, all analyses are grouped and 
the shipment is judged according to averages weighted in terms 
of tons of coal represented by each carload. When coal! is 
coming in from one vendor and from a single district, i.e., when 
wide variations in quality are not likely, a weekly average is 
considered sufficient to establish the general quality of coal 
received. This procedure is in force at several of our larger plants 
and is being installed as rapidly as possible in all of our coal-con- 
suming plants. 

Mr. Mittendorf asks if we specify sulphur and ash content 
and if we base such contents on an average of a number of cars. 

We have no set specifications for coal other than to recom- 
mend the use of a clause in all contracts the same as is given in 
the paper under c, section 15, page 48. We also advise the use 
of a clause stating that the sulphur shall not exceed 1 per cent 
average content. We base our conclusions on the weighted 
average of all cars received in a given shipment. 

We do not attempt, as a rule, to sample coal from the tops 
of cars received. We do our best to obtain a fair sample during 
the unloading of the entire car, which we believe is a fair pro- 
cedure. 

Mr. Wadleigh seems to feel that the author has unjustly 
accused coal ‘‘vendors,”’ which by the way is our term for the 
coal seller. It covers the producer when he sells his own product 
and likewise covers the sales agent who sells for the producer. 
Reference to the dictionary discloses the fact that the term 
“‘vendor”’ is properly used in this instance. 

The paper was written from the viewpoint of a large pur- 
chaser of coal and the statements made therein have their basis 
in actual experience extending in the author's case over a period 
exceeding twenty years. Mr. Wadleigh’s criticism and general 
comment are obviously written from the viewpoint of the coal 
producer or seller or technical representative. 

Taking up Mr. Wadleigh’s discussion item by item, the 
author’s comments are as follows: 

“Coal Selection,” sub-head 3, “The Coal Mine.” We consider 
preparation equipment to be adequate when it is capable of 
holding the ash content to approximately 8 per cent maximum. 
The factors in coal preparation which we take into accoull 
begin at the face where the coal is dropped and end only as the 
coal passes into cars for shipment. The miner himself is a pat 
of the preparation equipment, because he can load coal of sati* 
factory quality or unsatisfactory if be becomes careless. In 
fact, in cutting the coal the care with which cutting is done 
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often determines the quality of the coal loaded in the mine. 
Care in cutting is therefore in fact a factor in preparation equip- 
ment. Picking tables, with pickers, are also a part of many 
mines and are indispensable in the preparation of satisfactory 
coal. Coal producers admit that the character of the seam they 
are working changes from time to time, sometimes for the better 
and at times for the worse. When the latter change occurs 
increased precautions must be taken to be able to load properly 
prepared coal. 

“The Coal Vendor,” sub-head 4. During the period of the 
late British coal strike, at which time much tonnage was shipped 
abroad and wage increases were made in many fields, demands 
or requests were made by vendors upon the purchaser to pay 
such wage increases over and above existing contract prices. 
Those requested increases seemed in some instances to be ex- 
horbitant, and because of this we made an effort to determine 
the justifiable increase per ton to the purchaser. As a result 
of this investigation we found that in the coal-producing in- 
dustry there are two types of wages paid, (a) non-productive 
wages and (b) productive wages. The latter enters only into 
the actual production of the product. 

“Check on Quality of Coal Delivered,” sub-head 5. In 
answer to Mr. Wadleigh’s comment, the author wishes to state 
that his experience is not likely to be very different or unusual 
compared with that of other coal purchasers. The author's 
statement is based on facts developed during a period of over 
twenty vears of contact with the coal industry. 

“The Effect of Size of Coal on Price,’”’ sub-head 6. Here again 
the author has drawn on his experience, and, so far as he is con- 
cerned, facts only have been stated. The term “fuel values,” 
as we use it, includes costs which enter into the cost of 1000 Ib. 
of steam delivered, in so far as the coal, coal ash, clinkering, etc. 
are concerned under conditions of plant operation. 

‘Delivery in Cars Specified,’’ sub-head 7. In the author's 
opinion, track hoppers and trestles serve the same general purpose, 
namely, to enable a hopper-bottom car to be dumped quickly 
with the least amount of handling. Ralston hopper-bottom 
cars or their equivalent are specified because in our experience 
such cars have given the least amount of trouble in handling. 
Mr. Wadleigh failed to quote the author in full, for the wording 
in the original paper reads: “Ralston hopper-bottom cars or 
their equivalent.” Mr. Wadleigh omitted reference to the 
phrase “‘or their equivalent.”’ 


“The Purchase Order or Contract,’’ sub-head 9. Mr. Wad- 
leigh is correct in his comment. As stated above, the paper was 
written from the purchaser’s viewpoint. 

“Checking Car Shipments,”’ sub-head 11. The author knows 
the truth of Mr. Wadleigh’s comment. Inclusion of thé work 
“only,” referring to protection against shipment of inferior coal, 
was a typographical error. As a matter of fact, coals from 
different beds are in some instances loaded over a single tipple. 
The shipping point can be considered only as a general reference 
point regarding the field in which the coal was mined. 

“Classification of Coals,” sub-head 14. Mr. Wadleigh’s 
comment is to the point. Whether the classification desired 
by purchasers can be made or not remains to be seen in the results 
of the classification work now in progress. The purchaser 
is primarily interested in getting coals which will give him the 
best furnace and boiler efficiency with his existing equipment 
in boilers, stokers, furnaces, etc. A coal which gives good 
results in an underfeed stoker may be worth little on a chain- 
grate stoker, etc. The ‘‘scattered data’’ referred to may be 
found in the bulletins of the Bureau of Mines, University of 
Illinois, ete., the author’s idea being to collect and coordinate 
coal data from all reliable sources. Such data would, of course, 
be of equal value to both purchasers and vendors of coal. 

“Purchase of Coal on a Specification Basis,’ sub-head 15. 
Here again Mr. Wadleigh’s comment appears to have been made 
without thought of what appears in other parts of the paper. 
Under sub-head No. 5 the specific statement is made that “‘regu- 
lar and representative samples be taken from the delivered coal 
for test purposes.”’ This might, of course, have been repeated 
under sub-head No. 15, but it seemed superfluous. 

Mr. Wadleigh is asked to refer to the ‘Outline Specification 
of Coal’ page 49, wherein under “‘Test to Be Made’’ he will 
note that “Sampling and Analysis’ are both covered under 
Methods to Be Followed.”’ 

The author realizes fully the great importance of proper 
sampling methods so that ‘representative’? samples may be 
gotten. 

Mr. Wadleigh is correct in his final comment suggesting that 
the coal vendor and the purchaser tie in together in the matter 
of coal purchasing and selling. We make every possible effort 
to effect this desirable relationship. If Mr. Wadleigh will refer 
to the final paragraph of sub-head No. 13, he will find our policy 
defined. 
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Properties of Refractories and Their Relation 
to Conditions in Service 


Conditions Encountered in Boiler Settings of Normal Design—Strength of Refractories—The 
Confinement of Heat—Resistance to Destruction—Melting—Slagging— 
Structural, Mechanical, and Thermal Spalling 
By STUART M. PHELPS,' PITTSBURGH, PA. 


veloped in one way or another so as to demand more 

from the refractory linings. This condition has evolved 
through larger installations and by operating at high temper- 
atures and on shorter heating periods. Such progress in more 
efficient furnace operations has in some instances been limited 
only by the properties of the available refractories. 

It is true that no revolutionary developments have been made 
in recent years in refractories, but the available types have 
been developed in minor ways to obtain the optimum benefit 
in the finished products from the raw materials available. 

A study of the base materials that offer possibilities for refrac- 
tory products will show that pronounced advancement in the 
development of these materials cannot be expected. Materials 
such as silicon carbide, fused alumina, and the sillimanite 
minerals or mullite have been utilized and find application in 
certain positions in service, but their necessarily high cost when 
calculated into production per unit of refractory often limits 
their use. Such materials usually lend themselves to the devel- 
opment of specific properties to a high degree. It is true that 
refractories have to withstand high temperature, but such 
a property is only one of a large number that are essential for 
long life in service. The conditions under which refractories are 
used require a combination of properties, any of which singly 
could be developed to a high degree with the present raw materials. 
It is necessary, therefore, to compromise and balance the general 
properties with the specific. For example, consider a common 
condition in service where slagging and spalling are severe. 
The use of a clay refractory for the slagging would warrant a 
dense brick to prevent penetration of the slag, while for spalling 
a@ more open or porous brick would normally be used. With 
this combination of conditions it would probably be desirable 
to employ a brick of intermediate density, necessarily sacri- 
ficing the resistance that could be supplied if either condition 
were present alone. 

It is conditions such as these that complicate the develop- 
ment of special refractories. To complicate development 
further, it is exceedingly difficult to obtain dependable service 
records to guide the manufacturer or the consumer in learn- 
ing the actual value of the material in his service. As an ex- 
ample of the conditions that may be encountered in boiler settings 
of normal design, the following list of factors are given which 
are taken from a recent specification for stationary boiler ser- 
vice which has been tentatively adopted by the American Society 
for Testing Materials: 


Factors Dependent upon Design or Construction of the Setting 
Furnace volume 
Thickness and height of walls 
Use of relieving arches or sectional wall supports 
Degree of insulation 
Provision for air or water cooling of refractories 


1 Senior Industrial Fellow, Refractories Fellowship, Mellon In- 
stitute of Industrial Research, University of Pittsburgh. 

Presented at the First National Meeting of the A.S.M.E. Fuels 
Division, St. Louis, Mo., October 10 to 13, 1927. 


M OST types of furnace operations have in recent years de- 


Type of stoker arch 

Height of stoker arch above grates or stoker 

Provision for expansion of the brickwork 

Care taken and method followed in laying brick 

Character of mortar used in laying brick. 
Factors Dependent upon Fuel and Firing 


Hand or mechanical firing 
Type of grate, stoker, or burner 
Character and kind of fuel 
Direction of flame and impingement on brickwork 
Character of ash or fluxing ingredients 
Quantity of ash or fluxing ingredients 
Fusibility and viscosity of ash. 
Factors Dependent upon Operation 


Air leaks in furnace walls 

Temperature of operation 

Care and promptness in cleaning boiler tubes 
Continuity of operation 

Character of furnace atmosphere 

Violence of temperature fluctuations 

Rate of operation 

Segregation of different sizes of coal on chain grates 
Pressure or draft conditions in furnace 

Care and promptness of making minor repairs 
Method of removing adhering clinker 
Abrasion of brickwork. 


It is believed that refractories could be used to greater economy 
if furnace designers and operators were better acquainted with 
the properties and limitations of the products now available. In 
view of the improbability of radical developments in refractory 
products, it is still more desirable to effect progress in such a 
manner. 

To assist those interested in this phase of the use of refrac- 
tories, the chart presented in Fig. 1 will be used as an outline 
for the ensuing comments. 

The diagram was prepared to illustrate in a systematic manner 
the principal properties of refractories and the conditions of 
service which affect them. Under each heading there are two 
enclosures: the one made by a broken line contains factors or 
conditions that are encountered in service, while the solid box 
has to do with the properties of the refractories relating to the 
heading. Naturally the degree in which such conditions are 
present in a furnace is dependent upon its design and nature 
of operation and is a variable from one furnace to another. 
Furthermore, these conditions interlock and they are greatly 
affected by the temperature of operation and the time period 
in service. It is apparent that the requirements for refrac- 
tories are not as simple as might be supposed and that consider- 
able experience is necessary for the interpretation of their be- 
havior in service. 


STRENGTH OF REFRACTORIES 


A fundamental requisite of all builders’ materials is that 
of strength. This heading is subdivided into rigidity and dis- 
integration, the latter being a condition limited to a small number 
of furnace installations. Invariably all types of refractories 
possess ample rigidity for any constructional requirement. 
The data given in Table 1 show the typical cold strength of 
various refractory materials, which can be varied by the manu- 
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AS Se RAREFRACTORIES Oe OF VARIOUS havior of refractories under these conditions has been shown by 
; Modulus of rupture, M. C. Booze,? who points out that the cooler portions of the 
a i. per oq. in. brick in average settings are sufficiently rigid to support the 
Cle rick: 
300 to 1000 load. Figs. 2 and 3 are taken from Mr. Booze’s paper and show 
the difference in behavior of the same brick tested under ‘a load 
Siilcious = to of 25 lb. per sq. in. at 1350 deg. cent. In Fig. 2 the test brick 
SUERTE... coer ccsacccocensoscnes 400 to 900 were heated in the customary manner on all sides, resulting 
1200 to 1600 im deformation of 22 per cent, while Fig. 3 shows the same 
lot of brick under identical load and temperature conditions, 
1 The co ‘rushing stren is usua rom 2 to; imes e m ulus a . 
ioe. but heated on one face only, the remaining sides of the column 
RESISTANCE TO DESTRUCTION 
i I 
| ABRASION | | SLAGGING | | SPALLING | 
c 1 
[| MECHANICAL | [STRUCTURAL | 
I 
‘SPEED, PRESSURE,| [HARDNESS, TENAC-] [ComPOSITION AND} [CHEMICAL COMPO-| | [RAPIO HEATING WET} [ MECHANICAL {SLAGS AND FLUXES + | VITRIFICATION, 
|AREA,HARONESS, | |\TYANO TOUGHNESS] {VISCOSITY OF SLAG] |SITION AND PHYS | GRICK, ABUSE IN |STRENGTH,TOUGH-| | | CHARACTER OF SHRINKAGE, 
| AND ANGLE OF | [OF BOND; SIZE AND] !OXIDIZING OR REDUC: [FORM OF CONSTITU-| | MOVING CLINKER | | NESS; ACCURACY IMATERIAL INJOINTS| | NATURE OF BOND; 
|ABRADING MATERIAL, |SHAPE OF GRAINS; | !ING ATMOSPHERE | |ENTS; SHRINKAGE | | | AND SLAG; ! OF SHAPE | INSULATION OF | STRUCTURE; 
VELOCITY PERCENT-: |DENSITY;STRENGTH] IMPINGEMENT OF} [CAUSING CRACKS | | | AND EXCESSIVE | | REFRACTORIES | | DEGREE OF BURN 
AGE. AND NATURE. OF 'FLAME ON SLAGGED! |AND OPEN JOINTS;| | |STRESSES;PINCHINGS - 
SOLIDS IN GASES; ! AREA; CONCEN- | | PERMEABILITY }NO PROVISION FOR 
\CHARACTER OF JOINTS: TRATION AND RE- POROSITY AND EXPANSION THIN 
|NEWALOR VELOCITY: | SIZE OF PORES | JOINTS 
| OF SLAG AND VOLA- | THERMAL 
TILE FLUXES; H 
1 | AT IN JOINTS AND | ANO | DEGREE AND UNI- 
TIGHTNESS; INSU- MELTING RANGE OF THERMAL: FORMITY OF REVERS) 
LATION OF BRICK: | |FLUCTUATION, CON- | IBLE THERMAL 
STRENGTH WORK TAMINATION BY |  |EXPANSION; HEAT 
T l (SLABS AND FLUXES, | TRANSFER: 
INSULATION OF | [CHEMICAL ANDPHYSI] | TIGHTNESS OF ELASTICITY; 
| REFRACTORIES; | |CAL CHARACTER OF} | JOINTS, PREVIOUS | PLASTIC FLOW 
RIGIDITY 'OXIDIZING OR REDUC-! CONSTITUENTS | | VITRIFICATION 
ATMOSPHERE | AND PERCENTAGE 
= 
STRESSES, | | CHARACTER OF 
| [ CONFINEMENT OF HEAT | 
|AFFECTED BY INSU-| | BOND; STRUCTURE, [ DISINTEGRATION | 
LATION AND APPLI-!  |GRIND PERCENTAGE T 
{CATION OF HEAT ON! |OF BOND; DENSITY, a 
PERCENTAGE OF | [COMPOSITION OF | [HEAT CAPACITY | {HEAT LOSS ON OUTER; | HEAT TRANSFER, 
¢ | EFFECTS OF SLAG; : CATALYTIC IRON. ; FURNACE GASES; | 1 | SIDE OF REFRACTO-} A FUNCTION OF 
STATE OF DIVISION;| TIGHTNESS AND SPECIFIC HEAT | RIES AFFECTED | CONDUCTIVITY, 
4 J REFRACTORY | CONVECTION AND | PERMEABILITY 
HIMPINGEMENT OF | (Low POROSITY) | RADIATION; TIGHT: 
' FLAME ON BRICK NESS OF JOINTS INSTITUTE FELLOWSHIP 
| AND PRESSURE OF ; 
| FURNACE GASSES | > 
NOTE- FACTORS ENCLOSED IN BROKEN REPRESENT CONDITIONS OF SERVICE Lecwmcocoesese 4 i 


BOXES 
WHILE THOSE IN SOLID BOKES REFER TO PROPERTIES OF REFRACTORIES. 


Fie. 1 Rerracrorres UTItiry CHART 

3 (Most of the factors of service and properties of refractories given in this chart are interdependent and are greatly affected in degree by the functions 
3 of temperature and time. The factors are believed to cover the more common conditions encountered, and naturally vary in degree depending upon the 
4 type of service in question.) 

4 

; facturer through selection of raw materials, especially the being insulated by 9 in. of Sil-O-Cel brick. This test showed 
; bonding ingredients, the control of particle sizes, the degree no deformation in the test wall. Such is not the case, however, 


of fineness of the materials, and the process employed in form- in service where heat is applied on more than one side of the 
ing. The burn is of major importance, since great variation wall, It is only in instances such as these that the results of the 
in strength may be produced by varying the time and temperature load test are directly applicable to service. Table 2 presents 
of the kiln firing. load-test data for various refractories, which should be con- 
In service the rigidity of a given refractory structure is often sidered in view of the above remarks. Materials acting as 
affected by the thickness of the joints used in laying up the _ slags or fluxes that react and penetrate the brick lower their 
brick and the refractoriness of the cement. Materials of insuf- refractoriness and will be a factor in the rigidity of the structure 
ficient refractoriness when used as thick joints often allow the under critical conditions. 
wall to deform. Such cementing materials as a rule contain The noteworthy examples of disintegration occur in blast-furnace 
unnecessarily high percentages of sodium silicate, which cause _ linings, where the deposition of carbon within the brick results 
& slight fluxing action with the brick. The cements can be used from the catalytic action of iron oxides with the carbon monoxide 
with success if sufficiently thin joints are used. of the furnace gases. Since iron oxide in the brick is the cause 


Actual deformation of the refractories does not occur unless ? The Load Test for Fire Clay Refractories, American Ref =" 
they are heated throughout to a high temperature. The be- Institute, Technologic Paper No. 2, October. 1926. 
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TABLE 2 LOAD-TEST DATA ON VARIOUS REFRACTORIES 


Per cent compression in 
standard load test of 25 
Ib. per sq. in. at 1350 


Material P.C.E. deg. cent. 
Clay brick: 
Silicious clay .. 27-30 5-2 
Diaspore brick . bea Above 34 6-3 
Magnesite..... Above 42 1500-1600 deg. cent.' 


1 These tests are conducted by increasing the temperature at a definite 
rate until failure occurs. 

Load-test data are greatly influenced by the degree of burn of the sample 
and may vary as much as several! per cent as a result of this factor. 


of the action, it is desirable to have the iron content of the 
brick very low or have the iron very finely divided so as to bring 
about solution of the iron with the clay in the kiln firing, thus 
destroying its catalytic action. 


Tue CONFINEMENT OF HEaT 


Practically all refractory materials are used for the purpose 
of confining heat within desired areas. Occasionally, however, 
refractories are used in positions where a high degree of thermal 
conductivity or heat transfer is essential—for example, the retorts 
of by-product coke ovens and in the construction of recuperators, 
etc. 

Referring to the chart, Fig. 1, the subheading Heat Ca- 
pacity presents the properties, in order of their importance, which 
are to be desired for storing heat, as in checkers. The amount 
of heat that can be held in a brick depends upon the specific 
heat of the material in the brick, and the quantity of this material 
in it. In other words, the heat is stored only in the material 


| 


Fic. 2. Test Cotumns oF Brick BrerorE AND AFTER ConDUCT- 
ING THE STANDARD Loap TEsT 


making up the brick, so the greater the density (low porosity) 
or the more material in a unit volume, the greater will be the heat 
capacity. This makes it highly desirable, if other conditions 


TABLE 3 SPECIFIC HEATS OF VARIOUS REFRACTORIES FOR 
VARIOUS TEMPERATURE RANGES 
Pounds per 


brick, 9 X Specific heats of the material! 
4'/2X2'/e 25-100 25-1000 25-1500 


Refractory brick in. deg. cent. deg. cent. deg. cent. 
Clay, low porosity . 7.33 0.20 0.26 0.30 
Clay, high porosity . 6. 87 0.20 0.26 0.30 
Silicious clay . 6.88 0.20 0.27 0.28 
7.35 0.21 0.28 0.29 
9.3 0.23 0.28 0.30 


1 The specific heat of any material is a constant, while the bulk density 
or weight per unit of volume may be varied by the processes of manufacture. 


permit, to use dense checkerbrick, since they have a greater 
heating capacity and, incidentally, an optimum slag resistance. 
Data of interest in this connection are given in Table 3. 

In considering either the confinement or the conduction of heat, 
the properties of heat transfer are involved. Figs. 4 and 5 present 
data obtained from the work of F. H. Norton,’ which are partic- 
ularly valuable because all of them were obtained in the same 
apparatus under similar conditions. The determination of 
the thermal conductivity is exceedingly difficult to make, and 
Mr. Norton does not claim greater accuracy than plus or minus 
20 per cent, in spite of the refined procedure employed. From 
these graphs the relative insulating or conduction values can be 
had for a number of refractory materials. The conduction of 
sensible heat by means —_ 
the brick itself is prob- ’ 
ably of very little 
practical importance. 
Such a means of heat 
transfer may be a fac- 
tor, however, in a fur- 
nace operating under a 
slight pressure, where 
the joints between the 
brick are not sealed. 
Shrinkage of the bond- 
ing material of the 
joints may allow the 
hot gases to pass 
through the wall with 
loss of heat and the 
undesirable heating of 
the refractories. 

Greater fuel effi- 
ciency is often obtained 
through the insulation 
of the furnace walls. 
Such practice, how- 
ever, should be fol- 
lowed only with con- 
siderable care. The 
use of an extra thick- 
ness of ‘“‘backing-up” 
brick insulating 
brick to reduce the 
heat loss from the Fie.3 Test Cotumn Mape UP or Brick 
cooler sides of the wall rrom THE Same Lor as SHown IN Fic. 2 
will result in a higher (Test conducted to show the effect of appli- 
and a deeper penetra- 
tion of heat into the brick. This means that the refractories 
are under more severe conditions of service and usually causes 
a hastening of the eventual failure. The condition previously 
mentioned under rigidity is also effective in producing actual 
melting of the refractories and is probably most serious where 
slagging is pronounced. 

In general, it may be said that the cooler the outside surface 
of the wall, the longer it will withstand the agencies that tend 
to destroy it within. It is often essential in furnace operation 
that the refractories be cooled to reduce the destructive con 
ditions within, as, for example, the water cooling of certain boiler 
settings and the hottest sections of blast-furnace linings. 

Low-temperature operations often use insulation with succes 


3 The Thermal Conductivity of Some Refractories, J/. Am. Cera” 
Soc., vol. 10 (1927), no. 1, pp. 30-52. 
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and economy, as do occasional high-temperature furnaces. 
With the latter, however, this economy is limited by the proper- 
ties of high-temperature insulating materials. There is a field 
for an efficient insulating material that will withstand contin- 
uously temperatures above 2000 deg. fahr. 


RESISTANCE TO DESTRUCTION 


The subheading Abrasion, under Resistance to Destruction 
(see Fig. 1), is perhaps the least common under this general 
heading. The abrasion of refractories results from the action 
of solid materials passing over the surface of the brick, either 
as large masses or as finely divided particles carried by the 


usually be prevented if other destructive forces are not too pro- 
nounced. Most examples which are believed to be melting are 
in reality a form of slag action, as will be mentioned later. 

The P.C.E. or Pyrometric Cone Equivalent‘ is one of the 
most commonly used tests for refractory materials, but, like 
most other tests, it is of value primarily as a control test for 
raw materials and as being indicative of other properties of the 
brick. Data thus obtained can seldom be employed directly 
to conditions in service, except in a comparative way. The 
quality indicated by many test data requires considerable 
experience for its proper interpretation. 

Since most refractory materials are not pure chemical compounds 
but mixtures, they do not have a definite or well-defined melt- 


014 
ing point. For this reason, the P.C.E. test is employed to 
ons determine a certain degree of softening produced by heat- 
3- Kaolin Brick +—+—+—++ ing under standardized conditions. Comparison is made with a 
ore series of standardized materials known as “pyrometric cones”’ 
6- Silico Brick +—+—}—— TABLE 4 PERCENTAGE CHEMICAL COMPOSITIONS AND P.C.E. OF 
a a 7-Chrome Brick | VARIOUS REFRACTORY BRICK 
Ss Analysis clay 1 2 may Silica Magnesite Chrome 
010 Silica...... . 81.16 60.04 52.77 23.: 96.25 7.7 3.7 
Alumina...... 15.94 33.22 41.34 70. 0.88 1.7 8638.4 
ru) Iron oxide. ... 1.37 2.27 2.32 1.13 0.79 4.5 17.8 (FeO 
Titania . 1.22 0.99 2.06 2.78 
Lime......... 0.33 0.70 0.45 0.44 1.80 3.1 Trace 
Cc ‘ae @ } Magnesia . . Trace 0.50 0.58 Trace 0.14 82.0 14.9 
| wf | 10-Fused Alumina Brick Chromic oxide. “x 40.8 
2 Zirconia Brick 28-29 30-31 32-33 Above 34 32 Above 42 Above 42 
2 rg FReae a |. for the end points. The behavior of typical refractories in this 
| test, together with their chemical compositions, are given in 
All refractory products contain impurities of one kind or another, 
: which makes the interpretation of physical behavior from the 
iS es chemical composition very difficult. The melting point, for 
instance, could be readily deter- 
0s? 
wai mined from the diagram of Fig. 4 ‘eB* 
if only silica and alumina were 
present in the material to be 
considered. Furthermore, one and ol | 
possibly two fluxes could be 
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furnace gases at a high velocity. The factors governing the 
rate of abrasion on a given material may be stated as follows: 
the hardness and toughness of the abrading material; the sharp- 
ness or angle of fracture of it and the size of particles or area 
in contact; the velocity and pressure exerted by it. 

The continuity of the surface of the refractories is of importance, 
since a soft or less resistant material in the joints will allow 
the abrasion to progress more rapidly than otherwise. 

Abrasion occurring by gases carrying solid matter can often 
be reduced through proper design by which the velocity is kept 
as low as is practical, especially at elbows, etc., by making 
their radii large. 

In considering the resistance of the refractories to abrasion, the 
property of hardness cannot be altered greatly, except possibly 
through hard firing. This also increases the strength, which is 
desirable. In clay brick, the use of large amounts of calcined 
material is of value. Undoubtedly finely ground materials 
make the most resistant type of body if sufficient density is main- 
tained. 

MELTING 


It is natural to think of the limiting feature of refractory 
materials as being that of resistance to melting at high tem- 
peratures. On the contrary, this cause of failure is rare and can 


studied in this manner, but the 
presence of several, interacting as 
they do, makes most difficult the 
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compositions in terms of physical 
properties. 
In service where melting does 
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occur, insulation of the wall by 
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backing up or insulating brick on Hee 
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should be avoided, and possibly 
some means of cooling would be 
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advantageous. Often changes in 
Degrees 


design of a combustion chamber 


are effective in preventing local- 
ized intense heats that would 
melt the refractories. 


Fic. 5 SHOWING THE 

CONDUCTIVITY OF AN INSULAT- 

InG Brick, A FIREBRICK, AND 
A SILIcon-CARBIDE Brick 


SLAGGING 


Slagging and spalling are the two major causes of refractories 
failures. The solvent action of slags on refractories is a constant 
problem in most furnace operations. There is hardly a service 
in which refractories are used that slagging of one form or an- 
other is not present. In the less pronounced cases the effects 
are often classified as those of pure melting. All fuels contain 
ingredients that behave as fluxes with refractories, causing 

~ 4 This is a new term recently adopted by the American Society for 


Testing Materials to supersede such expressions as fusion, softening, 
and melting points. 
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an alteration of their properties which varies from slight vitri- 
fication to the actual melting of the slagged surface. The inten- 
sity of this action depends upon a large number of variables. 

The problem is primarily a chemical one, although it is greatly 
influenced by many factors of a physical nature. Very little 
is known concerning the chemical reactions at high temperatures, 
or of the physical properties of the products which are formed. 
Information of a general nature has been obtained through 
years of practical experience, and this is used to advantage 
in attempting to solve the problems. Notable work is now being 
conducted through a sub-committee of this Society in collecting 
detailed operating data for boiler furnaces operating with 
various types of fuel and burning equipment. The interpreta- 
tion and study of these data and the supplementary labo- 
ratory study will be of great value to this subject. 

It is invariably the case with mixtures of refractory materials 
that the more complex the mixture is, the lower will its softening 
temperature be. Certain combinations of materials follow this 
general statement more effectively than others, and these are 
the slag and refractory mixtures that give the most active slag 
action. Iron compounds, for instance, react far more vigor- 
ously with clay brick than with chrome refractories. The real 
solution of the slag problem is that of utilizing a refractory that 
is relatively inert or inactive chemically with the slag. In apply- 
ing this principle to practice, other conditions of service interfere. 
For example, chrome refractories would replace, to great ad- 
vantage, clay brick in boiler settings where active high-iron 
coal ash is present, provided they could withstand the spalling 
action and load at high temperatures. Such interacting condi- 
tions, as previously mentioned, make the refractory problems. 

The reactions between the slag and refractories take place 
by contact. If the contact is restricted to the surface of the 
brick, it will be at a minimum. Brick, however, are porous and 
some slags are fairly liquid, resulting in absorption of the slag 
by the refractories. This means increased areas for reaction, 
causing a more serious slag action. Low porosity is there- 
fore desirable, consistent with other properties required by 
service. It is believed that diaspore refractories in certain types 
of service, where their chemical compositions would suggest 
high slag resistance, have failed more through the ill effects 
of high porosity than has been realized. 

Often the shrinkage of the brick in service or of the materials 
in the joints will aggravate slagging by allowing the slag to 
enter the joints and react from more than one surface. 

The state of oxidation of the furnace atmosphere is an im- 
portant factor in slagging where iron is present. A reducing 
atmosphere reduces the iron compounds, which forms silicates 
that have a much lower melting point than the oxidized com- 
pounds. Obviously the lowered heat resistance will result in 
a@ more active attack on the refractories. 

Some of the products of slag action are very viscous and do 
not flow readily over the surface of the wall, which causes 
an accumulation that eventually becomes so heavy as to break 
away from the wall, taking with it a layer of the brickwork. 
Other types of slag products are very liquid and flow over the 
surface of the lining with a very active dissolving action, and 
are, therefore, the most serious type. 

The concentration and renewal of the slag-forming constitu- 
ents are important. Limited amounts may come in contact 
with the brick and react to form a slag, which remains in place, 
forming a more or less protective layer, being intermediate in 
properties between the brick and the slag-forming ma- 
terials. 

The volatile fluxes (principally soda and potash) by their 
nature are in intimate contact with all exposed surfaces of the 
brick and may even penetrate through the pores to react in 


their characteristic manner. With most clay brick these fluxes 
produce a dense, vitrified area extending into the refractories 
to a considerable depth. 

The slag resistance of the joint material should approach that 
of the refractories, so as to prevent excessive slagging in the 
joint areas. It is characteristic of many slagged walls to have 
the dissolving more pronounced at the joints if a smooth, uni- 
form surface is not produced by the use of suitable joints and the 
materials in them. 

As mentioned previously, the insulation of furnace walls 
allows higher temperatures to build up on the hot face, and 
this condition intensifies any slag action. 


SPALLING 


It will be noted that the general heading of Spalling (Fig. 1) has 
three subdivisions. Each of the subdivisions, mechanical, struc- 
tural, and thermal, deals with distinct causes of spalling, and 
yet in service it is often difficult to distinguish or identify them 
in their proper order. It is essential in practice, however, to be 
able to judge their presence in a relative way if the spalling 
is to be effectively corrected. For example, silica brick may be 
used in the crown of a furnace, and during the heating up the 
necessary precautions may have been followed to prevent thermal 
spalling caused by too rapid thermal expansion. The arch may, 
however, spall from another cause. If precautions were 
not followed in providing for the overall thermal expansion 
of the brick, the arch would raise unduly, causing most of the 
load to be carried by the inner ends of the brick. This often 
causes sufficient compression to pinch off or shatter the ends of 
the brick, and might without due study be termed “thermal 
spalling.”” To correct such a condition as this, attention would 
not be given to the refractories, but to the matter of furnace 
design. 

Structural Spalling. This heading covers the loss of refrac- 
tories caused by a change in the structure of the brick during 
use. Shrinkage is one of the many conditions produced by ser- 
vice, and it is this behavior of the refractories that often causes 
portions of the heated end of the brick to separate and form a spall. 
Thisseparation caused by differences in the dimensions of the brick 
is more pronounced in furnaces which heat the brick very rapidly 
to a high temperature. Examples of this type of spalling have 
been noted in bung brick, where thermal spalling was thought to 
predominate. 

Mechanical Spalling. From the example of the silica arch 
given above it is apparent that mechanical spalling is caused 
by the application of excessive stresses or strains on the brick- 
work. A high mechanical strength is to be desired in brick under 
such conditions, as well as accuracy of shape. Small differences 
in size and slight warpage can be taken care of by the cements 
in laying up. It is common practice in some furnace linings 
to lay the brick up without a cement, which requires brick 
of unusual accuracy. The angles of the shapes used in arches 
etc. should receive particular attention to minimize pinching. 
In large areas of walls attention must be paid to the thermal 
expansion of the brick by providing adequate room for this chang? 
in size due to heating. The use of a suitable cardboard, inserted 
at given distances in the joints, is common practice. Excessively 
thin joints should be used only with proper allowances for 
expansion of the brick, since the shrinkage of the cement 
normal-sized joints tends to offset the ill effects of the expansio” 
of the brick. 

Brick are often laid to advantage in a wet condition, and the 
first heating of brick so laid should be very gradual to allow the 
water to be driven out without disrupting them by steam pressure. 

Another cause for loss of brickwork under this heading is ths! 
produced by the removal of clinker and slag from the refrac 
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tories. The nature of this operation may readily cause the fur- 
nace operators to be somewhat careless and remove more of the 
refractory with the clinker than is necessary. 

Thermal Spalling. The spalling produced by rapid thermal 
changes of the refractory is well known and has received a large 
amount of attention and study in the past few years. It has been 
repeatedly shown experimentally that this form of spalling in 
refractories is a function of thermal expansion, elasticity, plas- 
tic flow, and heat transfer. For instance, if the brick had no 
expansion upon heating, they could not be spalled thermally, 
since no stresses or strains could be produced in them. The 
application of heat to one end of a brick causes the heated area 
to expand or become larger. If the brick does not have suffi- 
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cient elasticity to conform to this increase in size of the heated 
end, it will crack or spall under the strains that are set up. 
Again, if the refractory possessed a higher degree of heat transfer 
the difference in temperature between any two points in it would 
be reduced, which means that differences in size would be 
reduced, thereby reducing the strains causing spalling. In 
addition to these factors, there is the plastic flow or deformation 
that occurs in clay brick at temperatures as low as 800 deg. 
cent. Minute as this change may be, it is no doubt of im- 
portance, because a very small readjustment of particles will 
relieve strains that would otherwise fracture the mass. 


TABLE 5 THERMAL EXPANSION AND HEAT TRANSFER OF 
CERTAIN REFRACTORIES! 


Average coeffi- 
cient of expan- ——Thermal diffusivity 
200 500 900 


. sion per deg. 

Refractories cent. Deg. cent. Deg. cent. Deg. cent. 
ae 0.0000055 2.80 3.96 4.02 

Silica . .. 0. 4.90 5.41 5.41 
Magnesite... .. 0.000014 6.57 4.71 3.73 
0.000011 5.55 6.01 4.77 
Mullite........... 0.0000053 
Silicon carbide... . 0.0000043 
0.0000070 


In Table 5 are presented data for various refractories which 

have to do with thermal spalling. Most of these properties are 

constants for the various materials and are beyond the control 

of the manufacturer to alter. 

_ In silica brick and silicious-clay brick the rate of increase 

i expansion for increase in temperature is of primary importance. 


The three allotropic forms of silica—quartz, crystobalite, and 
tridymite—each possess characteristic rates of expansion, as 
shown in Fig. 6. With refractories containing appreciable 
quantities of free or uncombined silica, there will probably 
be present varying quantities of each of these forms of ‘silica. 
The percentage of each of these physical forms would determine 
to a large degree the thermal-spalling behavior over certain tem- 
perature ranges. For example, crystobalite shows a very marked 
expansion at 220 deg. cent., and quartz exhibits less expan- 
sion at 575 deg. cent., while tridymite shows a more gradual 
expansion over the whole temperature range, with a slight rapid 
increase at 120 deg. cent. It would be expected, therefore, that, 
with a given rate of heating, brick containing high percentages 
of quartz or crystobalite would expand and spall more readily 
than if this silica were in the form of tridymite. These expan- 
sion characteristics of silica brick make the gradual heating 
of them over the low-temperature range very essential to 
prevent spalling. 

Clay refractories are as a class very resistant to spalling. 
In service it is difficult to spall them thermally, unless their 
properties have been changed through use. The vitrification that 
occurs in varying degrees in all types of refractories in service has 
a pronounced effect on their thermal-spalling characteristics. 
Conditions of service completely change the properties of the 
refractory, so that an estimation of the thermal-spalling resis- 
tance must take into account a number of properties of the brick. 
To determine in the laboratory the eventual behavior in service 
it is necessary to consider these facts. Studies‘ are now being 
made to develop a thermal-spalling test, in which brick are 
tested as sections of a wall after they have been subjected to 
a long-time heat treatment in contact with slag. Such a test 
introduces the effects of vitrification resulting not only from heat 
treatment but from slagging as well. 

Technical studies of refractories and refractory problems 
are leading toward practical application of the available in- 
formation. Great progress has been made through the study of 
test methods and test data in correlating these observations with 
service. This phase of the technology has supplied much basic 
information and is the groundwork necessary for the redesigning of 
laboratory test methods. It is believed that in the course 
of several years there will be developed a number of test methods 
that will be of definite value in forecasting the behavior of 
refractories in service. Such test procedures will make use of 
the practical and scientific aspects of the conditions involved and 
will offer the necessary means of applying the right type of 
refractories for given conditions of service. 

Undoubtedly the most significant advancement in refractories 
problems will result, in years to come, in the intelligent appli- 
cation of specific types of refractories which have been manu- 
factured of material and in a manner that shall supply the utmost 
in the properties required for a given service. This will require 
the manufacturer to specialize on certain types of products for 
which his raw materials are best suited, and will make it 
necessary for the consumer to become more familiar with his 
true requirements of service and the properties of the available 


products. 


Discussion 


Morean B. Smira.* The author makes the statement that 
“Invariably all types of refractories possess ample rigidity for 
any constructional requirement.’’ We have not found that to 


+’ Conducted by the Research Division of the American Refractories 
Institute Fellowship at Mellon Institute of Industrial Research, 
University of Pittsburgh, Pittsburgh, Pa. 

6 Engineer, General Motors Corp., Detroit, Mich. Mem. A.S.M.E. 
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be strictly true in the case of high-speed industrial furnaces, 
more particularly in furnaces 30 to 40 ft. long, such as front- 
axle normalizing furnaces, where the matter of getting an even 
distribution of heat in the muffle above the hearth is extremely 
important, requiring rather narrow, long flues leading from the 
combustion chamber to the hearth. Such a form of construction 
gives what may be called a thermal head, allowing a much more 
uniform distribution of heat on the hearth than would be possible 
if the passage were opened unduly. 

Naturally, normalizing or heat treating must be done uni- 
formly, and that is the prime object of the furnace. We have 
found considerable difficulty in getting refractory materials that 
will stand up under long-continued punishment in these com- 
bustion chambers—and when the word “‘punishment”’ is used it 
is meant without any reservations or modifications whatever. 

It has been found so far that the only refractories that will 
stand up in the pier or arches of such furnaces where the hearth 
is supported on piers, or in cases where the hearth is supported 
on arches, are carborundum in one form or another. Naturally, 
the first cost of a furnace constructed in such a manner is very 
high. On the other hand, the maintenance is comparatively 
low, and if the desired tonnage can be put through the furnace, 
first cost becomes of very little importance. It is a question 
of maintenance versus production through the furnace. 

The author spoke of the depth of heat penetration as being 
very important. He has hit on a topic which we consider 
extremely important. In the old days when we put up a boiler 
furnace it was not at all uncommon to build it with an inner 
lining of first-class firebrick, then back that up with a second- 
grade brick, and even go so far as to cover the furnace with an 


insulation of some sort. The case today is quite different. 
We have found that eight to nine inches of first-class firebrick 
is sufficient in air-cooled: furnace. This conclusion was arrived 
at after using twelve inches and finding that slagging and general 
destruction of the lining proceeded rapidly until the brick at- 
tained a thickness of approximately eight inches. 

The answer is: Where 12 in. is used a thorough transfer of 
heat in the brick is not obtained, but instead heat is bottled up 
in the lining. Destruction then proceeds until the heat can get 
through the brick and can enter air circulated through ducts, 
thus continually cooling the furnace lining. This warmed air 
is led to the combustion chamber as secondary air and tends to 
increase efficiency. The matter of heat penetration, therefore, 
is one of very great importance. 


Tue Avutuor. The failure of refractories due to insufficient 
rigidity under pressure at high temperatures is certainly of 
minor importance when considering refractories in a general 
way. It is so, however, that in specific types of furnace opera- 
tions there are positions which require a most unusual refractory 
material. One of these is of the type mentioned by Mr. Smith: 
namely, where the brick are heated on all sides and are required 
to support a fair amount of weight. Such specific requirements 
of refractory materials necessitate development of super-re- 
fractories, of which we are all aware. 

It is interesting to learn of Mr. Smith’s experience concerning 
the thickness of furnace walls, which, as a result of trials, has 
been reduced to the optimum thickness. There are undoubtedly 
a large number of similar conditions in furnace walls which 
could be greatly improved by careful study along these lines. 
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The Characteristics of Modern Boilers 


By E. R. FISH,! ST. 


ciated with either the design of steam-producing units or 

the use of such units, the word “boiler” suggests the whole 
combination of what one sees when he looks at ‘‘the boiler,’ 
This unit may be divided roughly between the heat-producing 
and the heat-absorbing means, but owing to the close relationship 
of the two, the consideration of one quite inevitably involves 
the other. However, no attempt will be made herein to dis- 
cuss at any length the heat-producing apparatus, that being left 
to others, nor to suggest with any degree of completeness the 
innumerable items to which consideration must be given in boiler 


Vs MOST people, and certainly to all not intimately asso- 


design. 

The successful introduction of the steam turbine and its 
tremendously rapid growth in use and size of units has made it the 
one piece of modern power-plant machinery that is responsible 
for the great changes in the boiler-room equipment. The 
relatively small space occupied by the steam turbine per unit 
of power has made it necessary to design steam producers to 
supply tremendous amounts of steam in such a way that a mini- 
mum of space will be occupied, which together with the progres- 
sively increasing demand of turbine manufacturers for higher 
steam pressures and temperatures has forced the remarkable 
development of both the heat-producing and heat-absorbing 
apparatus. 

In the days of reciprocating engines, the boiler room was rela- 
tively small compared to the engine room but now the reverse 
is true in even greater ratio. The result has been that intensive 
study and exceedingly numerous and expensive experiments of 
various kinds have been made involving fuel-burning apparatus 
and furnaces that will produce heat sufficient to give rates of evap- 
oration of as much as four or five times what would, but a very few 
years ago, have been considered normal. This again has created 
other problems of heat absorption, furnace-wall maintenance, 
fuel control, ete., that have resulted in many exceedingly 
ingenious, effective, and efficient pieces of apparatus. 

Another factor that has contributed to this end has been the 
increasing cost of fuel so that to a far greater extent than ever 
before it pays to invest in apparatus for saving relatively small 
percentages of the heat otherwise wasted, thus reducing fuel 
loss toa minimum. Of course, there is always a dividing line where 
further saving does not justify the cost of the means needed to 
effect that saving. 

Generally speaking, the shape and design of the pressure parts 
of boilers have not greatly changed from the old forms with pos- 
sibly one or two exceptions. The most outstanding one of these 
is the steam generator which is distinguished by the feature that 
it absorbs most of the heat by radiation. This is done by em- 
ploying high heat head and violent turbulent combustion in 
combination with highly heated air; where heat is to be absorbed 
rapidly by radiation it must be generated rapidly. These fea- 
tures characterize the steam generator. 


IMPROVEMENTS IN BorLeR FaBRICATING EQUIPMENT 


For pressures up to 450 or 500 Ib. per sq. in., the older methods 
of riveted construction are entirely satisfactory and are not 
particularly difficult to continue. It has meant the installation 
of far more powerful fabricating equipment and very much greater 


.,' Vice-President and Chief Engineer, Heine Boiler Company. 

Vice-President A.S.M.E. 

De at the First. National Meeting of the A.S.M.E. Fuels 
vision, St. Louis, Mo., Oct.'10 to 13, 1927. 
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care in methods of workmanship. The thicker plates required 
to carry the higher pressures preclude the possibility of many 
of the old boiler-shop processes, such as laying up surfaces 
metal to metal by sledging. Precise forming by powerful tools 
and machine-shop rather than boiler-shop methods have been 
extensively introduced. 

The bending rolls which were put in our shop in 1910 were 
14 ft. long and the top roll was about 14 in. in diameter. They 
handled the work in our shop for many years, but are entirely 
inadequate for plates thicker than */,in. For the thicker plates 
a roll, one of the largest in the country, 26 ft. 6 in. between hous- 
ings was purchased. The machine is capable of rolling a plate 
1'/, in. thick for the full length, and has been used, on a number 
of occasions, for rolling 1-in. to 1'/2-in. shell plates 26 ft. long. 

The machine is equipped with two interchangeable top rolls. 
One, 30 in. in diameter, is for rolling shells 36 in. in diameter 
and greater. The other roll is 36 in. in diameter and is used for 
rolling shells 48 in. in diameter and greater. 

Even the 36-in. solid forged steel roll will spring appreciably, 
perhaps */, in., in rolling the thick plate, resulting in a barrel- 
shaped shell. By using liners or shims between the rolls and the 
plate, to compensate for deflection, a cylindrical shell is obtained. 

There is no practical means of cold-rolling shells longer than 26 
ft. in the usual way, and such shells are formed in a press, step by 
step, so as to bring them into cylindrical form. This makes two 
longitudinal seams necessary as an entire cylinder cannot be made 
in one piece. Or, rolling may be done hot by heating the p'ates 
to a dull red. This requires adequate furnaces and long bending 
rolls. 

The same qualities of material are still largely used in the 
fabrication of boilers for what may now be termed the more 
moderate pressures, although these would but a few years ago 
have been deemed high pressures. The dimensions of these 
materials, however, have grown tremendously. 


CONSTRUCTION FOR H1GH PRESSURES 


For what we now call high pressures, say, 650 Ib. and up, riveted 
construction is not so advisable, and other methods of making the 
pressure parts are being evolved. The principal one so far is 
the forged seamless cylinder usually having the heads integral 
with the shell, which makes a most excellent piece of work al- 
though exceedingly expensive. 

It is probable, too, that for the zone ranging from 400 to 800 Ib., 
forged welded vessels may be more extensively used, although 
this is not true to any great extent at the present writing. Vessels 
fabricated in this way may be made without the use of riveting 
of any sort, the heads, nozzles, etc., all being welded on so as 
to make a completed part of very good workmanship and without 
objectionable thicknesses due to the presence of butt straps, 
doubling plates, etc., as is necessary with riveted construction. 

Tube thicknesses proportional to the higher pressures are 
necessary but fortunately the coefficient of heat transmission 
of mild steel and the rate of heat absorption by water in contact 
with clean metallic surfaces is such that no overheating of the 
metal results. This is possible only by reason of the rather 
general use of either well-treated raw feedwater or the use of a 
very large percentage of condensate and make-up from evapora- 
tion so that the wetted surfaces remain, over long continued peri- 
ods of time, practically clean. Fortunately too, there has been 
no need to meet these modern pressure conditions by changing 
the method of attaching tubes to the other parts of the boilers. 
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Rolling still amply suffices. The holding power of a tube is 
practically proportional to the area of contact of the tube with the 
circumference of the hole. This, however, is increased consider- 
ably by the use of grooves into which the wall of the tube is 
pressed during the rolling process. Expanding tube ends in 
their holes by means of roller expanders will probably continue 
to be the common practice. Here the ingenuity of manufac- 
turers of tube expanders has been brought into play in evolving 
tools that are practicable for use with plate thicknesses of over 
4 in. for 1200 to 1400 lb. pressures in which cases the holes are 
usually made in a special way, as well as for thicknesses of 1'/ in. 
and 2 in. for the somewhat lower pressures. This item is only one 
of a myriad of practical but highly specialized problems that have 
forced themselves on the boiler manufacturers and which in 
turn have been passed to the makers of such special tools and 
appurtenances as are required for the fabrication and operation 
of a boiler. 

In building boilers with these thick plates, the use of drills 
is universal, punching having been entirely superseded. This 
refers to both rivet and tube holes. 

It should not be assumed from the above that high pressures 
are as yet universal. There is still a very great demand for boilers 
of the more moderate pressures, not the moderate pressures of ten 
years ago but those of today, say from 200 to 350 lb. and indeed 
for still lower pressures; all of these, too, in unit sizes from, say, 
1500 sq. ft. of heating surface up to 15,000 sq. ft. Practically 
complete statistics of the boiler-making industry gathered by the 
U. S. Department of Commerce show that the average size of 
water-tube boilers, for the first six months of 1927 is about 5700 
sq. ft. of heating surface which indicates that there are far more 
boilers of the relatively small sizes manufactured than of the very 
large sizes. 

There is at present rather a keen rivalry between the merits of 
the slightly inclined straight-tube water-tube boilers and the 
vertical bent-tube type. The use of the latter is increasing and 
is often the preferable one due to the changes in modern condi- 
tions. There is a great variety of factors to be taken into con- 
sideration in determining the preferable type of boiler for any 
particular case but it is possible to build boilers of either of the 
types for whatever pressures may be desired. 

While central-station power is unquestionably being more and 
more extensively used for manufacturing purposes, it is also 
unquestionably true that most industries, particularly those 
where considerable amounts of steam are needed for heating and 
process purposes, can make their own power cheaper than they 
can purchase it, and it is because of this that the boiler-manu- 
facturing industry survives. With the growing appreciation of 
these possibilities by consulting engineers, plant managers, oper- 
ating engineers, etc., the rehabilitation of many industrial plants 
is being brought about. 


Uss or WaTER WALLS 


The high rates of combustion, now so generally prevalent, have 
made necessary tremendously enlarged dimensions of the furnace 
or space in which the fuel is burned. This has come about 
through the appreciation that the combustible gases distilled 
from the fuel must be completely burned before any great cooling 
is effected. In the efforts to attain high efficiency the necessity 
of using the least possible amount of excess air is thoroughly 
recognized. This in turn results in exceedingly high furnace 
temperatures. Modern fuel-burning apparatus is designed to use 
but a small amount of excess air as compared with the old 
methods. With the latter, the refractory lining of the furnace 
was such that it would stand the temperatures more or less satis- 
factorily and for periods of sufficient duration to justify its use. 
The modern method, however, with its resulting high tempera- 


tures, coupled with the very much greater extent of exposed 
wall surface due to the increase in furnace size, brought in its 
train serious complications in the way of wall construction and 
maintenance. The first palliative offered was in air-cooled walls, 
but these do not meet all needs, and the so-called water wall was 
evolved. This has been rapidly developed, largely by experi- 
mentation, so that now the proper requisites for the size and 
number of the circulating connections both as regards the water 
supply and steam outlet, cross-sectional areas of headers, etc., 
are fairly well known. Directly connected with the boiler, these 
water walls become essentially a part thereof. 

Being under full boiler pressure they must be carefully and 
properly designed and arranged. The total overall dimensions 
of the boiler and water-wall pressure parts are now, even in the 
case of moderate size units, so great that the problems of ex- 
pansion and contraction are serious and must not be lost sight 
of in the general design. Changes in temperature inevitably 
involve changes in dimensions and not infrequently in shape, 
and unless adequate provision is made to accommodate these 
changes serious damage is likely to result. 

While the introduction of water walls was primarily stimulated 
for the purpose of reducing setting maintenance, it has resulted 
in the increase of steam-making surfaces. These surfaces are 
heated almost entirely by radiant heat. Evaporation of water per 
square feet of surface of water-wall tubes is far in excess of that of 
any of the boiler heating surface with the exception of the rows 
of tubes exposed both to convection and radiant heat of the gases 
leaving the furnace. 

In one sense the water wall may be considered a part of the 
furnace and its problems, and hence concerns the designer of 
fuel-burning equipment, but it is also a part of the boiler manu- 
facturer’s problem, and because of this combination of circum- 
stances close cooperation between the two is very necessary. 


Draft 


While the absorption of heat begins in the furnace it goes on 
progressively and decreasingly with the flow of the gases through 
the gas passages of the boiler. The longer the gases can be kept 
in contact with the heating surface the more heat will be ab- 
sorbed, but as the rate of transfer varies approximately with the 
difference in temperature between the gases and the water and 
the velocity of the gas, the amount of heat absorbed in the last 
part of the path is relatively very small. 

Inasmuch as the tremendous volumes or gas to be handled 
through restricted and very highly obstructed passages results 
in high friction loss, mechanical methods of creating drafts are 
generally necessary. To so baffle a boiler as to reduce the outlet 
temperatures to a very low point results in a very high draft loss 
whence the practice of permitting a relatively high gas outlet 
temperature from the boiler and effecting a further abstraction 
of heat from the gases by means of economizers and air preheaters 
is rapidly growing. The investment represented in apparatus 
of this sort is far less than the boiler proper. To the extent that 
the loss of heat units up the chimney is prevented, the overall 
efficiency is benefited. 

Not frequently both economizers and air preheaters are i0- 
stalled, although with a properly baffled boiler depending upod 
other factors such as method of heating feedwater by turbine 
bleeding etc., one or the other is ordinarily sufficient. 

The combination of boiler, superheater, water-economizer, and 
air-heater surfaces offer sufficient resistance to the gas flow 
to require the use of induced- and forced-draft fans in most 
cases. The proportioning of work to be done in the boiler, 
superheater, water economizer, and air heater can be determined 
only after a consideration of all the factors such as cost of fuel, 
load factor, cost of real estate, etc. In general it resolves i 
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down to the selection of a combination of equipment that will 
show a return on the investment under the plant load and operat- 
ing conditions. 

The air preheater carries the retrieved heat back into the 
furnace but reduces the amount of heat necessary to bring the 
incoming air up to the temperature necessary for combustion, 
thus expediting the ignition of the fuel and raising the furnace 
temperature. 


SETTING 


Water walls have not only added to the steaming capacity 
of the boiler but have reduced the setting to merely a light en- 
closing structure from which often both firebrick and red brick 
may be omitted altogether, a sheet-iron casing with a non-con- 
ducting lining outside of the water-wall tubes being sufficient. 
With this arrangement radiation and air leakage have practically 
disappeared as one of the serious items in a heat balance. 

Increase in steam temperature beyond that due to the pressure 
is a mounting factor, and the details of boiler design have had to 
be considerably modified to accommodate superheaters suffi- 
ciently large to give the desired temperatures. In order to avoid 
a cumbersome piece of apparatus the practice of locating super- 
heaters in zones of relatively high temperature is becoming com- 
mon, and the so-called radiant-heat type located directly in the 
furnace is not at all uncommon. This latter service is extremely 
severe, due to the slow heat-absorbing properties of steam, so 
that the shielded radiant type and the convection type of super- 
heater in contact with gases of more moderate temperatures are 
the preferred ones. 


OPERATION 


In order to maintain as uniform furnace conditions as may be 
possible even with varying demands for steam, a number of 
furnace controlling systems have been designed. Many of these 
are exceedingly ingenious and very effective and are promptly 
responsive to changing conditions. The mechanism and ad- 
justments are for the most part rather delicate and must, there- 
fore, have intelligent care. Devices of this sort cannot be made 
foolproof nor to take care of themselves. 

Indeed the modern power plant, regardless of its size, requires a 
much higher type of supervision and attendance than was thought 
necessary under the older and less exacting practice. 

The functioning of a boiler is a complicated process influenced 
by a great variety of factors. It is advisable in even relatively 
smal] plants to have sufficient measuring and indicating instru- 
ments to determine what is going on at all times in all the proc- 
esses concerned with boiler operation. A few of these items 
are CO, in escaping gases, draft loss through the boiler, tempera- 
ture of escaping gases, temperature of feedwater, steam pressure, 
superheated-steam temperature, pressure in furnace (plus or 
minus), forced-draft air pressure, etc. In an intelligently oper- 
ated plant of whatever size with the proper equipment of instru- 
ments, it is possible to give the boiler-room attendant certain 
relatively simple directions that will enable him to keep the boiler 
operating with fairly continuously uniform efficiency. 

Where the size of the plant does not justify a high degree of 
complication of apparatus, the question of where to draw the line 
18 one that can be fairly closely and accurately determined by 
careful analysis of all the contributing factors and may, for 
instance, very possibly result in the adoption of a chimney and 
the retention of natural draft rather than induced draft, and 
lower rates of combustion with less complicated fuel-burning 
‘pparatus, ete. But as above suggested, it is essential that there 
be provided some indicating instruments in addition to steam 
and water gages, by which at least a fairly complete knowledge 
of what is going on may be obtained. 


Co., Chieago, Ill. 


Methods of calculation of the various problems and the rela- 
tionship of various factors entering into boiler operation have 
now been brought to a point where prediction of performance can 
be made, not with exact accuracy but within narrow limits of 
error, that make it possible to determine beforehand fairly accur- 
ately what the results should be. Thus it is possible to design 
a boiler which is adapted to the service for which it is intended 
and to attain that degree of dollar efficiency which the circum- 
stances warrant. 


Discussion 


Joun Van Brunt.? The development in boilers is leading 
to extremely large units. There are units now in operation 
developing as high as 500,000 and 600,000 Ib. of steam per hr. 
I can see in the near future units capable of evaporating one 
million pounds of steam at almost any pressure. 


A. D. Bamey.? It seems that the economic feature of engi- 
neering is coming more and more to the front, and that engineer- 
ing problems are really being settled on an economic basis, 
rather than on a basis of purely thermodynamic or thermal 
efficiency. High capacity, changes in design, types of boilers, 
changes in type of fuel and firing equipment resolve themselves, 
in the last analysis, into an economic problem. 


C. J. Jerrerson.‘ Mr. Fish brought out the point that the 
boiler makers of today have to cooperate with the furnace 
builders. This was brought most forcibly to my attention in 
one of the most recent liners, the Jle de France. A rather radical 
change from the former type of boiler and furnace has been made. 
Two types of boilers have been adopted on this ship, the Scotch 
boiler furnace for absorption of the radiant heat, which it does 
most efficiently, and the water-tube boiler, attached to the 
Scotch boiler and absorbing heat from the gases. 

Although I had only a limited opportunity for studying this 
boiler, it seems to me that it has characteristics that could well 
be studied by our boilermakers in utilizing the radiant heat 
of fuel. 


G. A. Orrox.’ On the Continent a great many welded shells 
are being made. These shells are hammer-welded—what is 
called over there a hydrogen weld. Most of the welding is 
done with water gas, and after the shell is welded it is put into a 
roll and is rolled until it is cold. This rolling preserves the shape 
and does not give the large shell a chance to sag with its own 
weight. After the shell is rolled, it is taken out of the roller, 
the heads are fitted up against it and it is tested at about three 
times the working pressure, above the elastic limit. 

Extensometers arranged around the shell give evidence of 
any weak point, and if such a weakness develops, the shell is 
subject to rejection. After this test is made the shell is put into 
an annealing furnace and is thoroughly annealed. The heads 
are then put in, or the forging at the ends to make the heads is 
done, the manholes at the ends are fitted, and then the shell is 
tested again, this time at a pressure below the elastic limit. 
According to the German Boilermakers’ Union report, in the 
last year nearly 30 per cent of the horsepower of boilers built 
in Germany were made this way. 

I wonder if we shall ever adopt that method here? 


2 Vice-President, Combustion Engineering Corp., 
N. Y., Mem. A.S.M.E. 

3 Superintendent Generating Stations, Commonwealth Edison 
Mem. A.S.M.E. 

4 Head of Fuel Conservation Section, U. 8. Shipping Board, New 
York, N. Y. Mem. A.S.M.E. 

*’ Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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Joun Hunter.’ I should like to ask Mr. Fish about the 
possibility of using forged or hammer-welded boiler steam drums 
in preference to the present standard riveted construction, for 
pressures from 350 to 600 lb. per sq. in., now considered moderate- 
pressure service, with the view of eliminating embrittlement 
which is occurring in some cases at the joint landings. While 
the cost of the solid forged or hammer-welded construction 
might be somewhat higher, this would be a safeguard against the 
possibility of embrittlement. I understand that the American 
steel manufacturers are ready to meet the requirements for such 
construction at a reasonable price. 

Another question I should like to ask Mr. Fish is in reference 
to the unit of boiler horsepower now being used. This unit 
means little to the engineer today, with the different shapes, 
sizes, and arrangements of heating surface in steam-generating 
equipment. The unit cannot be easily applied and is of little 
value as a basis of comparison for purchasing boilers, or for 
checking steam output. Just recently in one of Mr. Abbott's 
stations, I saw a boiler in service generating 300,000 pounds of 
steam per hour, although the heating surface of the boiler proper 
is only 5945 sq. ft., or 594 rated horsepower. The other heat- 
absorbing surface is made up of water walls, economizers, and 
air preheaters. The engineering profession must find some 
more rational unit of rating than the one we have at present, 
in which 10 sq. ft. of heating surface is considered one boiler 
horsepower irrespective of the amount of steam generated from 
this surface. Rating on the basis of thousands of pounds of 
steam generated per hour, irrespective of the design, is suggested 
as one possibility, although the matter is of sufficient importance 
to warrant very careful study. 


Tue AvutHor. Commenting on Mr. Orrok’s remarks and 
in reply to Mr. Hunter, I may say that it is undoubtedly true 


® Mechanical Engineer, St. Louis, Mo. Mem, A.S.M.E. 


that hammer-welded shells have been used to a far greater 
extent abroad than in this country, but there have been some 
boiler shells made here by this process, which has been used to a 
very considerable extent for other pressure containers. The 
use of fusion welding done by the oxyacetylene and electric 
are processes is not permitted under the A.S.M.E. Boiler Code, 
and, I think, rightfully so in the present state of the art. Forge 
or hammer welding when done under proper conditions is per- 
mitted but somewhat penalized, and again, I think, rightfully 
so because there is no way of determining perfectly definitely 
about the integrity of the weld. However, owing to the diffi- 
culty of properly driving rivets in plates 2 in. thick and more, 
it is necessary to resort to either forge-welded or seamless shells. 
However, again there is a limit to the thickness of plates that 
can be forge-welded, this limit being about 2'/, or 2'/.in. Plates 
of this thickness are sufficient for pressures approximating 
600 or 650 lb. for any type of boiler. The ideal shell for high 
pressure is one which has no seams of any sort, that is to say, 
a construction forged throughout. Shells made in this way, 
however, are very expensive. 

In answer to Mr. Hunter’s question about boiler horsepower, 
it may be said that it has long been recognized that this method 
of rating boilers is illogical and absurd, particularly in view of 
present-day practice. The Power Test Code Committee of 
the A.S.M.E. has this matter up for discussion now, and it is 
interesting to note that there is a very wide difference of opinion 
as to what unit should be adopted. The tendency seems to be 
toward the use of a thousand B.t.u. as the unit of output. This 
same basis would also be used per square foot of heating surface. 
The use of the B.t.u. unit gives a direct, basis of comparison 
without having to make any adjustments for varying conditions. 

The trouble with a thousand pounds of steam is that one must 
know what the other conditions are, namely, steam pressure, 
feedWater temperature, superheat, etc., im order to arrive at 
an intelligent comprehension of the quantity. 
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Direct-Fired Powdered-Fuel Boilers with Well- 
Type Furnaces at Charles R. Huntley Station 


By H. M. CUSHING! anv R. P. MOORE,? BUFFALO, N. Y. 


The 1926 extension to the Charles R. Huntley Station in Buffalo 
includes the addition of four 1250-hp. boilers, each with water-cooled 
furnace walls and 76 per cent economizer surface. The paper 
describes the evolution of the furnace design, gives reasons for the 
selection of pulverized coal, and the adoption of the direct-fired 
system, and presents the operating results. Tests embodied in the 
paper show unit efficiencies in excess of 85 per cent within the operat- 
ing range of the equipment—from 125 per cent to 550 per cent of 
rating of boiler and walls. 


HE duty imposed on a steam-generating plant operating in 
"| conjnetion with a large hydroelectric system is character- 

ized by a wide variety of requirements. The station must 
not only be capable of handling base load at reasonable efficiency 
when system conditions demand, but it must also supply highly 
dependable stand-by service, which means periods of low-load- 
factor operation and the ability to pick up load quickly in emer- 
gency. Such a problem is presented in the Charles R. Huntley 
Station of the Buffalo General Electric Company, operating on the 
Buffalo, Niagara and Eastern Power Corporation system. It 
is the purpose of this paper to describe the somewhat novel 
manner of meeting these problems in the most recent extension 
of the station, and to present the results of tests made thereon. 


ConpITIons DETERMINING DEsIGN 


There were several outstanding requirements to be met which 
placed definite limits on possible arrangements and selection of 
equipment. In the first place, the extension was to include a 
60,000-kw. turbine together with sufficient capacity in the 
boiler house, with a unit to spare, to supply this turbine. In the 
second place, the new equipment was to be placed in an addition 
to the then existing power plant. This led naturally to continu- 
ing the same floor levels and column spacings, resulting further 
in the selection of the same size of boilers as those in the old 
plant and for which the building was designed. After recog- 
nizing these fundamentals the question then became, How many 
boiler units shall be installed to take care of the 60,000 kw., 
requiring 670,000 Ib. of steam per hour under the steam conditions 
existing at the station? 

The plant is, fundamentally, the peak-load and stand-by unit 
of the system. The base load is carried normally by the hy- 
draulic plants at Niagara Falls. Previous to the design of the 
extension, the station had been carrying only the peaks of the 
week-day load, keeping one machine in operation as stand-by 
during the nights, on Saturday afternoons, and on Sundays. 
This resulted in low annual station capacity factors. Station 
peaks were of very short duration, lasting not more than a few 
hours a year. These features of the load pointed to the minimum 
of investment and the operation of equipment at high ratings. 

The old boiler house contained 12,515-sq. ft. Babeock & Wilcox 
type cross-drum boilers, with 9435-sq. ft. cast-iron economizers. 
Eleven of the boilers were fired with duplex stokers and the re- 
maining one with a long single stoker. The maximum practical 
capacity of one of these boilers was about 130,000 Ib. per hour 
actual evaporation. 


reed Engineer, Buffalo General Electric Co. Mem. A.S.M.E. 
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The obvious answer to all of the stated considerations was to 
increase the maximum boiler output in the new extension over 
that obtainable in the old plant, the physical dimensions of the 
boiler being determined as stated above. No reason except 
efficiency could be found for holding the maximum rating of the 
boiler down to values commonly used. Careful study of this 


Fie. 1 Lonarrupiat Section oF Borter Hovss, 1926 


point showed that there was no justification for holding the 
capacity below that corresponding to the maximum quantity 
of fuel it would be possible to burn under the boiler. The 
question then was, How much fuel can be burned without sac- 
rificing too much efficiency? Comparing pulverized-coal firing 


ay 
| 
| 
| 
| 
4 
a 
GAS GN 
“4 
\ 
} 
b= 
| — 
= 


S= 
acon 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


= 


4 


\ 


\ 
— | 
= 
\ 
| 
| a 
| 
1 
4 


Fig. 2 TRANSVERSE SEcTION oF BorteR House, 1926 ExTension 


with stoker firing, it was felt that the pulverized-coal firing would 
help as far as capacity was concerned and be particularly valuable 
for quick starts and stops. However, the cost of a coal-prep- 
aration plant and the furnace volume usually considered neces- 
sary at that time argued strongly against it. The use of direct 
firing of the powdered coal and the turbulence produced in the 
furnace by the well type of furnace construction promised to 
overcome these two difficulties, and the use of powdered coal was 
finally decided upon. With this equipment it was felt that the 
maximum capacity of the boiler unit could be increased to the 
225,000 Ib. per hour required if the new unit were to be supplied 
by three boilers. Accordingly four boilers, one a spare, were 


added in the extension; but because of many novel features in 
the design, one, No. 13, was rushed to completion to determine 
the limits of this type of furnace. 


DESCRIPTION OF EQUIPMENT 


The boilers themselves are practically duplicates of the 
older boilers in the plant. This is strictly true with the e& 
ception that the new boilers (see Figs. 1 and 2) have a different 
arrangement of drop tubes and are designed for a drum 
pressure of 320 Ib. gage as against 285 Ib. for the old plant, the 
difference being intended to take care of the drop through the 
superheaters at the higher ratings. They are of the horizontal 
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tube, sectional-header, cross-drum type, 44 tubes wide and 11 
tubes high, not counting the circulators. The tubes are 4-in. 
No. 7 gage, and the drum 32 ft. long by 60 in. in diameter. The 
boilers have three-pass tubular superheaters, located in the over- 
deck position, and designed for 275 deg. superheat. They are 
baffled for three gas passes, with sloping baffles between the first 
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and second passes. The total water-heating surface of each boiler 
is 12,515 sq. ft., and the superheating surface is 7100 sq. ft. 

The furnaces for the four boilers are of the well type, but 
they are of two different designs, or rather three are devel- 
opments from the tests on the first one. The furnace layout 
for boiler No. 13 is shown in Fig. 3. It consists primarily 
of an 8-ft.-square well composed of 3'/,-in. tubes spaced on 
6-in. centers. Above the well, the tubes of each wall continue 
parallel to each other, but flare out and pass through the brick 
walls of the furnace just under the boiler proper. This gives a 
furnace volume of 5076 cu. ft. between the furnace-wall tubes 
and below the boiler tubes, of which 682 cu. ft. are in the well. 
The group of tubes on each side of the well are connected top and 
bottom through headers to the boiler drum. No provision is 
made for recirculation. The brick walls rest on the boiler-room 
main floor. They are of hollow construction, with arrangements 
for tertiary air cooling. Secondary air comes from a fan which 
discharges into an air space around the outside of the well. This 
air has been admitted into the well through a variety of opening 
arrangements, to be discussed later. There is one burner in each 


of the four walls of the well, offset 2 ft. from the center so that the 
velocity of the jet causes cyclonic action and turbulence of the 
gases in the furnace. 

The other three furnaces, boilers Nos. 14, 15, and 16 (see 
Fig. 4), are composed of four water walls with refractory-faced 
blocks extending down from the boiler to within a few feet of the 
basement floor. There is practically no brick exposed in the 
furnace. The lower section forms the well which is 15 ft. 7 in. 
square and 7 ft. 6 in. deep. Above this the two sides extend 
outward to the full width of the boiler, giving a total furnace 
volume of 10,200 cu. ft. The exposed block surface amounts 
to 2044 sq. ft. per boiler. Each water wall has its separate re- 
circulation through external piping. The make-up water is 
supplied from, and the steam which is developed in the walls 
is returned to, the drum. The furnace bottom is flat. It is com- 
posed of two courses of firebrick on a steel plate. A 6-in. layer of 
burned dolomite dished up at the sides is spread over the brick. 
Below the furnace bottom is a plenum chamber for secondary air. 
The presence of this air prevents overheating the plate and 
structural-steel supports. The coal and all air required for 
combustion are admitted through four burners, one in each water 
wall. These burners are offset 4 ft. from the center line. They 


Fig. 4 or Larger Furnace Berore Firine, Borers 
Nos. 14, 15, anv 16 


are of the Calumet type, in which the opening for coal and pri- 
mary air is 5 ft. in height by 2.4 in. across. The secondary air 
enters through ports on both sides of this opening. These ports 
are at an angle of 45 deg. to the primary jet, and are staggered 
so that the cross-action of the individual jets of secondary air 
will assist in producing the turbulence so necessary to burning 
the maximum quantity of coal in a limited furnace volume. 
Sheet-steel housings surrounding the burners outside of the fur- 
nace confine the secondary air which comes from the plenum 
chamber under the furnace floor. Adjustment of the secondary 
air at the individual burners is accomplished by a set of dampers 
in the ports. 
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No attempt is made in the furnace to chill the ash before it 
settles. On the contrary, with the design of furnace just de- 
scribed it is important that the ash be maintained in a molten 
state until such time as it may be tapped off. Because of this, 
the furnace may be operated at temperatures limited only by the 
effect on the water-cooled walls. This permits of higher rates 
of combustion per unit volume and, what is also very important, 
the use of low-fusion-ash coals. 

The handling of the molten ash originally presented a problem 
(see Fig. 5) which has been solved in a very simple way. 
The slag tap hole has a cast-iron spout which discharges on to a 
high-velocity jet of water in a cast-iron housing known as the 
disintegrating box, which continues as a sluicing system under 
the basement floor. This sudden cooling action shatters the 
slag into a granular product about the size of very coarse sand, 
together with a considerable quantity of spun slag. The sluice 
discharges into a sump pit, from which the slag and water are 
pumped by 6-in. dredge pumps to a point from which the slag 
may be loaded on cars. 

The stokers of the old plant are supplied from an overhead 
bunker having a capacity of 350 tons per boiler. This was ex- 
tended into the new addition. On its way to this bunker the 


Fie. 5 First Experiment aT Stuicinec Hot Siac with WarTer, 
Bomer No. 13 


raw coal passes through a Bradford breaker, which reduces it to 
1'/,-in. size, and over magnetic separators for the removal of 
small tramp iron. From the bunker in the new end the coal 
drops dowh chutes to automatic scales located between boilers 
upon the main boiler-room floor. Under each scale is a small 
four-ton bin from which two drag-chain feeders driven by motors 
having a three-to-one speed range carry the coal into two 48-in. 
vertical air-separation ball mills rated at 8 tons each, which are 
situated on the basement floor. They are driven by 125-hp. 
wound-rotor induction motors with a two-to-one speed range. 
These ball mills are used as unit mills for direct firing, there 
being no storage of pulverized coal. An exhauster with a cast- 
iron housing, rated at 15,000 cu. ft. of air per min. at 9 in. pressure, 


draws the primary air through each mill, bringing the pulverized 
coal with it. Each exhauster is driven by a 60-hp. 1500-r.p.m. 
squirrel-cage induction motor. A combination of mill and ex- 
hauster supplies coal and air to two burners located on opposite 
sides of the well furnace. The other mill and exhauster supply 
the other two burners. This permits single-mill operation if it 
is desired or required due to trouble on the other equipment. 


Fia. 6 View or Borer wits LarRGeR Furnace aT BoiLer-Room 
Fioor Levet, SHowinec AuToMATIC SCALES AND MILL Exuavsrters 


Fic. 7 FEEDERS FoR ONE BoILeR 


(Note the distributer for the coal and primary air above and to the right 
of the nearer mill.) 


The coal-handling and preparation equipment is shown in Figs 
6and7. 

A high-pressure steam heater has been provided for preheating 
the primary air. It is intended for use only when excessive mol 
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ture in the coal limits the output of the mills below the ratings 
desired. 

A double-inlet blower having a capacity of 60,000 cu. ft. of 
air per min. at 5 in. pressure supplies secondary air to the furnace. 
The discharge of the fan passes downward through the floor into 
a duct and comes up in the center of the plenum chamber under 
the furnace bottom. The fan is driven by a 100-hp. wound- 
rotor induction motor having a two-to-one speed range. A 


Fie. 8 ContTrou PaNgLs For One BorLer UNIT 


damper in the discharge, controlled from the boiler-room floor, 
is used for outputs requiring less than half-speed of the fan. 

Initial lighting of the coal stream is accomplished by the use of 
ordinary household-furnace oil (41 to 42 Baumé, 160 deg. fahr. 
flash) injected through a special oil burner located at the lowest 
secondary air port of each coal burner. The oil burners are 
permanently piped from a supply tank in the yard. Two burners 
are used at each lighting. After turning on the oil they are 
touched off with a piece of burning waste. ~ 

The gases from each boiler pass through a 9504-sq. ft. Foster 
economizer and then through a double-suction induced-draft 
fan to the stack. The fan is driven by two motors, one on each 
end of the shaft. The smaller one is a 75-hp. 375-synchronous 
r.p.m. squirrel-cage induction motor. This motor is sufficiently 
large for operation of the boiler up to about 130,000 Ib. actual 
evaporation. At higher boiler outputs the other motor, which 
'8 & variable-speed wound-rotor motor rated at 400 hp. at 750 
synchronous r.p.m. full speed, is called into service. For con- 
trolling the draft when the 75-hp. motor is driving, there is pro- 
vided a four-leaf damper between the economizer and the fan. 
This is motor-operated and remotely controlled. 

The operation of each of these boilers is centered in thé control 
board shown in Fig. 8, which is of 1/¢in. steel plate. Besides 
multi-pointer gages showing the drafts at different points in the 
boiler setting and primary and secondary air pressures, etc., 


there is a steam gage for the pressure of the steam at the super- 
heater outlet, a boiler meter, a recording thermometer showing 
economizer temperatures, and ammeters in the mill circuits as 
well as one in the main electrical feeder for the boiler. Below 
the meters are the push buttons for opening and closing the 
motor contactors, together with the necessary indicating lights 
and rheostat handwheels. The contactors are of the air-break, 
magnet-closing, gravity-opening type and are located in a sep- 
arate room. The controls are interlocked so as to avoid as far 
as possible mistakes in operation and difficulties due to failure 
of one or more pieces of apparatus. Thus, if the induced-draft 
fan should fail for any reason, all other motors on the boiler 
would stop in quick succession. If, however, a mill should 
stop it would trip out its own coal feeder. For starting purposes 
when handling wet coal the sequence of interlock is broken to 
allow starting the mill and feeder before the exhauster. This 
permits the mill to accumulate a quantity of pulverized coal so 
that when the exhauster is started a few moments later, there 
results a rich mixture of air and coal, which ignites easily. Im- 
mediately after the start the correct sequence of interlock is 
restored automatically, giving the protection described above. 
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Fie. 9 VARIATION IN EFFICIENCY WITH CHANGES IN FURNACE 
Deraits oF Borter No. 13 WHen EvaporatinG 200,000 La. 
PER Hour 


PERIODS 


1—Oval burners, secondary air filtering through well walls; bare Bailey 
blocks and bare tubes above. 
2—Secondary air changed to — —y burners; tile placed over tubes 
above well. 
3—Bare blocks replaced with irra, ones; type of burners 
changed. 
4—Primary air preheated; mill improvements. - 
5—Carborundum blocks back of + or of one wall of well in place of Bailey 
blocks. 
6—Various arrangements of tile over sloping tubes tried; Bailey refractory 
blocks replaced. 


The positions of the uptake damper and induced-draft fan 
controller are also interlocked. By means of a drum-type switch 
it has been arranged so that it is impossible for the operator to 
close the damper beyond a certain position with the fan running 
at any but its lowest speed. In the same way he must open the 
damper wide before he can increase the speed of the induced- 
draft fan another notch. This forces proper control of the speed 
of the fan itself and thereby avoids unnecessary waste of energy. 
Lights on the panel tell the damper position, which does away 
with the operator’s experimenting when he should act quickly. 

Direct current, the source of which is insured by a stand-by 
battery, was chosen for the control circuits and interlocks. Its 
use was expected to give greater reliability than alternating cur- 
rent, and at the same time avoid the possibility of motors drop- 
ping out of service due to surges in the a.c. voltage. A time-limit 
undervoltage relay is placed in the d.c. supply so that in case the 
alternating current fails for a sufficient length of time for the 
motors to drop to as low a speed as it is safe to reaccelerate them, 
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the contactors will open. This gives a continuity of service as 
nearly equal to the a.c. supply as is possible. 


EvoLutTion oF DesiIGNn OF BorLer No. 13 


The trials on boiler No. 13 involved a variety of air-admission 
and burner arrangements. While some runs were made with a 
view to learning the efficiency, the boiler was operated mostly 
at high percentages of rating to determine life of materials, etc. 
Such efficiency runs, however, do not have the accuracy of the 
later tests on boiler No. 15. The improvements in efficiency 
with the various changes made are recorded in Fig. 9, which is for 
boiler only without economizer. First, the well was kined with 
bare-faced calorized-steel Bailey blocks. Spaces were left be- 
tween the blocks for admission of the secondary air. The burners 
were hollow-walled nozzles having an 8-in. by 19-in. opening and 
provision for water cooling. The flue-gas temperatures under 
these conditions, measured at the boiler outlet, were exceedingly 
low, being 580 deg. at 225,000 lb. actual evaporation per hour. 
Although no exact measurements could be made, it is estimated 
that 50,000 lb. of water per hour was evaporated in the tubes of 
the well when the boiler proper was doing 100,000 lb. per hour. 
This is based on temperature measurements of the steel wall 
blocks in the well. There was no appreciable slag accumulation 
on the tubes of the boiler. However, considerable smoke 
occurred with this arrangement at high rating, which represented 
an appreciable unburned-combustible loss. The steel blocks 
also burned very rapidly in certain parts of the well. 

Examination of the flame through the doors of the furnace 
showed the expected whirling of the gases as they arose from the 
well. This cyclonic action could be followed as the gases moved 
toward the tubes. The sloping tubes being open, there was a 
tendency for the gases to pass behind them. But here, instead 
of continuing the rotation started in the well, they followed the 


“draft toward the entrance to the first pass of the boiler. 


It was felt that the presence of the sloping tubes in the fire was 
at least in part responsible for the smoke. Hoping to stop this 
smoking at the high ratings, a Jayer of tile was placed over the 
tops of these tubes and a curtain wall built under them so as to 
prevent the gases from passing behind. The secondary-air open- 
ings between the well-wall blocks were also closed, and certain 
blocks around the burners were removed so as to throw the second- 
ary air directly into the coal stream. These ehanges improved 
the smoke condition and efficiency as shown by the chart, Fig. 9. 
More molten ash collected in the well, due to the tile on the 
sloping tubes. There was also rapid accumulation of slag on the 
lower row of boiler tubes. 

The next move was to replace the calorized steel blocks with re- 
fractory-faced blocks. The burners were also exchanged for 
air-cooled burners having a long, narrow coal opening 4 in. by 
33'/, in. with provision for the secondary air to enter on each 
side. At this point improper distribution of the coal between 
the burners became evident as being partly responsible for 
throwing down coke in the well. This could not be corrected 
merely by dampers as an improper distribution of air would re- 
sult which would be just as serious. A distributer therefore had 
to be devised which would split the coal and air from each ex- 
hauster equally to both burners. The device which is shown 
in Fig. 7 accomplishes this purpose. It flattens the stream at 
two points, the long dimension at the upper point being at right 
angles to that at the lower. At the lower of these two points is 
the split between the two burners, and dampers were placed here 
to permit of some adjustment. The equipment installed at this 
time materially improved the efficiency, as shown on the chart 
Fig. 9. 

The next step was to install an air preheater for the primary 
Sir so as to take care of very wet coal from yard storage. Changes 
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were also made in the baffling of the air-separation mills to im- 
prove the fineness of pulverization. The result was a further 
increase in efficiency. Subsequent tests with and without the 
preheater led to the conclusion that the above-mentioned gain in 
efficiency was almost entirely due to finer grinding. 

From this point on, various schemes were tried. Exposed 
tubes, where blocks had been burned away, had apparently suf- 
fered no injury even after some service in the well when 60,000 
B.t.u. per hour per cubic foot of furnace volume were being 
liberated. This led to trying carborundum blocks attached to 
the back of the tubes on one wall of the well. Blistered tubes 
resulted after a short period of service. Other arrangements were 
tried in which the sloping tubes were more or less covered. In 
general it may be said that the more they were covered the less 
the smoke but the greater accumulation of the slag on the 
tubes of the first pass. The point in rating at which smoke 
appeared was very definite for any particular amount of exposed 
tube surface. The furnace is very sensitive to the proper distri- 
bution of air and coal, and if the adjustments are not just right, 
coke is thrown down in the well. 

The important conclusion to be drawn from the trial on 
boiler No. 13 is that the unit as built is satisfactory for actual 
evaporations up to about 150,000 lb. of water per hour, which 
corresponds to 31,200 B.t.u. per cu. ft. of effective furnace volume. 
Above this the life of the wall blocks is too short, but good 
efficiencies without smoke may be obtained up to 200,000 lb. 
per hour actual evaporation. As it was necessary to obtain 
evaporations of 225,000 lb. of water per hour to meet the design 
requirements, it was decided to increase both the size of the well 
and the total furnace volume, and the design already described 
for the other three boilers resulted. 


OperRATION OF Borters Nos. 14, 15, anpD 16 


The proper criterion by which to judge the design of power- 
plant equipment is its performance under the actual operating 
conditions obtaining in the plant for which the equipment was 
intended. Consider then the final design from the point of view 
of the various requirements already stated. As to capacity, 
these boilers have often exceeded 275,000 Ib. per hour actual 
evaporation for short periods of time. No difficulty whatever 
is experienced in maintaining an actual output of 250,000 lb. 
per hour indefinitely. They have also proved themselves par- 
ticularly valuable for making quick starts and stops. In the 
stoker-fired section of the plant, the shortest time in which a cold 
boiler can be brought up to header pressure is 90 min. The new 
boilers do this easily in 40 min., and, when urgently required, even 
this time has been reduced. In shutting down it is like turning 
off the gas under a kettle: the boiling stops almost immediately. 
This naturally results from the fact that the furnace is surrounded 
by water walls which do not store much heat. Losses due to 
popping of the safety valves after a sudden drop in load are thus 
minimized. Even though the setting has practically no capacity 
for storing heat above the temperature corresponding to the 
pressure, cooling below this point is very slow. There being no 
fire in the furnace when the boiler is out of service, it is prac 
tical to use tight uptake dampers. On the new boilers these 
dampers are split into four leaves, each controlled by the damper- 
operating mechanisms through coil springs. These springs take 
up the difference between the various leaves if they do not close 
exactly alike. With a tight damper and a tight setting, it is 
possible to relight a boiler every twelve to fifteen hours for five 
to six minutes and have the boiler ready for service at any time 
within this five or six minutes or less. In the twelve to fifteen 
hours the drum pressure drops about 100 Ib. per sq. in., and 1800 
to 2200 Ib. of coal is required to bring it back to line pressure. 
It averages about 150 Ib. of coal per hour to hold a boiler 
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“banked” in this manner. 
percentage of time as they are at the Charles R. Huntley Station, 
the cost of banking is of considerable importance to the economy 


of the plant. 
It has already been stated that these boilers may be operated 


continuously at 250,000 Ib. per hour actual evaporation. This 


statement is made, keeping in mind the collection of slag at the 
bottom of the first pass. Under certain conditions this may be 
very rapid at high ratings. It has been found possible, however, 
by the frequent use of soot blowers at this point to control the 
slag formation and avoid choking the gas passage. 


Fie. 10 


Lower Part or Sipe WALL oF LarGeR FURNACE AFTER 
SERVICE 


The ash pool on the furnace bottom is tapped about once in 
twenty-four hours if the boiler has had any appreciable amount of 
service in that time. The boiler must of course have been in 
service some time when it is tapped. Any quantity up to fifteen 
tons has been drawn off at one tapping. The percentage analysis 
of this slag ash is as follows: Silica, 44.52; aluminum oxide, 
18.64; iron oxide, 31.25; titanium oxide, 0.76; phosphorus 
pentoxide, 0.25; calcium oxide, 1.33; magnesium oxide, 1.10; 
sulphur trioxide, 1.80; undetermined, 0.25. 

The new plant has not been operated for a sufficiently long 
period of time to permit the accumulation of any data on main- 
tenance, but there are no indications that there will be ex- 
cessive or unexpected items in this part of the operating 
cost. After a period of service the interior of the furnace pre- 
Sents an appearance similar to that shown in Figs. 10 and 11. 
At the top near the boiler tubes is a light, fluffy accumulation 
which is apt to build out some distance from the face of the wall. 
Below this is an area where the accumulation has fused and 
flowed, but has built up from the surface of the block. Still 
further down adjacent to the burners are patches where the 
thickness of the Bailey block has been reduced somewhat. Even 
with this reduction, block replacement is not expected to be 
heavy. At the access door and around the tap hole it has been 
found necessary to use carborundum brick, as the best qualities 
of ordinary firebrick have a very short life in the molten ash. 
It is expected that the blades of the exhauster fans will give a 
rather limited service. Study is being made to determine what 
material will be used here for the least total cost. Similar ex- 
periments are being made on the housings of the induced-draft 
fans where localized erosion is taking place, due to the high 
Peripheral speed of the fans at high ratings. 


Where boilers are banked such a large 


Even at the high outputs there is no difficulty in maintaining 
16 per cent CO, with nothing more from the stack than the white 
smoke which is characteristic of good powdered-coal firing. 
Under these conditions an indicating pyrometer has shown a 
temperature of 2900 deg. fahr. when pointed into the fire near 
the bottom. The flame from the four burners makes excellent 
use of the furnace volume, accounting, no doubt, for the high 
CO, possible without CO and to the volume rate of combustion 
obtained. At 250,000 lb. per hour actual evaporation the heat 
liberated is 37,400 B.t.u. per cubic foot of the furnace, 

Beside the wide range of capacity possessed by these boilers, 
which extends from 60,000 to 275,000 Ib. per hour, there is great 
flexibility possible in the way they may be operated. Fre- 
quently only one mill has been used, and in this case the secondary 
air has been supplied by either the other exhauster or the second- 
ary air fan, or both. Using only one mill a continuous output 
of 200,000 Ib. per hour has been maintained for twelve hours with 
an average efficiency of 83 per cent—see data for test No. 15. 
It is also possible to operate with both a mill and its exhauster 
out of service. At small outputs with both mills, it is usual 
practice to run with no secondary air. This is a condition for 
test No. 23. 

The fuel used comes from several mines in eastern Ohio and 
western Pennsylvania. The proximate analysis shows about 


Fie. 11 Upper Part or Sipe Watt or LarGer FuRNACE AFTER 
SERVICE 


35 per cent volatile, 50 per cent fixed carbon, 10 to 12 per cent 
ash, and the remainder moisture. As received the B.t.u. value 
of the fuel is about 12,500, the sulphur content from 3 to 4 per 
cent, and the fusion point of the ash from 1900 to 2000 deg. fahr. 
With a furnace designed as described it is unnecessary to be par- 
ticular about obtaining coal with a high-fusion ash. This permits 
the use of cheaper coal. 


TEsts 


Hardly was the new plant in operation before visitors and op- 
erators alike raised the question, How efficient are the new boiler 
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units? Since then it has been possible to complete a series of 
tests on boiler No. 15. To insure accuracy these tests were ex- 
tended through periods varying from ten to twenty-four hours, 
although it was felt that with the small amount of heat storage 
a much shorter time would have been sufficient. 

With such quantities of water as were required for this boiler, 
weighing was entirely out of the question, making it necessary to 
rely on a flow meter. Each boiler is equipped with a 6-in. by 
2'/,-in. venturi tube in the feedwater line, together with a com- 
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Fie. 13 Curves or Erriciency anp Losses—BorterR No. 15 
TEsTs 


bination recorder and integrator. Previous to the test on boiler 
No. 15 the meter tube was taken out of the line and sent to a 
laboratory where it was put through a series of calibrating tests 
in which pressure differential was measured by a mercury manom- 
eter. During the subsequent boiler tests a mercury manom- 
eter was set up in parallel with the venturi recorder. Readings 
were taken on this at one-minute intervals to the nearest fiftieth 
of an inch. These were averaged after taking the square roots. 
Corrections were made for the temperature of the water and ex- 
pansion of the tube, and the coefficient which had been deter- 


mined by the tests was used in computing the quantity of water. 
The temperatures of water into the economizer and boiler as well 
as the superheated-steam temperatures were measured by 
mercury thermometers. These completed the output measure- 
ments. 

For the coal weights, the automatic scale in the boiler 
equipment was used. To make certain of its accuracy a tested 
platform scale was used to check weighings at the beginning 
and at two or three other times during the series of tests. 
At frequent intervals during each test the gross and tare weights 
were checked, as is provided for on the scales. It was found that 
if the scale would check by this latter method the individual 
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Fic. 14. Fivuge-Gas QUANTITY OF STEAM _To Soot 
BLowers, AND Factor oF EvAPORATION—BOoILER No. 15 Tests 


weighings would be very accurate when reweighed on the platform 
scales. 

Coal sampling is an exceedingly important part of the coal or 
input measurements, and the accuracy of the test can be no better 
than the accuracy of the sample. To obtain a true sample, it is 
felt to be necessary to take a complete section out of some point 
in the coal stream at regular intervals. The individual incre- 
ments must also be of approximately equal weight. After con- 
siderable study, this was accomplished in a very simple manner. 
Fig. 12 shows how it was done. A piece of galvanized steel was 
cut the proper size and two edges bent up at an angle such that 
it would pass under the chute which delivers the coal on to the 
belt of the scale. The front and back plates of the scale 
casing were removed and at ten-minute intervals on short tests 
and fifteen-minute intervals on long tests the sampler Ww 
passed under the feed chute and permitted to travel on top of the 
belt with the coal, being removed by the test man at the dis 
charge end. The sides of the sampler, being bent up 5 noted 
above, permitted no spilling. There was of necessity some spilling 
at both ends. The possible error that this might produce ¥% 
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FUELS AND STEAM POWER 
TABLE1 SUMMARY OF OBSERVED DATA AND CALCULATED RESULTS 
Pest 7 15 17 18 19 
Water fed, actual, Ib. per 222,832 197,874 188,970 159,809 150,827 
Equivalent evaporation of unit, Ib. nd 282,707 248,451 237,611 196,341 184,145 
Factor of evaporation, boiler, superheater, and walls................-. 1.1536 1.1459 1.1457 1.1321 1.1304 
Equivalent evaporation, boiler, superheater and walls, lb. per hr........ 257,059 226,744 216,503 180,920 170,495 
Weight of coal as fired, lb. per hr..............--- es wees ce enue 25,765 22,470 21,264 17,444 16,442 
Moisture in coal as fired, per cent......... oa 4.60 4 3.55 6 
Weight of dry coal, lb. per 24,580 21,454 20,254 16,825 15,404 
Steam pressure, abs., at superheater outlet, lb. per sq.in..............-- 280.6 283 278.1 275.5 272.6 
Steam temperature at superheater outlet, deg. ES peeeeen 773.1 737.0 752.8 694.7 681.1 
Water temperature at economizer inlet, deg. fahr..............------ 208.2 201.4 208.4 205.5 202.7 
Water temperature at economizer outlet, deg. fahr...........- Pere 317.9 306.1 315.2 298.1 291.3 
Primary air per ib. of dry coal, Ib.............-.--- sae 7 3.54 3.88 4.68 5. 5.30 
Primary-air temperature entering mills, deg. 0 Se gaan 69.2 67.4 68.0 68.1 222.5 
Primary-air temperature entering preheater, deg. fabr...... ei 69.2 67.4 68.0 68.1 67.5 
Heat content of primary air per lb. dry coal, B.t.u. per Ib... : 0.0 0.0 0.0 197.0 
Heating value per lb. dry coal, B.t.u. per Ib.... ; 13,210 13,302 13,106 13,225 13,002 
Total heat input per lb. dry coal, B.t.u. per Ib... ; ‘ 13,210 13,302 13,106 13,225 13,199 
Heat in steam leaving superheater, B.t.u. per lb.. at ‘ 1408.8 1389.5 1398.2 1367.3 1359.8 
Heat in water entering economizer, B.t.u. per Ib. . ‘ 176.0 169.4 176.4 173.5 173.5 
Heat in water leaving economizer, B.t.u, per lb... ......... 287.8 276.0 284.9 267 .2 261.4 
Flue-gas analysis by volume (top of 3rd 3:00 0.09 0.01 
Nz, per cent..... : 81.51 82.04 81.38 81.32 81.56 
Weight of gas per Ib. carbon, Ib. 18.85 19.39 19.85 19.29 18.70 
COs, per cent....... 12.87 12.75 12.49 12.93 13.05 
a, Per Comt........ 80.70 81.35 80.80 80.82 80.50 
Weight of gas per Ib. carbon, Ib.................-+.-- 19.49 19.70 20.01 19.49 19.27 
Jolatile matter, per cent...... .09 4.66 . 66 2. 
Proximate analysis (dry pain} Moe per cent.......... 12.61 12.05 13.23 13.04 12.05 
Perr 2.48 2.85 2.97 3.13 3.62 
per 72.89 73.68 72.09 73.20 71.72 
s, per cent..... 4.94 4.82 75 4.73 = 
Ultimate analysis (dry basis—by test) He 4 4 42 
Ash, per cent 12.61 12.05 13.23 13.04 12.05 
Flue-dust analysis (dry basis) | Ash, per cent........ 90:36 «89.44. 94.95 88.54 94.37 
Unburned carbon per Ib. dry coal, Ib............--..+++-+04-- 0.00952 0.00988 0.00510 0.01212 0.00499 
Total carbon burnt per Ib. dry coal, tion for S added, lb.. .... . 0.7352 0.7424 0.7320 0.7370 0.7320 
Flue-gas temperatures by thermocouple: 
Top of Gee. + 685.4 659.0 660.9 606.6 587.3 
Boiler outlet, deg. fahr....... 659.4 616.0 622.4 565.5 552.6 
Economizer outlet, deg. fahr............... Fen , 370.5 347.0 350.9 300.8 314.4 
Slag per ib. dry coal, Ib... ..... 0.0368 0.0368 0.0368 0.0368 0.0368 
Ash to flue per Ib. dry coal, Ib............. , 0.0893 0.0837 0.0955 0.0936 0.0837 
Total flue refuse per Ib. dry coal, Ib........... si ier . 0.0988 0.0936 0.1006 0.1058 0.0887 
Combustible in flue refuse per Ib. dry coal, Ib.................-.- . 0.0095 0.0099 0.0051 0.0121 0.0050 
Heat superheater, water walls, and economizer, dry-coal 
pasis: 
Heat absorbed, total, 84.64 84.57 86.98 85.76 87.99 
Heat absorbed, exclusive of economizer, per cent....... 76.97 77.18 79.25 79.02 81.47 
Loss due to combustible in refuse, per cent... ... j 1.05 1.09 0.56 1.34 0.55 
Loss due to HO in coal, per cent............... 0.44 0.42 0.45 0.32 0.60 
Loss due to Ha in coal, per cent..............-. . 4.00 3.85 3.87 3.74 3.90 
Loss due to dry gases, per cemt...........--.--+-+-: 7.66 7.19 7.39 5.92 6.16 
Unaccounted for by difference, per cent....... 2.21 2.88 0.75 2.92 0.80 
Draft at economizer exit, in. water'.......... : 8.07 5.98 5.75 3.46 2.97 
Draft in furnace, in. water!........ 0.08 0.10 0.11 0.07 0.12 
Draft at exhauster, east, in. water? 4.79 6.36 5.73 6.59 5.02 
Draft at exhauster, west, in. water? 5.01 2.94 5.80 5.92 5.22 
Pressure of secondary air in plenum chamber, in. water’. 8.71 4.33 3.04 0.14 1.09 
Draft losses: 
4.10 3.05 2.95 1.75 1.47 
Boiler and superheater, in. water......... 3.89 2.83 2.69 1.64 1.38 
Furnace to fan, in. water.............--.--- 7.99 5.88 5.64 3.39 2.85 
Through preheater, in. water..................- 0.54 0.41 0.67 0.62 0.68 
Steam-drum pressure, abs., lb. per sq. in 317.8 310.7 306.5 296.8 296.2 
Total steam to soot blowers, Ib. per hr. .. 2438.5 1053.4 854.7 725.9 850.6 
Power, induced-draft fan, kw a 317.5 227.4 253.3 136.7 137.2 
otal power to auxiliaries, Kw...............--+-- o 600.5 452 496.8 345.8 337. 
Equivalent steam to auxiliaries, lb. per hr.............. * 6604 5172 5465 3802 3715 
Total steam to soot blowers and auxiliaries, Ib. per br..... ; ps 9044 6225 6320 4 457 
213,788". 191,649 182,650 155,279 145,638 
Power to mills and rheostats, kw...... 1 89.97 115.36 100.51 109.34 
99.85 74.60 82.55 52.74 61.87 
96.97 89.78 89.54 - 88.12 76.80 
Power to secondary blower and rheostat, 38 45.84 38.68 20.43 14.37 
Total primary air per min., 1453 1278 1507 1589 1359 
reen-coal sizing: 
9.81 17.19 5. 10.59 
lverized-coal fineness: 
0.06 0.16 0.03 0.04 0. 
10.34 8.13 11.22 13.47 6.94 
Live 4.21 4.14 3.90 4.57 4.53 
Through 200 mesh, 64.18 64.24 57.45 52.36 72.47 


‘Reading by Bailey multipointer gage. * Reading by U-tube. 
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eliminated by providing an especially shaped piece of galvan- 
ized steel which would cut off the coal under the sloping ends of 
the sample for discard. A total of about 1600 lb. of coal was thus 
collected for the gross sample. This was reduced to less than 
one-quarter-inch size by passing it through a Sturtevant sampling 
mill. No advantage was taken of the mill split, both the sample 
and discard being saved and the whole quartered down to a 
20- to 30-lb. laboratory sample without further crushing. Two 
separate samples were taken at this point and sent to different 
laboratories. The results were averaged, except that only one 
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Fie. 15 Quantities oF Coat, Arr, AND Gas—Borter No. 15 
Tests 


laboratory gave an ultimate analysis. This was used as received 
after correcting to the average ash. 

A special moisture sample was taken at the same time intervals 
as the increment of the gross-analyses samples just described. 
It was collected in a 10-gal. milk can having a tight cover. At 
the end of the test this was mixed as thoroughly as possible 
without opening the can. About twenty pounds was then re- 
moved from various sections of the can, put into pans and immedi- 
ately weighed, after which it was placed into a warm spot for 
air drying. Following a period whose length depended on the 
original moisture content, the sample was again weighed, crushed 
down to '/, in., and quartered to about the quantity necessary 
to fill a quart jar. This was sealed and sent to the laboratory for 
final drying. The sum of the percentages of moisture thus ob- 
tained, corrected to the same basis, was used in the compu- 
tations. 

At half-hour intervals samples of pulverized coal were taken 
from the exhauster discharge pipes. These were obtained by 
sticking a 1'/,-in. pipe, to which was attached a vacuum- 
cleaner bag, into the center of the stream through a hole at an 
elbow in the pipe. These samples were screened and the results 
are reported as fineness of pulverization. 

Besides the measurements required for the determination of 
efficiency, other observations were made for the purpose of com- 
pleting the heat balance. Analyses of the flue gas were made by 
Orsats at two locations, namely, leaving the boiler and leaving 
the economizer. At both places there were six sampling pipes, 
each draining from a different position. These were not on the 


center line of the flue, but were staggered in such a way as to give 
what was felt to be the best average. Samples were taken as 
frequently as the man could handle the apparatus. 

Flue-gas temperatures were measured at the same places 
the gas samples were taken. Leeds and Northrup potentiometers 
and thermocouples were used, and the thermocouples were of the 
same number and distributed in the same manner as the gas- 
sampling pipes. - 

It was of course impossible to make any measurements of the 
quantity of ash collected as slag in the bottom of the furnace 
on any one test. The slag taken off, however, was weighed each 
time. The total was divided between the tests in proportion to 
the coal burned. 

In determining the net efficiency of the boiler, corrections were 
made for the energy consumed by the auxiliaries and the quantity 
of steam used by the soot blowers. These values could not, 
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16 Power-ConsumpTiIon, CoaL PREPARATION AND BURNING 
No. 15 Tests 


CURVES 


A—Electrical input to secondary fan exclusive of rheostat losses. 
B—Electrical input to secondary fan including rheostat losses. 
C—Electrical input to the two exhausters. 
D—Electrical input to the two mills exclusive of rheostat losses. 
E—Electrical input to the two mills including rheostat losses. 
F—Transition curve to convert tons of dry coal per hour into 1000 Ib. 
equivalent evaporation per hour. , 
G—Electrical input to the fuel-preparation and -burning equipment 
(=B+C+E). 


of necessity, be determined to the same degree of accuracy 
those used in computing the gross efficiency. It is felt, however, 
that the data are comparative and sufficiently accurate for pra 
tical purposes. The quantity of steam used by the soot blowers 
was computed from knowledge of the number and size of nozzles 
and observations as to the length of time each soot-blower 
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element was operated, together with the steam pressure at the 
head. The steam actually used by the auxiliaries depends on the 
economy of the main turbo-generators at the particular load 
at which they may be operating. This had to be neglected and 
a figure of 11 lb. of steam per kw-hr. assumed. Watt-hour 
meters were installed in the supply lines of each class of auxiliaries. 
The sum of the steam to soot blowers and auxiliaries was sub- 
tracted from the gross output. Throughout all the tests con- 
tinual check was had on blow-off, drip, and pop valves to be sure 
they remained tight. . 

Pressure gages were adjusted before and checked at intervals 
during the test period. Primary air was measured by pitot 
tubes in the air suction to the mills. Throughout the compu- 
tations the heat contents of steam were obtained from the chart® 
published in MecnanicaL ENnGINeeRING for February, 1926, 
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Tons of Dry Coal per Hour 
Fic. 17 Power Consumption oF BoiLeR AUXILIARIES—BOILER 
No. 15 Tests 


H—Electrical input to the induced-draft fan exclusive of rheostat and 
damper losses. 


oie teetrical input to the induced-draft fan including rheostat and damper 


J—Total electrical input to boiler auxiliaries exclusive of rheostat and 
damper losses (=A + C + D + H). 

K—Total electrical input to boiler auxiliaries including rheostat and dam- 
per losses (= B+ C + E +1). 


L—Transition curve to convert tons of dry coal per hour into 1000 Ib. 
equivalent evaporation per hour. 


in = belief that this has taken account of all available data 
to date, 


Discussion oF RESULTS 


The results of the tests are largely embodied in Table 1 and the 
curves shown in Figs. 13 to 18, inclusive. In Fig. 13 the effi- 
Clencies and all the losses are shown in curve form. The gross- 

* Progress Report on the Development of Steam Charts and Tables 


from the Harvard Throttling Experiments, J. H. Keenan, MecHant- 
CAL ENGINEERING, February, 1926, pp. 144-151. 


efficiency curve is built up from the curves of losses so as to give 
it the proper shape. At the same time, it fairly represents the 
points calculated by dividing output by input. It is felt that this 
method has given a result nearest the truth. The curye for net 
efficiency comes by calculation from that of gross efficiency. The 
percentage of rating shown on the horizontal scale is based on 
the water-heating surface of the boiler plus the surface of the 
exposed face of the blocks on the water walls of the furnace. 
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Fie. 18 Errectr oF VARIATION OF MOISTURE IN THE COAL AND 
Primary Air TEMPERATURE ON THE PowER CONSUMPTION OF 
THE No. 15 Tests. See Text 
REGARDING AccURACY 


Attention is called to the satisfactory manner in which the effi- 
ciency holds up even at the high ratings. No particular attention 
was paid to the directing of the operators during the tests. The 
results therefore indicate closely what may be expected in day-in, 
day-out operation. Tests Nos. 15 and 23 in Table 1 should not 
be used in comparing efficiencies, as the conditions in each case 
are special. In test No. 15, one mill was operated for capacity. 
Test No. 23 was run without any secondary air. 

Fig. 14 shows the temperatures of the flue gases. Considering 
the fact that the boilers are only eleven tubes high and have no air 
preheaters, the losses in the dry flue gases are not excessive. 
Fig. 15 shows the relation between the quantities of primary and 
secondary air. It is to be noted that the quantity of primary 
air remains nearly constant, falling off only at the lighter loads. 
Practically all the regulation of air is done on the secondary. 
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The power-consumption curves shown in Figs. 16 and 17 
are the result of data obtained on many short tests not listed in 
Table 1. They represent everything from the time the coal 
leaves the bunker until the slag is removed, except the power to 
drive the coal scale, coal feeders, damper motor, control circuits, 
and pumping power for sluicing the ashes. Where the driving 
motors are variable-speed, two curves are shown in these figures, 
the upper one being the total input to the motor and the lower 
the same minus the rheostat losses. These losses were obtained 
by splitting the total input in the proportion of slip to actual 
motor speed. The remainders are not the actual inputs to the 
fans or mills, as most of the motor losses are still included.‘ 
Rheostat losses are the result of using slip-ring induction motors 
for drive. 

Fig. 18 shows the variation of milling power with moisture in 
the coal as well as with temperature of the primary air. The 
data for these curves result in points which are considerably 
scattered. For this reason the curves serve only as indications 
of what is to be expected. Further tests will be required before 
they may be considered reliable. There is also an indication in 
the existing data that variation in the kind of coal will have a 
very material effect on the curves. Even with the curves as 
shown, it is safe to draw the conclusion that the power saved 
by preheating the primary air cannot pay for the heating. 
The preheaters should therefore be used only for obtaining re- 
quired capacity from the mills. 

Acknowledgment is made to the Babcock & Wilcox Company 
and the Fuller-Lehigh Company, represented on the work, re- 
spectively, by Messrs. G. A. Shoemaker and Rolfe Shellenberger 
and their assistants, for their valuable help on the tests and in 
compiling the data. 

In conclusion it may be stated that the installation at Buffalo 
has demonstrated that low-fusion-ash coal may be burned in 
comparatively small furnaces at high maintained efficiencies, 
and that the direct firing system permits wide flexibility of opera- 
tion with low cost per ton of coal handled. 


Discussion 


H. W. Brooks.’ When this job was contracted, engineers 
universally considered boilers of 1000 hp. and-over to be the ex- 
clusive province of the central plant. Furnace volumes were 
designed for rates of heat liberation of from 17,000 to 20,000 
B.t.u. per cu. ft., and principally for relatively high-ash-fusion 
coals. Few, if any, commercial-scale operations actually func- 
tioned at heat-release rates greater than 14,000 B.t.u. per cu. ft. 
Manufacturers quoted on installations designed for low-ash-fusion 
coals, but did not feel badly if they lost the business. Average 
furnace temperatures were carefully calculated to guard against 
slagging; sometimes theory checked with practice and some- 
times it did not. Boiler ratings exceeding 400 per cent were 
much talked of but seldom depended upon. 

To fly into the face of Providence in doubling the then proved 
standards of furnace-volume design carrying guarantees for con- 
tinuous central-station operation to over 600 per cent of rating, 
and frankly anticipating slagging operation while staking one’s 
money and reputation on its success, required not a little courage 
and far-sighted good judgment on the part of the authors and 
their executives. The goal to be accomplished was an annual 
saving in fixed charges of approximately $150,000 without sub- 
stantial sacrifice of efficiency. That these expectations were 
more than justified in fact is amply attested by the paper. 

Experiments on the well furnace had been started at Fullerton 

«The average percentage efficiencies of the motors are as follows: 


1/, load, 82.6; 1/2 load, 89.4; */«load, 91.5; full load, 91.6. 
5 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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on a small scale some three years before. Most of them were 
conducted for short runs in open air on both round and square 
wells, varying in size from 6 in. to 8 ft. In this manner, it was 
convincingly demonstrated that the new tangential or tornado 
method of firing had the unique ability of carrying that much- 
to-be-desired turbulence, not only up to but beyond the ignition 
point. This made possible burning completely that final 10 
per cent of coke cenospheres which is the principal problem of 
powdered-fuel combustion. Heat releases within the wells of 
the order of 700,000 to 1,000,000 B.t.u. were demonstrated, thus 
giving promise of revolutionizing combustion-chamber design. (){ 
course it was not possible in open air to tell what happened to that 
final 10 percent. It was easily recognized, however, that in solving 
the problem of high heat release, a new problem of wall punishment 
had been created. An 18-in. carborundum well, for example, about 
3 in. thick, air cooled on all sides, so that exit-air temperatures 
did not exceed 700 deg. fahr., slagged through in less than 30 min 

The engineers of the United Electric Light & Power Company, 
New York, then became sufficiently interested to permit three 
3-ft. well furnaces to be installed on one of the six experimental 
boilers at Sherman Creek. These wells were completely sur- 
rounded by running water and, while crude mechanically, de- 
veloped efficiencies about 2'/; per cent better at the low 140 per 
cent rating and nearly 7 per cent better at the high 340 per cent 
rating than the best the ten competing firing methods were able 
to show 

With his unique daily load-factor conditions, approximating 
12 per cent based on 15-min. peaks, these experiments early 
attracted Mr. Cushing’s attention and were closely followed by 
him. If they proved feasible, they gave promise of peak-load 
power costs more reasonably consistent with the Niagara hase- 
load costs than ever previously had been thought possible. The 
method of attack of first experimenting with the No. 13 boiler 
for about six months and evolving the final design of the last 
three from it has been comprehensively described by the authors. 

One of the particularly interesting features proved that what 
was originally designed as a peak-load and standby-station ex- 
pedient rather unexpectedly developed equally feasible for base- 
load plants; for overall efficiencies exceeding 88 per cent at 250 
per cent of rating and 85 per cent at 550 per cent of rating com- 
paring reasonably favorably with results in stations costing 
$30 to $50 more per kilowatt. With advances in the art, 
new and improved modifications of tornado turbulence will 
doubtless be developed. Much of interest has already been ac- 
complished experimentally in the so-called “steam generator” 
which employs tangential firing with the flame spiral extending 
downward instead of upward, as in the Huntley wells. Still 
another manufacturer in the so-called “vortex furnace’? employs 
a horizontal circular chamber for setting up the turbulence. 
All pulverized fuel is introduced at one point along the cylinder’s 
axis, tangentially directed air jets serving to set up necessary 
turbulence while obviating the problem of pulverulent material 
distribution between four jets. 

By this means, the problem of fire-tube boiler firing has been 
successfully solved in about a dozen installations. 

Huntley Station thus ushers in a new era in powdered-fuel 
engineering—that of the large, direct-fired, high-rating boiler, 
and more especially of that revolutionary departure, the slagging 
furnace, which probably means more to the efficient utilization of 
low-fusion-ash midwestern coals than any single development 
of the art to date. 


E. H. Tenney. The paper is of exceptional interest both in 
the performance of the boilers described and in the rather novel 


* Chief Engineer of Power Plants, Union Electric Light & Power 
Co., St. Louis, Mo. Mem. A.S.M.E. 
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manner of meeting the problems presented. Of particular im- 
portance is the development of the well-type turbulent furnace 
chamber which is apparently responsible for the exceptionally 
high ratings and the manner in which the efficiency is maintained 
over such a wide range of output. These accomplishments are 
certainly most noteworthy. 

Certain questions come to mind as to the combustion condi- 
tions within this furnace well. It is noted for instance that at 
250 per cent of rating approximately 70 per cent of the air for 
combustion is primary air passing through the mill and delivered 
through the burner, whereas at 500 per cent of rating the pro- 
portion of primary air is reduced to 30 per cent. The propor- 
tion of primary air has a critical effect on the rate of flame 
propagation (or speed of ignition) and with such a diversity it 
would be of interest to hear what difference, if any, is noted in the 
combustion. 

In any direct-fired or unit system of powdered coal, the pul- 
verizing mills will be a very vital factor. The Fuller-Lehigh 
mills presumably are 7'/:-ton units. This is a large installation 
for unit mills and the question arises as to what developments 
have been made in the mill for expediting the renewal of wearing 
parts, what tonnage is being obtained from a set of balls before 
replacement is required, and what relation mill outage bears to 
boiler outage. 

The authors have suggested that the slagging of lower gener- 
ating tubes has been a limitation to some extent. In our ex- 
perience with low-fusing-temperature ash at the Cahokia and 
Ashley St. stations we have noted that the fineness of grind 
has a marked effect on this condition. Apparently the com- 
bustion of coarser coal is delayed and molten particles of ash 
reach the generating tubes when the fineness is not sufficiently 
high, and once the slag starts to collect it grows very rapidly. 

As noted in the test data, the fineness is reported as low as 52 
per cent through 200 mesh and as high as 72 per cent. It is sug- 
gested that the coarser grind may be responsible for the slagging 
of tubes. From the test data reported it appears that 80 per 
cent of the ash refuse passes up the flue and consequently a very 
small proportion of molten ash could very quickly slag over the 
tubes. 

The authors have stated that a feature of the installation is the 
ability to burn successfully low-fusion-ash coal. As a basis for 
comparison it would be of value to know what the fusing temper- 
ature of the ash is. The Illinois coal which is used at the Ca- 
hokia and Ashley St. stations in St. Louis has an ash-fusing tem- 
perature of 2000 deg. fahr. which is considered somewhat low. 
This factor, together with the direct-firing feature, makes the 
design problems in the latest boiler furnaces at Cahokia similiar 
in many ways to those at the Charles R. Huntley Station. 

Cahokia is partially a base-load plant and consequently the 
furnace design is to be determined more by an economy com- 
mensurate with the cost of coal and by minimum outage and low 
maintenance, rather than high capacity as at Buffalo. The 
design adopted in the first two sections was based on a storage 
system of pulverized-coal firing. Several years of experience 
with this installation and a direct-fired system at Ashley St., 
however, indicated that certain savings could be effected by the 
use of a unit system. The dryer and transport system could be 
eliminated and the investment cost reduced. Also a greater 
Proportion of the air requirements could be furnished as pri- 
mary air, thus permitting the use of a turbulent type of burner. 
By far the greater portion of boiler outage in the first two sections 
has been caused by the slagging of furnace pits, from 48 to 72 hr. 
being required for cooling the setting and removing the slag. In 
an experimental installation of unit mills in one of the Cahokia 
boilers it was found that the turbulent burners, since they re- 
duce the flame length, could be placed horizontally near the bot- 


tom of the furnace. With this arrangement the incoming coal 
and cold air shadow the ashpit, throwing the hot zone higher up 
in the furnace and entirely eliminating ashpit slag. This cause 
of outage is therefore eliminated. The method of melting the 
ash aid removing it in a molten condition as used in the Huntley 
plant is very ingenious. It has been our experience with the mol- 
ten ash of Illinois coal, however, that no refractory will with- 
stand its erosive action and for our purposes we find it best to 
remove unslagged ash. 

With the experience of the experimental installation as a 
basis at Cahokia, the furnace design in the third section has been 
adapted to direct firing, with two 7'/.-ton mills and four turbu- 
lent burners for each 1800-hp. boiler. The furnace is completely 
water-cooled with cast-iron-block-covered tubes on front and rear 
walls, and water tubes recessed between courses of refractory for 
side walls. This refractory surface was considered necessary to 
maintain the furnace temperature for complete combustion. 
Air preheaters are to be used, giving approximately 330-deg. air 
at the inlet to the mill at the higher ratings. 

This gives a furnace volume of about 12,000 cu. ft., equivalent 
to a combustion rate of 30,000 B.t.u. per cu. ft. per hr. at 430 per 
cent rating, compared to 37,000 B.t.u. with the well type of fur- 
nace in the Huntley Station. In the experimental installation 
84 per cent efficiency was obtained without air preheaters and 
without economizers. 

The construction work incident to the erection of these boilers 
and furnaces is now complete and it is expected that operation 
will be started within a very short time. 


Joun Anperson.’ Like the 100-hp. turbine of derby-hat 
dimensions heralded as revolutionary a few years ago, the 
1,000,000-B.t.u.-per hour-per cubic foot well-type furnace, too, 
merits a place in the museum of impracticable equipment. The 
paper on the Huntley Station sounds its death knell, emphasizing 
as it does the importance of using the same liberal furnace dimen- 
sions as were established several years ago. The authors record 
a doubling of the well dimensions in newer designs, thereby in- 
creasing their volume fourfold, and still speak doubtfully of 
maintenance charges. 

Strange as it may seem, little thought is given by the 
designing engineers to the effect of furnace size upon furnace main- 
tenance. The manufacturers of furnace equipment naturally 
do not regard this matter in the same light. A small furnace 
affords limited space for radiant-heat-absorbing surface, with 
resultant high temperatures, very high heat transfer, and con- 
sequent rapid destruction of the furnace lining, irrespective of 
type. The authors tell of metal blocks burning, tubes blistering, 
and special high-quality refractories needing replacement in the 
original installation. Their paper unquestionably acknowledges 
that a large step downward i combustion rates was necessary 
to keep away from hot, high-maintenance furnaces. 

Why are engineers so very penurious with furnace volume when 
large voids of building space exist throughout the entire plant? 
Only 5'/: per cent of the Huntley Station boiler-room volume is 
furnace volume. Just think for a moment of the idiocy of limiting 
in any way the most important item of design in the entire plant. 
When that item is only 5'/; per cent the ridiculousness of it is 
just that much more apparent. Of course the furnace volume 
is more expensive, but consider how much more easily one could 
make big reductions in building space without having costly 
outages and high maintenance charges resulting. Then again, 
the well-type furnace cannot, on account of the peculiar shape, 
be other than expensive when compared with the single-cube 
design. The addition of covering blocks is another step in the 


7 Vice President, Charge of Power, Milwaukee Elec. Ry. & Light 
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wrong direction, bare tubes giving back largest output for money 
expended. Too many of us yield to boyhood instincts and want 
to get a full-size railroad car under our hopper-bottom furnaces, 
or to waste thousands of cubic feet of building space in other 
extravagant manners. The writer does not believe that we should 
discuss the subject of combustion rates at all until we make more 
efficient use of other costly building space. Then we can bal- 
ance first costs against maintenance and operating costs, and will 
undoubtedly find the large furnace cheapest. The most 
recently built furnace at Lakeside (that under the 1400-lb. boiler) 
has the lowest combustion rates yet used, and though its walls 
are all covered with bare radiant-heat-absorbing surfaces still 
lower furnace temperatures are desirable. Lakeside’s furnace was 
designed to accommodate as much valuable radiant-heat-absorbing 
surface as was necessary on account of the economic advantages. 
No question of B.t.u. per cubic foot of volume was even con- 
sidered. Some engineers have not stopped to think, or they would 
have realized by this time that large furnaces have much smaller 
wall areas per unit volume than small ones. The trend is toward 
larger boiler units, and as a result, the available area for radiant- 
heat-absorbing equipment will be automatically curtailed unless 
the combustion rates of large units are deliberately reduced. 

The paper points out that high furnace temperatures are neces- 
sary for proper combustion, stating that greater use of refractory- 
lined furnace blocks in general resulted in less smoke. A trend 
back to the old Oneida Street refractory-target design is suggested 
and one wonders if ultimately the present high-temperature fur- 
nace with refractory-covered water-tube walls will not also be- 
come obsolete. In Oneida Street, during the first two years of 
our experimental work, we deliberately directed the coal against a 
hot refractory wall and with intent caused the ash to melt in the 
bottom of the furnace, thinking that the ideal way of ash removal. 
We were not long in learning that the temperatures that resulted 
would not permit of continuous operation of the furnace, on 
account of the wall condition—hence the birth of the water- 
screen. This took place in a plant that had to work continuously, 
and the writer is wondering if the same punishing treatment, if 
applied continuously to the Huntley Station furnaces, will not 
cause serious interruption to service and very high maintenance 
charges. Accurate observations elsewhere of furnaces containing 
large radiant-heat-absorbent surfaces show that lowered tem- 
peratures have little to do with the rapidity or completeness of 
combustion. Stoker history shows a discard of the Dutch-oven 
setting, and the writer believes that pulverized-fuel history will 
show a discard of the hot-refractory-lined furnace. 

When inspecting the performance data given in the paper 
one must not forget that they apply only to a standby sta- 
tion. Operation at 560 per cent rating for the 13-hour No. 7 
test is not proof that a similar boiler unit could serve satisfactorily 
in a standard single-station system at 300 per cent capacity. En- 
gineering materials can be sustained at high temperatures for 
short periods, but long-time punishment, like long-time tensile 
tests of metals at high temperatures, spells failure. No main- 
tenance data are given, though some refractory-block replace- 
ment is expected. Knowledge of the furnace-maintenance item 
to date, including operating hours, would add materially to the 
value of the paper. This station has certainly been in operation 
long enough to be able to supply some more definite information 
on this item. 

Removal of ashes as molten slag was originally done at Oneida 
Street out of necessity before screen tubes were added. Of course, 
if the by-products made from the molten slag are as valuable as 
some engineers state. a premium for high-ash low fusion coal could 
be paid by hot-furnace plants. However, there probably will be 
no rush toward obtaining this new source of station revenue, and 
low-ash high-temperature coal will still be sought. 
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Analysis of the test figures shows that there is nothing at all 
different in the ability of the hot furnace to retain ash from that 
of the large, comparatively cool furnace. The reported test 
figures show 29 per cent of the ash being left in the furnace bottom 
as slag and the remaining 71 per cent passing out with the flue 
gases. High furnace temperatures and the lake of slag in the 
furnace bottom have nothing to do with the disposition of the 
ash, but furnace-gas velocities and directions are still apparently 
the big determinants of the amount of ash lost up the stack. 

Casual inspection of averages of the eight tests submitted 
show the following significant values: (1) 0.8 per cent combustible 
loss in the flue gases; (2) coal fineness varying between 52 and 72 
per cent through 200 mesh. The tests were not continuous, and 
apparently either some have been discarded or there were shut- 
downs between several. Test numbers were erratically chosen, 
No. 21 being run six days before No. 7. One has thus little oppor- 
tunity of studying time features of the overall test period. 

Storage systems averaging considerably less than 0.8 per cent 
combustible loss over monthly periods are in existence, and there 
is room for improvement of the direct-fired system in this 
respect. 

Pulverized-fuel firing has been noted for its efficiency at the 
expense in some cases, as in that of the unit-fired system, of caus- 
ing neglect in the biggest factor of power-station operation, 
namely, ability to carry load continuously. To have the very 
source of station energy—namely, coal feed—dependent upon 
continuity of station operation, is wrong and has been proved 
wrong in service. It is wondered whether this factor was taken 
into account when designing the Huntley Station and what pro- 
vision is made for starting all pulverizers simultaneously when 
no external source of energy is available. 

By the addition of pulverized-fuel bunkers and feeders, Huntley 
Station might have been made a bin-and-feeder station with all 
the advantages thereof. The authors state that the necessity 
of building a separate coal-preparation plant and the costliness 
of larger furnace volumes argued against the installation of a 
storage system and resulted in the decision to use the direct-fired 
system. This indicates that very little use was made of available 
information, and that the desire to do something different was 
paramount. Separate coal-preparation plants were thought 
necessary in the early days, when more concern was felt of the 
dangers of pulverized fuel. As regards furnace volume, the 
writer feels that it will be generally conceded that the present 
Huntley furnaces having only 5'/: per cent of the building volume 
could readily be made larger without adding to the station cost. 

The fact that pulverizing equipment may be stopped at times 
of station peaks in the case of the storage system is very signifi- 
cant from an investment standpoint. An addition of 1 per cent 
capacity credited to the output of the station means a big re- 
duction in investment which alone can balance the additional 
cost of feeders and bins for the storage system. 

If the engineers who are today specifying direct-fired systems 
because of their apparent simplicity would exercise the same 
enthusiasm for the established storage system and design their 
plants with the same object in view, the writer feels sure that they 
would realize an ultimate satisfaction far beyond that of which 
there is any possibility in the unit system. Attainment of maxi- 
mum efficiency will then be certain, and continuity of operation 
will not be jeopardized. Engineers whose duties demand that 
they design, as well as operate, their plants, have as their first 
consideration reliability, then operating and maintenance costs. 

It is regretted that this paper does not include data over 
monthly periods and that maintenance figures operating 
ratings cited in the tests are not available. The writer believes 
that the industry should be very careful in using this paper 
for general application. 
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Epwin LunpGren.* The records show that the furnace de- 
sign of No. 13 boiler contained a volume of 5076 cu. ft. and that 
the furnace designs of the later boilers contained 10,200 cu. ft., 
roughly twice the original furnace volume. 

Assuming the same overall efficiency at the same evaporation 
rates, this will decrease the B.t.u. liberation per cubic foot of 
furnace volume 50 per cent. The comparative efficiencies ob- 
tained in these two designs, particularly at the higher evaporation 
rates, would have been extremely illuminating if they had been 
given in the paper as emphasizing still further the futility of the 
search for the ‘cubic foot’’ of combustion space which will release 
a million B.t.u. from coal having fixed carbon percentages within 
the limits encountered in such fuels. 

The record further shows that in the second design the lesson 
was learned. Not a small but the largest possible furnace volume 
was installed. The 20 ft. deep basement has been utilized to the 
fullest extent possible; the horizontal furnace dimension is the 
maximum within the column space and is sound general design. 

The writer believes that we are justified in asking what is 
meant by the phrase, ‘‘comparatively smaller combustion space.”’ 
Comparative with what? Comparative with furnace volumes 
releasing 15,000 to 18,000 B.t.u. of certain coals, and showing 
combustion efficiencies close to the theoretical, and what we can- 
not lose sight of, continuous operation over half-year and yearly 
periods only limited to outages of boiler-cleaning periods? 

There are installations today operating continuously at energy 
liberation rates between 24,000 and 36,000 B.t.u. per cu. ft., due 
to development of water-cooled furnaces, as compared with 
rates of 14,000 to 20,000 B.t.u. in refractory furnaces; but we 
have learned a lesson in this connection, that with higher heat 
liberation, beyond a certain limit for a certain fuel, we pay the 
penalty with loss in efficiency. 

What are we driving for, then, in our search for comparatively 
smaller combustion space? Smaller investment cost of the com- 
paratively smaller combustion space? This perhaps would have 
been a legitimate question in the days of costly refractory fur- 
naces, when the brickwork served only to form the enclosure of the 
furnace, but today, with entirely water-cooled furnace design 
and appreciation of benefits in capacity, in efficiency, in reduced 
maintenance cost from such design, we are begging the question. 

The last paragraph of the paper reads as follows: ‘In con- 
clusion it may be stated that the installation at Buffalo has 
demonstrated that low-fusion ash coal may be burned in compara- 
tively small furnaces at high maintained efficiencies, and that the 
direct-firing system permits wide flexibility of operation with low 
cost per ton of coal handled.”’ 

The proper meaning of the phrase “comparatively small fur- 
haces’ has been previously questioned in view of the radical 
change in furnace volume of the second installation, and the ex- 
pression “at high maintained efficiencies” js as relative as the 
small furnace volume. The furnace volume cannot be decreased 
beyond what is proper for a certain fuel without a fixed carbon 
loss, loss in efficiency, or loss in ease of operation, and an increased 
maintenance cost, all of which must be balanced against the cost 
of the larger furnace volume. The return on money spent on a 
pulverized-fuel application, in results and money, comes pri- 
marily from what happens in the furnace. Looking over the 
test results, the maximum evaporation of 222,000 lb. and the 
minimum of 110,000 lb. give a ratio of 2 to 1. The writer ques- 
lions the possibility of applying the expression “the direct firing 
system permits wide flexibility of operation’ to this ratio. In 
many plants a ratio of 5 or 6 or more to 1 is desirable. 

As to the cost per ton of coal handled, this is only a small part 
of the whole story. First cost, investment charges, maintenance, 
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operating labor, ash-handling cost, reliability and continuity in 
operation of the unit, are major factors. 

The first cost of this installation would be of interest. We are 
prone today to think of comparative costs of the storage system, 
as of several years ago. Many improvements have been made 
in the storage system during the last two years. Mills are built 
to deliver 25 to 30 tons of pulverized fuel per hour, thus lowering 
the investment cost of the pulverizing apparatus. The costly 
dryers have been superseded by the simple and inexpensive 
method of drying in the mill. The only difference, as far as equip- 
ment is concerned, between direct firing or firing from storage, is 
the pulverized-fuel bunker and feeder. Today, the bunker is of 
small dimensions, a mere surge tank, into which all the frailties, 
all the difficulties, all the operating troubles and decreased effi- 
ciency of the direct-fired method are discharged and removed. 

There are not available, today, real tests on the performance 
of the direct-fired method, tests which cannot be questioned as 
to accuracy. Most of them have been run as the tests here re- 
ported—by meter records of short periods. 

The storage system has a record over 14 years or more, in the 
technical literature, of tests conducted according to accepted 
rules. Until such tests are available covering the direct-fired 
system, the burden of proof of “high maintained efficiencies” is 
on the direct-fired system. 


E. H. Peasopy.’ H. W. Brooks has recalled the famous test 
at Sherman Creek and apparently he assumes to have some com- 
parative figures which we have never been able to obtain. We 
know what our burners did at that plant but we have never been 
officially informed as to exactly what the others did. We do 
know, however, that the well-type furnace and the Peabody bur- 
ners gave very similar results in efficiency with equal fineness of 
pulverization. But there is something more than efficiency, and 
that is maintenance. The well-type furnace at Sherman Creek 
lived about two months only, as the records are recalled. 

The writer does not wish to belittle the performance of the well- 
type furnace—in its short life at Sherman Creek, it performed a 
great service to the art of burning pulverized coal; it emphasized 
the importance of turbulence in burning this fuel. This has been 
realized with regard to oil burners for many years. Perhaps we 
did not attach as much importance to it as we have since in view 
of results obtained with pulverized coal. There was another 
thing that the Sherman Creek tests did. The furnaces at that 
plant are very much smaller than any that were considered to 
represent proper practice at the time the tests were commenced. 
Their successful conclusion showed that larger furnaces were not 
necessary. The writer believes strengly that the present ten- 
dency is in the direction of smaller furnaces, not only in burning 
pulverized coal. The short-flame, turbulent burner using the 
principle of the mechanical atomizing oil burner air register is 
producing momentous results. Also maintenance costs are ex- 
tremely small. 


C. J. Jerrerson.* Small combustion chambers are necessary. 
In the metropolitan centers real estate is sold on a cubic-foot 
basis, not on a square-foot basis. On steamships small furnaces 
are essential. For the past two years the United States Navy, 
in the Fuel Conservation Section, has carried on a series of tests 
in marine boilers to find out what could be done with pulverized 
coal and very limited furnace volumes. These tests were very 
fully logged, and full data as to what could be done in a small 
furnace were obtained. 


® President, Peabody Engineering Corp., New York, N. Y. Mem. 
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The heat release, not measured by the amount of coal in the 
furnace, but using the evaporation of the boiler as a calorimeter, 
was 59,000 B.t.u. per cu. ft. of furnace volume. This was accom- 
plished by means of turbulent burners which, in addition to a 
pulverizer, gave a large percentage of superfines—not coal 
through the 200, but through the 300 mesh. There was about 
60 per cent of superfines in the fuel used at that time, and a 
turbulent burner that was developed at Sherman Creek and 
loaned by Mr. Peabody for tests at the Philadelphia Navy Yard 
was used. 


A. D. Battey.!! The theme of this whole meeting has been 
dollar economics. The subject of pulverized coal as compared 
with hand firing and stokers all the way through has been one of 
economics. The writer does not see why any one should spend 
25 per cent more for the pulverized-coal plant than is necessary to 
get the best results. 

The problem has been presented by the authors with facts and 
figures which can be proved. They are able to answer as many of 
these questions as are worthy of answering, the writer feels sure. 

Since this station was put in primarily as a peak-load station, 
with a load factor of less than 15 per cent, the writer would like 
to know what would be done with a storage system in case of spon- 
taneous combustion in the bins. This is a real factor which 
amounts to dollars and cents in the long run if coal must be taken 
from the storage bin and burned when it is not needed. 


E. G. Battey.'? The authors of this paper deserve a great deal 
of credit for presenting such a complete set of tests covering a 
pulverized-coal installation which is somewhat out of the ordinary. 

If pulverized coal is to meet all requirements satisfactorily, 
it should be economically applied to standby stations with low- 
load factor, it should be available for quick response to steam 
demand and high ratings, and it should be able efficiently to burn 
low-grade coal. 

Messrs. Cushing and Moore have described just such a plant, 
and because it differs from the typical pulverized-coal installation 
with elaborate bin equipment, operating on substantially base- 
load conditions, many of them burning a higher grade of coal than 


. Was anticipated when the stations were designed, it should call 


for commendation from others in the engineering profession, 
rather than criticism. The writer believes, however, that the 
authors will be well able to answer the other discussion which has 
been presented, and is quite sure will show that for their local 
conditions the equipment installed was the economical answer 
to their problem. 


AvutuHors’ CLOSURE 


R. P. Moore. E. H. Tenney raised the question of the pro- 
portion of primary and secondary air and its effect on burning. 
The furnaces are run with a large proportion of primary air when 
the rating is very low, at which time there is relatively sufficient 
furnace volume to make little difference if the flame is extended. 

The nominal capacity of the mills is 7'/, tons, as Mr. Tenney 
estimated. Test No. 15 shows the data for single-mill operation 
when the evaporation rate was practically 200,000 lb. per hour 
actual and the single mill was grinding 11 tons of coal per hour. 

The coal comes from several mines in the Eastern part of Ohio 
and the western part of Pennsylvania and there is quite a vari- 
ation in it as received. There is some in which the ash has fusion 
temperatures as low as 1860 deg. fahr. and some in which it is 
as high as 2000 deg. 

The test numbers referred to by John Anderson have no refer- 
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ence whatever to dates. The numbering scheme was decided 
upon so as to bring tests of similar capacities together. The 
tests were numbered in the order of their evaporation rates. 
Most of the tests are not reported in this paper, because of their 
limited duration, but the data are available. 

As to range of capacity, the tests show a range of about one to 
two. The boilers have, however, been operated at 275,000 |b. 
actual evaporation per hour, and as low as 60,000 lb. per hour. 
The equipment functions properly at both extremes, as well as in 
between. At low ratings only one mill is operated. 


H. M. Cusuinc. E. H. Tenney brings out the point that fine- 
ness of grinding has a marked effect on the slagging of boiler 
tubes. Any condition which will shorten the flame length and 
aid in completing combustion in the lower part of the furnace will 
reduce the amount of slag formation on the lower rows of boiler 
tubes, and especially so where water-cooled walls are used. It 
is a surprise to those who have inspected the Buffalo furnaces to 
find that combustion, even at the higher ratings, is practically 
complete half way up in the furnace. The photograph shown 
as Fig. 11 in the paper shows one of the boiler walls after the 
furnace had come down from a high rate of evaporation. Note 
the glossy slag at the center and below, changing to a fluffy de- 
posit as the gases approached the boiler tubes. 
at the top shows that the temperature of the slag deposited at that 
point was considerably lower than where it appears glossy, 
and illustrates very clearly the beneficial effect of the water 
walls in reducing the gas temperature at the top of the furnace 
and thus minimizing slag troubles. 

Mr. Tenney states that his experience at St. Louis shows that 
no refractory will withstand the erosive action of the molten slag 
from Illinois coal. The authors believe that this statement is 
equally correct for any coal and any refractory. Any refractory 
surface which is not self-replacing will not withstand this erosive 
action. The only way the authors know of keeping the 
inside surface of the wall in a condition where it will be self- 
replacing is to keep its temperature so low that it will main- 


tain a skin of frozen ash on the surface. Where the fusion | 


The fluffy slag | 


point of the ash is so high that it does not melt and run down the | 


walls this problem does not exist. The most practical way to 
produce these low wall temperatures is to resort to water-cooled 
walls, on which the molten slag may collect and freeze. It will 
reach a point of equilibrium at various thicknesses, depending 00 
the furnace temperature and on the fusion temperature of the ash 
of the particular coal which is being burned. The lower the 


fusion temperature of the ash, the thinner will be the coating of 7 


refractory when the point of equilibrium is established. 

H. W. Brooks, who was the first to interest the authors in the 
possibilities of obtaining high ratings with well-type furnaces, 
has related some of the earlier experiments leading up to the 
Buffalo design. The results have exceeded expectations. 

The performance obtained by the United States Navy, under 
C. J. Jefferson’s direction, gives further evidence of the practi 
cability of obtaining high heat releases in boiler furnaces. The 
ultra-fine grinding mentioned by Mr. Jefferson has not been found 
necessary to produce good combustion conditions with tbe 
Buffalo design. 

In reply to John Anderson’s discussion, the authors can n0 
believe that Mr. Anderson intends to brand the Buffalo wel- 
type furnaces as impracticable, as might be inferred from the firs 
paragraph of his comments. His good judgment would no dou! 
restrain him from passing any such statement without first seit 
the furnaces in operation. 

Contrary to Mr. Anderson’s impression, the authors hav? 
given much careful thought to the question of maintenance, and 
can produce figures which will convince those competent to judg: 
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that all the essential factors in sound economics have been con- 
sidered. 

It might be of interest here to state that since the paper was 
prepared the Buffalo General Electric Company has ordered 
four additional boilers equipped with well-type (tangentially- 
fired) furnaces, where the heat release will be approximately 
10 per cent greater than in the furnace on which tests were 
reported in the paper. 

While, as Mr. Anderson states, “large voids of building space 
exist throughout the entire plant,” he has neglected to state that 
these spaces are necessary for one reason or another for proper 
installation and maintenance of the apparatus installed therein. 
Plants in which these open spaces are larger than necessary may 
be justly criticized. This is not the case with the Huntley Sta- 
tion. The open spaces therein are essential and cannot be 
omitted as Mr. Anderson suggests. 

In modern power plants the furnace volumes range from 4 to 
7 per cent of the total cubical contents of the boiler houses. 
The Huntley Station furnace volume is 5'/. per cent; this is 
not out of line with modern practice. The point where the Hunt- 
ley Station does differ is that it obtains greater boiler outputs 
per cubical contents of the combined coal-preparation and boiler 
house than is true of the conventional design of powdered-coal 
plant. The Buffalo design of furnace using the direct-fired sys- 
tem is responsible for this gain. As is stated in the beginning 
of the paper, the plant was designed to meet peak-load operating 
conditions, expecting to sacrifice overall efficiency at the higher 
ratings. Contrary to expectations, the boiler unit efficiency 
(see Fig. 13 of the paper) fell off very little at high loads. 

Mr. Anderson speaks of the value of obtaining large radiant- 
heat-absorbing surfaces in furnace design. The true value of 
these large surfaces lies not in the greater absorption of heat, but 
in the reduction of the B.t.u. per sq. ft. absorbed to a point well 
within the safe limits. This same effect is accomplished in the 
Buffalo protected-tube design with the added advantages of a 
smaller furnace volume and a higher furnace temperature. The 
last Milwaukee boiler was designed for a heat liberation of 
11,000 B.t.u. per cu. ft. of furnace volume. (See pages of the 
N.E.L.A. Pulverized Fuel Report 8-27 54C.) Mr. Anderson 
predicts that the trend is toward larger boiler units with lower 
combustion rates. The experience at Buffalo as well as that at 
Milwaukee goes to show that high combustion rates are not 
practical with bare unprotected pressure parts in the concentrated 
heat-liberating zone of the furnace. Mr. Anderson suggests, as 
a remedy, large volumes and lower rates of combustion. Other 
engineers have solved the same problem by adding protection to 
the water walls. The authors believe that the compact rather 
than the balloon-type furnace will survive. 

Engineers are divided in their opinions as to whether refractory- 
lined furnaces produce better combustion conditions than fur- 
haces with bare water-wall tubes. The Buffalo tests are very 
clear as to this point. They show that when the No. 13 furnace 
Was operating at very high rates of combustion the rating at 
which smoking would begin could be raised by covering the ex- 
posed bare tube surface with tile. With the water-wall tubes 
80 covered the smoking limit was at 190,000 lb. of steam per 
hour, whereas with the portion of the tubes above the well left 
bare the furnace would smoke badly at 160,000 Ib. evaporation. 
The effect will not be so pronounced and, therefore, will be harder 
todetect with a furnace which is operated at lower B.t.u. per cu. 
ft. The reason that so many furnaces are operated at low rates 
of heat liberation is because their walls are not designed to with- 
stand high furnace temperatures when burning low-fusion-ash 
coals. They would smoke badly at higher rates of B.t.u. re- 


lease per cu. ft. because they lack the turbulence so necessary for 
quick combustion, 
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Replying to the question contained in the same paragraph as 
to whether the Buffalo walls would withstand the punishment of 
a direct target impingement of the burning coal as was tried out 
at Oneida St., the answer is that they would not. The tangential 
firing of one stream of fuel hitting the adjacent stream prevents 
this direct impingement. Owing to the fact that boilers Nos. 
14, 15, and 16 have been in service less than a year, there are no 
maintenance figures to be submitted at this time. 

It is hardly the function of this paper to discuss the house- 
service supply, as a paper could be written on that subject alone. 
Suffice it to say that the reliability of the source of the house-ser- 
vice supply for the powdered-coal boilers was very carefully 
considered in the design of the station. Huntley Station is very 
fortunately situated in having two 60-kv., 10-mile lines connect- 
ing it to the American Niagara hydro-generating stations and 
four 40-kv., 16-mile overhead lines in series with a 5-mile, under- 
grade cable system, connecting it to the Canadian hydroelectric 
generating stations. Also, each main steam turbine generator 
has its own load bus and they are excited by dual-driven 
exciters. 

Replying to the comment that the Huntley Station could very 
easily have been made a bin-and-feeder system: This was con- 
sidered before any purchases were made. The two systems were 
carefully compared. Study drawings were made showing both 
systems. The tendency of powdered coal to cake when allowed 
to stand idle in the bins for long periods was considered, and the 
simplicity of the direct-fired system and its lower first cost and 
the better layout produced led the B.G.E. Co. to adopt it. 

The authors do not wish to criticize the most ardent advocate 
of the bin-and-feeder system for he and his associates put pow- 
dered coal on the map. They predict, however, a very rapid 
growth of powdered-coal installations since the direct-fired 
systems have reached a practical stage of development. 

Edward Lundgren, in speaking of what he calls the futile 
search of the ‘“‘cubic foot,’ must have overlooked the efforts of 
his own engineers in the design of the “steam generator.” 

The authors would like to ask Mr. Lundgren if he considers 
excessive the radiation and unaccounted-for losses of 1'/2 per 
cent at 550 per cent rating, as obtained on the Buffalo Tests. 

Mr. Lundgren brings out the point which has been brought out 
by other speakers, that beyond a certain limit for certain fuels 
burned in refractory furnaces (uncooled by water walls) the 
penalty is paid by loss in efficiency. The authors believe that 
this is true of any furnace, as all things must have some limit. 
The superiority of the Buffalo design lies in the greater capacities 
which may be obtained before this limit is reached. This is due 
to the permissability of high furnace temperatures making it 
unnecessary to accept a high excess-air loss when burning low- 
fusion-ash coals. 

He seems to imply in the next paragraph that small combustion 
spaces are impracticable or at least not needed. The savings 
in the investment costs at Buffalo have fully justified the search 
for a design which permits the use of smaller furnaces. How this 
design has been made possible is shown in the authors’ comments 
on Mr. Tenney’s discussion. 

A demonstration of Mr. Lundgren’s statement that “the fur- 
nace volume cannot be decreased beyond what is proper for a 
certain fuel without a fixed carbon loss or loss in efficiency,” 
was clearly shown in the Buffalo Test on Boiler No. 13 (see Fig. 9). 

Mr. Lundgren is right that the statement in the paper about 
“wide flexibility of operation” does not apply to the 2:1 ratio of 
values shown in the efficiency-test tabulation. These boilers 
have been successfully operated throughout a range of from 60,000 

Ib. per hour up to 275,000 lb. per hour. 

He questions the accuracy of the Buffalo tests, saying that 
there are not available today real tests on the performance of the 
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direct-fired method. Just prior to the use of the venturi tube on 
the boiler tests, the 6 in. by 2'/; in. venturi tube in the feed line, 
which was used for determining the water evaporated, was sent 
to the hydraulic laboratory of the Builders Iron Foundry Co. at 
Providence, R. I., and given a careful calibration by weighed- 
water tests against manometer readings. The authors will be 
glad to show the original data obtained on these tests to the 


doubting Thomases. The coal scales were checked against 
standard weights periodically during the tests. 

The authors wish to extend to those interested a cordial in- 
vitation to visit the Charles R. Huntley Station and see the 
boilers in operation. Nowhere else in the country can they see 
such a clear fire in a powdered-fuel furnace, or see the ashes re- 
moved in the molten form. 
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The Use of Fuels in Brick Kilns 


By W. E. RICE,? PITTSBURGH, PA. 


The purpose of this paper is to familiarize fuel engineers with 
the peculiar requirements of brick-kiln operation. It briefly de- 
scribes the firing process and the limitations this imposes upon the 
fuel or combustion engineer, illustrates some of the faults that 
are often found and the corrections that may be applied, and points 
to some possible improvements. 


HE burning or firing of brick is the most important factor 

in their production; theirstrengthand durability very largely 

depend upon the character and degree of the firing to which 
they have been subjected. In the firing process the moisture 
is first driven out of the clay; then the carbonaceous matter and 
sulphur in the clay are oxidized and the ferrous iron is converted 
to ferric iron; and finally the action of the heat causes certain 
chemical decompositions and recombinations that entirely alter 
the physical character of the clay. Shrinkage then takes place, 
and the desired color and hardness are developed. Generally, 
the atmosphere in the kiln should be oxidizing, but desirable 
color is given to some wares by a reducing atmosphere, or by 
alternating reducing and oxidizing atmospheres. The finishing 
temperature mainly depends upon the kind of clay used; the ex- 
tent of firing, or the time-temperature treatment, depends not 
only upon the clay but also upon the properties desired in the 
finished product. The maturity of common brick is usually 
determined simply by the shrinkage or size of the burned brick; 
the maturity of face brick is determined by size, color, and hard- 
ness. Size and hardness are the important characteristics of 
paving brick. For many purposes firebrick should be fired un- 
til no more shrinkage takes place, but size and hardness are also 
important. 


STAGES OF FIRING 


Firing is divided into three stages termed ‘‘watersmoking,” 
heating, and soaking. Our experience with periodic kilns has 
been that the watersmoking period is about 30 per cent of the 
total firing time; the heating period is about 45 per cent; and the 
soaking period about 25 per cent. About 15 per cent of the 
total fuel is burned in the watersmoking period, 55 per cent in 
the heating period, and 30 per cent in the soaking period. Follow- 
ing are the percentages of time required for the three stages of 
firing in a continuous chamber kiln and a continuous car-tun- 
nel kiln that the Bureau of Mines tested: 


Percentage of total firing time 


Stage of firing process Continuous Continuous 
chamber kiln car-tunnel kiln 
25 
cid 50 55 
35 20 


In these kilns the watersmoking and most of the heating are 
done with hot gases from the sections that are burning fuel. 

The Watersmoking Period. Brick may contain from 1 to 5 
per cent by weight of water of plasticity, or mechanically com- 
bined water, as they come from the drier and are set in the kiln. 
An efficient drier should deliver uniformly dried brick that con- 
tain not more than 1'/, per cent water of plasticity. Kilns 
are not efficient driers, and, if the brick do not come from the 
drier properly dried, attention should be given tothe drier. Dur- 


; Published with approval of the Director, U. S. Bureau of Mines. 
of fanistant Fuel Engineer, Pittsburgh Experiment Station, Bureau 
s. 
Presented at the First National Meeting of the A.S.M.E. Fuels 
vision, St. Louis, Mo., October 10 to 13, 1927. 


ing the watersmoking period the water of plasticity is expelled 
by heat and carried from the kiln by the gases. This is one of 
the critical periods in firing. 

If the heat is applied rapidly when the draft is sluggish, water 
taken from the ware in the top of the kiln by the gases will be 
condensed on the cooler ware in the bottom of the kiln. This 
may take place to such an extent that the lower brick will be 
softened and deformed, or “‘kiln-marked,’’ by the weight of those 
above. Therefore it is essential that the heat be not applied too 
rapidly and there be enough draft to carry the moisture out of 
the kiln. Under unfavorable conditions, which may be wet 
ware, poor draft, and improper firing, watersmoking may re- 
quire two or three days, whereas under favorable conditions it 
may be completed in eight or ten hours. In order to remove 
the water vapor quickly, a large volume of warm gases must be 
passed rapidly through the kiln; this is done by operating the 
fires so that there is a large quantity of excess air—varying from 
1000 per cent at the beginning to 200 per cent at the end of water- 
smoking—and by maintaining a strong draft. Watersmoking 
can be accelerated by means of mechanical draft, either induced 
or forced; or, if mechanical draft is not available, advantage may 
be taken of a hot stack or the stack may be heated by a fire in 
its base before the fires are lit in the kiln. The flues should 
always be kept clear of accumulations of sand and pieces of broken 
brick. Watersmoking is completed at a temperature*® of 300 
to 400 deg., depending upon the kind of clay and the method 
by which the brick were manufactured. 

The Oxidation Period. The oxidation period is the second 
critical period in firing. Oxidation of carbon and sulphur be- 
gins at about 1020 deg., and takes place most rapidly between 
1200 and 1440 deg. About 100 to 150 per cent excess air should 
be carried through the kiln with the products of combustion 
during the oxidation period to promote thorough oxidation. 
The greatest savings of fuel and time are made by raising the 
temperature to 1200 deg. rapidly as soon as the water of plas- 
ticity is out of the ware, holding it between 1200 and 1400 deg. 
until the carbon and sulphur—as shown by the presence of a 
black or pink core—are burned out, then again raising the tem- 
perature rapidly to 1740 deg. If the temperature is raised too 
rapidly before the core is gone, it cannot be burned out but will 
remain in the finished brick; if the brick are fired to vitrification 
the carbon may cause them to deform by bloating after vitrifi- 
cation begins. With clays that contain small quantities of car- 
bon and sulphur, oxidation may be completed without a pause 
in the heating schedule; and, with well-dried ware of thin sec- 
tion—for example, hollow tile—heat can be applied rapidly from 
the beginning without pause for completion of watersmoking 
or oxidation. At 1740 deg. shrinkage, or ‘‘settle,’’ begins, and 
from that temperature to the soaking temperature heat should 
be applied carefully so that the setting is heated evenly, 
because if the setting is not heated evenly in this range of tem- 
perature it settles unequally and the piles are liable to fall over, 
interfering with the draft in parts of the kiln or choking the 
furnaces. 

The Soaking Period. The soaking period is that during which 
the ware is held at the finishing temperature in order to allow 
the distribution of heat to become equalized throughout the 
setting, to allow the heat to penetrate to the center of each indi- 
vidual piece of ware, and to develop the desired color and hard- 


3 Temperatures are given in degrees fahrenheit. 
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ness. Ample time should be allowed for thorough soaking; an at- 
tempt to save time by shortening this period usually results in 
an increased percentage of underburned ware, and, conversely, a 
little extra time added to this period results in an increased per- 
centage of first-quality ware, although some clays can be heated 
above their finishing temperature for short periods without dam- 


Fig. 1 Portaste Duct Door or KILN UNDER- 
GROUND Usep To Carry Arr HeaTep By Coo.ine Brick 
FROM KILN TO DRIER 


age, and with these clays the soaking can be hastened by short 
periods of overheating. In intermittent kilns some additional 
soaking time can be obtained without increasing the amount 
of coal used, by sealing the kiln for several hours after firing has 
been stopped. 

The Cooling Period. At the close of the soaking period the 
ware and the kiln structure are at their highest temperature 
and have stored in them a large quantity of heat; the cooling 
of these can be considered as a fourth period. It is evidently 
economical to use this stored heat, and it is available for pre- 
drying the product before it is placed in the kiln, for water smok- 
ing, and for preheating air for combustion. The overall thermal 
efficiency of the firing is largely influenced by the effectiveness 
with which this stored heat is used. With some products, though 
not to a great extent with brick, the rate of cooling must be 
regulated so as not to damage the ware. Fig. 1 shows how a 
portable gooseneck is placed in the door of a kiln after firing, to 
conduct the air heated by the cooling ware and kiln to under- 
ground flues, through which it is led to driers or other kilns. 
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The foregoing can be considered as a specification of the con- 
ditions that the combustion engineer has to fulfil, and this holds 
regardless of type of kiln and fuel used. The problem of trans- 
fer of heat from a hot gas to a solid and of the consequent fall 
in temperature of one and rise in the other, is involved in all 
stages; so is that of the correct distribution of the gases and their 
best velocity to obtain uniform firing of the product and to ac- 
complish the desired result in the most economical manner. The 
watersmoking period is essentially a drying problem; the oxi- 
dation period is largely one of transfer of heat with regulation 
of atmosphere in the kiln and rate of heating so that the chem- 


ical changes can take place; the soaking period is a problem of 
maintaining the maximum temperature with a minimum fuel 
consumption. 


There are several ways to fulfil the ceramic requirements and 
finish the necessary heat cycles, but the fuels used, the design 
of the furnaces, and the control of combustion are coupled with 
the kiln principle and design. All these factors are interdepend- 
ent, and the fuels and their combustion cannot be discussed 
apart from the other factors. 


TYPES OF KILNS 


The principles of kiln operation, broadly stated, are periodic and 
continuous; up-draft and down-draft. Classifying by methods 
of firing, we may say that there are three types of kilns: (1) 
Those in which the relative position of the fires and ware is station- 
ary and firing is periodic and following the cycle of watersmoking, 
heating, and soaking, with or without utilization of stored heat— 
this is illustrated by all periodic kilns; (2) Those in which the 
ware is stationary and ‘the position of the fires movable; illus- 
trated by the progressing-fire tunnel kiln (Hoffman type) and 
the continuous compartment kiln; (3) Those in which the fires 
are stationary and the ware movable, as in the railroad-car-t unnel 
kiln. 


Periopic 


The Clamp Kiln. The earliest form of kiln used for firing 
brick was the clamp, or “‘scoved,”’ kiln, and a great many com- 
mon brick are fired in these today. A clamp consists of two 
parallel walls; brick are piled between the walls and fired with 
coal, oil, gas, or wood, through channels which are left in the 
bottom of the pile when the brick are set. Sometimes fine coal 
is spread in layers between the brick, and after firing has been 
started by fires in the channels, it is completed by the burning 
of the fine coal in the pile. The operation is up-draft—that is 
to say, the products of combustion escape through the top of 
the pile. The walls may be permanent or temporary. Tem- 
porary walls are made by laying green brick or culls on the out- 
side of the pile and plastering them over with mud. Fig. 2 shows 
a clamp with permanent walls; burner openings and channels 
in which fuel-oil is burned can be seen in the picture. Clamps 
with temporary walls are sometimes built a quarter of a mile 
long, or longer. In these long clamps the firing follows the set- 
ting, and brick from one end are being shipped while the other 
end is still being fired. These up-draft kilns are economical for 
firing common brick, which are usually made of clays that do not 
require careful firing, and if there are soft-fired brick in parts 
of the setting they can be sold with the others. The brick can 
be set higher in up-draft than in down-draft kilns because the 
firing cycles progress upward and no moisture is deposited where 
it can weaken the bottom brick that bear the load. 

From the long clamp with the firing progressing as the brick 
are set, it is but a short step to several forms of open-top, UP 
draft, continuous compartment kilns that are used for firing 
common brick. 

Closed Kilns. Closed kilns, permanent structures, generally 
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operated on the down-draft principle, are used when all the brick 
must be uniformly hard-fired to be marketable. These kilns 
may be periodic or continuous in operation; the down draft is 
generally preferred, especially in periodic kilns, because it gives 
the most uniform distribution of heat. 

The principle of down-draft operation is that the hot products 
of combustion rise from the furnaces to the top of the kiln, where 
the crown forms a reservoir that holds a mass of hot gas of even 
temperature, which passes downward through many channels 
in the setting, giving up heat to the brick, and then out through 
openings in the floor of the kiln. If the brick around any par- 
ticular channel are cooler than those around the other channels, 
then the gas is cooled and contracts more quickly in the cooler 
channel, more gas is drawn to that channel, and consequently 
more heat is given to the surrounding brick until the temperature 
is equalized. This principle maintains an even temperature 
in the setting, if its operation is not affected by improper draft 
caused by faulty construction of the floor and flues, or improper 
regulation of the fires or dampers. 

Round Kilns. Periodic kilns are round or rectangular in 
shape. The round shape is probably the most used and best 


Fie. 2 Instpe or Kiin, SHow1nG PERMANENT Sipe WALLS 
with Firtnc Hotes at FLoor, AND MANNER OF SETTING Brick 
To Be Firep 


Fic. Rounp Down-Drart Pertopic 


known. This is a vertical cylinder with a domed top, or crown, 
as shown in Fig. 3. A pile of brick to be fired, called the “‘set- 
ting,” is placed in the chamber thus formed. Fuel is burned 
iN @ number of furnaces built in the walls. The products of 
combustion rise through short chimneys, called “bag walls,” 
Which are built inside the walls of the kiln, to near the crown, 
then pass downward through the setting and through holes in the 
floor, which lead to flues connected to a chimney. These kilns 
vary greatly in size; in our work we have found them as small 
#8 20 ft. and as large as 48 ft. in inside diameter. However, 


the majority of them are between 28 and 32 ft. in inside diameter, 
and these are the most satisfactory to operate. A 30-ft. kiln 
will hold about 225 tons of brick. The height does not vary 
so much, because it is limited by the height of the column of 
Kiba 
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Fic. 4 Types or Furnaces Usep For BuRNING COAL IN PERIODIC 
KILNs 
(a, Dead-bottom furnace; 5, sloping-grate furnace; ¢, horizontal-grate 
furnace.) 


brick that the bottom brick can bear without deforming during 
the firing process. The height from the floor to the center of 
the crown is usually between 13 and 15 ft., but may be as great 
as 19 or 20 ft. for certain ware—for example, silica or magnesia 
refractories, when the weight of the upper part of the setting 
is partly or entirely supported by a boxing of fired brick. 

Rectangular Kilns. Rectangular down-draft kilns are similar 
to the round kilns in principle. They consist of two parallel 
walls with a crown arched between them and the ends closed 
by end walls. The furnaces may be in the end walls or side 
walls; in a few kilns they are at the ends and sides. These kilns 
also vary greatly in size; we have made tests on one 30 X 16 ft. 
and on another 90 X 17 ft., and these are not the smallest or 
largest we have seen. 
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Furnaces in Periodic Kilns 


The number of furnaces in round kilns varies from 8 to 14; 
usually a 30-ft. kiln has 10 or 12 furnaces. The furnaces are 
spaced equidistantly around the kiln. In rectangular kilns the 
number of furnaces varies from 6 to 24 or more, depending upon 
the size of the kiln, placed symmetrically with respect to the cen- 
ter line of the kiln. 

Three general types of furnaces are used for burning coal or 
wood in kilns; these are shown in Fig. 4. The first, a, is the 
dead-bottom furnace, having no grates; it may or may not have the 
intermediate arch shown by shaded lines in the sketch, which helps 
to support the bed of fuel. Coal or wood is heaped on the floor 
and burned. The furnace acts much like a small gas producer. 
The second, b, is the sloping-grate furnace; the angle made by 
the grate bars with the horizontal varies from 30 to 60 deg. in 
different kilns. It is a modification of the dead-bottom furnace, 
and, when the inclination of the grate bars is steep, is little im- 
provement over the dead-bottom furnace. The grate bars are 
usually movable to facilitate cleaning. Clinkers can be pushed 
down over the lower ends of the grate and raked out. In firing, 
the hot coals can be pushed down on the grate and the fresh fuel 
fired into the pocket formed at the upper end; the volatile gases 
then distil off more slowly and are more completely burned than 
when fresh fuel is placed directly on a hot bed of coals. The 
third, c, is the horizontal-grate furnace. In this furnace, also, 
the grate bars are sometimes movable. When firing, the burn- 
ing coals should be pushed back and fresh fuel placed on clean 
grate surface or dead plates at the front of the furnace, where the 
volatile gases distil off slowly. A better design of horizontal- 
grate furnace is shown in Fig. 5; this is provided with a coking 
plate at the front of the furnace, on which the fresh coal is 
coked by heat radiated from the hot arch, and a door, by which 
the secondary air can be controlled. 


Firing Methods in Periodic Kilns 
Tests at a number of plants showed that, whereas the prac- 
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Fie. 5 Horizontat-GraTe FurRNACE witTH THIN-SECTION GRATE 


Bars, Wipe Coking AREA, AND CLoseD Door, FoR PERIODIC 
KILN 


tice av the plants was to charge large amounts of coal into all 
the furnaces at the same time and with long intervals between 
firing (1 to 2 hours at different stages of firing) and to clean all 
the furnaces at one time, thereby losing temperature and time 
at each firing or cleaning; a modified practice, in which relatively 
small amounts of coal were charged into alternate furnaces, with 
short intervals between firings (30 to 45 min.), and alternate 
furnaces only were cleaned at one time, resulted in a more con- 
stant rate of application of heat, approaching that obtained 
with stoker, oil, or gas firing, and consequently saved fuel and 
time and produced better ware. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Influence of Coal Burned on Type of Furnace in Periodic Kilns 


Each type of furnace has certain advantages. The character 
of the coal should determine the type of furnace used. The 
dead-bottom and sloping-grate furnaces are suited to low-grade 
coals and coals that clinker badly. The horizontal-grate fur- 
nace is best for high-grade non-clinkering coals. 
tests made by the Bureau of Mines and others show that coal 
is more completely burned in dead-bottom and _ sloping-grate 
furnaces; this is partly because small pieces of unburned coa! 


Fic. 6 Stopmne-Grate Furnace Excessivery Wipe 


Bars, AND CoKING PLATE OvuTsIDE oF KILN 


fall through horizontal grates, and partly because the fires ar 
worked more frequently on horizontal grates. However, the 


horizontal grate, with its bed of fuel comparatively thin and Z 


uniform in thickness, permits the passage of a greater amoul! 
of air through the fuel and hence a faster rate of combustion that 
the other types. In firing brick this faster rate of combustio? 
is economical of firing period and fuel. The horizontal grat 


has other advantages. Ordinarily, clay ware should be fired ; 


in an oxidizing atmosphere; the horizontal-grate furnace equipped 
with a door at the firing opening permits nice control of rate 


combustion and atmosphere in the kiln by means of regulatie 3 


of the draft and secondary air, whereas the composition of the 
gases and the rate of combustion with the other types largely 
depend upon the skill of the fireman in so filling the front 
the furnace with coal that the relative resistance to flow of * 
through the fresh coal and the main bed of fuel will supply the 
correct ratio of primary and secondary air; this ratio will eviden"' 
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A Type or Cast-Iron Grate Bar Tuat Gives Goop 
ReEsvuLTs IN FURNACES OF KILNS 


Fic. 7 


vary as the bed of fuel shrinks 
and increases the opening for 


tuminous coal; Fig. 6 shows an improvised coking plate consisting 
of a sheet of iron placed outside the kiln wall on extended grate 
bars. The latter form is of little value; any form of coking area 
outside the kiln is a source of loss of heat because the volatile gases 
are lost in the atmosphere instead of being burned in thé kiln. 

When forced draft is used, the bottom of each furnace con- 
sists of a metal plate perforated with small holes through which 
air is blown. The coal is fired directly on these plates. The 
furnace is equipped with a door at the firing opening. Low- 
grade coals can be burned in this furnace; it is best suited to small 
sizes, slack, or run-of-mine containing a large proportion of fine 
material. Fig. 8 shows a forced-draft furnace. 

Firing with Gas or Oil. Natural gas or oil are fired through 
small openings in the wall of the kiln, preferably near the floor, 
as shown in Fig. 9. Combustion takes place within the enclosure 


\ 


air at the front. 

Combustion of Coal. The rate 
of combustion of coal depends 
upon the quantity of air that 
passes through the bed of fuel. 
One pound of coal requires about 
15 pounds of air for its best 
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combustion. About one-half of 


the air required for combustion 
must pass through the bed of 
fuel; the remainder is admitted 


as secondary air over the bed 


of fuel. For rapid combustion 
the primary air must be supplied 


through the grates in thin 
streams at high velocity. The 
use of grate bars of thin cross- 
section with relatively wide air 
spaces between is preferable to 
the use of wide grate bars, be- 
cause the air for combustion is 
better distributed and the per- 
centage of air space in the grate 
islarger. At some plants where wide grate bars are used the air- 
opening space was found to be as low as 25 per cent of the grate 
area, while with narrow grate bars the air-opening space may easily 
be made 60 per cent of the total grate area without greater loss of 
combustible in the ash and refuse. Fig. 6 shows a sloping-grate 
furnace 24 in. wide with 7 grate bars, each a solid iron bar 2 in. 
wide; this gives about 40 per cent air space. At another plant 
we found 24-in. furnaces with 6 grate bars, each 3 in. wide, made 
of old wagon-wheel tires, straightened! Fig, 7 shows a cast- 
iron grate bar of a type that is found in many brick kilns. These 
are very satisfactory. 

Heating Fresh Coal. The method of heating freshly fired coal 
8 an important feature of furnace design. When no coking 
Space is provided, coal is fired directly on top of the bed of hot 
coke. The heating and distillation of volatile matter will then 
take place in an atmosphere of gases from which all the oxygen 
has been used in the combustion of the coke in the lower layers 
of the bed of fuel, resulting in the formation of tar and soot, 
which are difficult to burn in the kiln. If, on the other hand 

the fresh coal is placed on a coking plate where it is heated by 
radiation from the hot furnace walls, the distillation takes place 
in an atmosphere containing oxygen and the volatile gases evolved 
will be at once mixed with enough oxygen to insure quick and 
complete combustion when they are further heated and ignited. 
Fig. 5 shows a furnace with a well-designed coking plate for bi- 
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formed by the bag wall. At some plants gas is fired by simply 
placing the end of the gas pipe in the port hole in the wall, air is 
drawn through the port hole by the draft, and the amount of air is 
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regulated by blocking part of the port hole; at other plants various 
types of gas-air mixing burners are used, with which the supply 
of air is controlled by adjustment of the burner, or partly by 
adjustment of the burner and partly by adjustment of the air 
space at the port hole. Oil is fired with many kinds of air or 
steam atomizing burners and the supply of air regulated as with 
gas, partly at the burners and partly at the port holes. In peri- 
odic kilns gas and oil permit closer control of firing than coal 
or wood. 


Function of the Bag Wall in Periodic Kilns 


The function of the bag wall is to carry the hot products of 
combustion from the furnace to the top of the kiln. During 


the early stages of firing the bag wall provides a space surrounded 
by heated surfaces where combustion can be completed before 
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KILn 


the combustible gases have been cooled below their ignition tem- 
perature by contact with the cold surfaces of the ware. The 
height of the bag wall is important because it aids in distributing 
the heat uniformly to all parts of the setting. The height is 
governed by the fuel used, the kind of ware to be fired, the man- 
ner of setting the ware in the kiln, and the draft available. Lower 
bag walls are used for forced-draft coal, oil, or gas firing than for 
coal burned with natural draft. When the bag walls are low 
and the draft is strong, the flame and hot gases from the furnaces 
sometimes short-circuit through the parts of the setting near 
the furnaces and overheat the ware there. In the later stages 
of firing uniform distribution of heat is facilitated by regulating 
the draft so that a slight pressure is maintained throughout the 
setting; then the stack effect of a high bag wall may help to main- 
tain sufficient pressure differential between the ashpit and the 
furnace to draw into the furnace the air necessary for combus- 
tion. No rule has been formulated for determining the proper 
height of bag wall; it is best determined by experience and trial 
for any combination of kiln, ware, and fuel. 


Course or THE GasEs 


The hot gases having reached the crown of the kiln, their course 
downward through the ware, to which they are to transmit their 
heat, and the relative velocity of their movement through dif- 
ferent portions of the ware, are determined by the manner in 
which the ware is set in the kiln and the relative resistance to the 
flow of air of the different portions of it. Brick are set in the kiln 
piled on the narrow faces, one above another, as shown in Fig. 
10. Spaces are left between bricks so that the hot gases may 
come in contact with each brick. They are set in separate piles, 
called ‘‘benches,”’ extending across the kiln; benches are from 
2 to 4 ft. wide and spaced 2 or 3 in. apart. The picture shows 
two horizontal channels through the setting to the door. These 


are for observation of the condition of the ware during firing. 
Test bricks that can be withdrawn easily and plaques of pyromet- 
ric cones are placed in these channels to be used in judging the 
degree of firing or maturity of the ware. The hot gases contain 
a given number of heat units per unit of weight, depending upon 
the fuel used and the efficiency of the furnace operation. The 
hot gases will give part of their heat to the ware and kiln, 
and carry the remainder out through the stack. The amount 
of heat that the hot gases can transmit to the ware is a function 
principally of the difference in temperature between the gases 
and the ware, the surface of ware exposed to the gases, and the 
velocity of the gases in contact with the ware. It is evident, 
then, that the gases, being hottest while in the uppermost parts 
of the kiln, will heat the top of the setting more rapidly than the 
bottom. This can be balanced, to some extent, by setting the 
ware closer in the bottom than in the top; then, because the ware 
in the top presents less heat-absorbing surface to contact with the 
the gases, more heat is retained in the gases to be given up to 
the greater area of the lower section of the setting. In any event 
the top of the kiln will be heated to the finishing temperature 
more rapidly than the bottom, and the soaking period must be 
long enough for the bottom to reach the finishing temperature. 
It should also be noted here that when too high a draft is main- 
tained the gases not only short-circuit to the floor and heat 
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the setting unevenly, but also pass so rapidly through the setting 
that they do not transmit the maximum amount of heat to the 
ware, thereby lowering the kiln efficiency and increasing th 
amount of heat lost at the stack. 


Importance of Floor Openings and Flues 


; 
The gases leave the setting chamber through openings in the 


floor, pass into collecting flues, thence to the main flue leadilf | 7 


to the chimney. The size and arrangement of the opening’ ® 
the floor and of the flues are important factors in the design | 
the kiln, affecting the firing and the uniformity of the distt | ' 
bution of the heat to the ware. There are two types of kil! 
floors, described as “solid” and “open.” The solid floor bs' 
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few comparatively large openings concentrated in a small space, 
as shown in Fig. 11. The open floor has many small openings 
distributed over the whole floor, as shown in Fig. 12. There 
are many modifications of these two types of floor. On a solid 
floor it is quite probable that the ware in the bottom near the 
openings will be overfired and the ware near the walls will be 
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should be greater than the resistance through the setting to give 
an even distribution of heat through the kiln by preventing short- 
circuiting of gases through the setting and by holding the gases 
in the kiln long enough for them to transmit a maximum propor- 
tion of their heat to the ware. In other words, the floor should 
serve to dam the heat in the setting chamber. In order to equal- 
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underfir ed; whereas on an open floor the ware is more likely to 
he uniformly fired. ‘The greatest resistance to the flow of gases 
The ate ashpit to the chimney should be at the floor of the kiln. 

© floor openings should be small and evenly distributed. A 
— of small openings having a given total area present greater 
; “sistance to the flow of gas than a single opening as large as 


their total area, The resistance of the openings in the floor 
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ize the resistance to gas flow over the whole floor area and thereby 
obtain equal flow of gases through all the openings, the flues 
under the floor should be quite large in comparison with the 
openings in the floor. It is held by many ceramic engineers to 
be desirable that the arrangement of the flues under the floor 
be such that all the gases enter the main flue to the stack at the 
center of the kiln to obtain equal rate of flow through the open- 
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ings in the floor. This condition is met by the kilns illustrated 
in Figs. 11 and 12, and also by the radial type of flue construction, 
in which the collecting flues are arranged radially, meeting at a 
well hole in the center of the kiln, from which a main flue leads 
to the chimney. 


Chimneys 


Natural draft is provided by a chimney, or chimneys. A 
single chimney, partitioned, may serve two or more kilns; a single 
outside chimney may serve each kiln; the chimney is some- 
times built in the center of a round kiln, passing through the 
crown; several chimneys may be used for a single kiln, these are 
usually built in the kiln walls. The multiple chimney arrange- 
ment is most common with large rectangular kilns. The single 
outside chimney connected to a properly designed flue system 
is preferable because it gives the greatest facility of manipula- 
tion and the most uniform distribution of the draft at the floor, 
hence the most uniformly fired ware. The chimney must pro- 
vide a draft sufficient to overcome the combined resistances of 
the grates and bed of fuel, setting, floor, flues, and chimney, and 
to move the weight of gases required to produce the desired con- 
dition during each period of the firing cycle. The resistance 
to the flow will remain approximately the same, but the weight 
of gases will vary. During the oxidizing and soaking periods 
the weight will be approximately proportional to the rate of 
fuel consumption, but during the watersmoking period the gases 
wil] contain a large percentage of excess air and will be saturated 
with moisture, both of which factors increase the weight of gas 
to be moved out of proportion to the fuel burned. 

It follows from this that the natural draft produced by a chim- 
ney is not proportional at all times to the draft required. During 
the watersmoking stage a large weight of gases must be moved, 
and their exit temperature at the chimney is low because of their 
iow initial temperature and because of the large loss of heat to 
the cold ware and in vaporizing the water. This is overcome 
in the best firing practice with periodic kilns by augmenting 
the natural draft mechanically during the early stages of firing. 
It is usually accomplished by a portable induced-draft fan that 
can be attached to the base of the chimney and used until the 
temperature of the exit gases becomes high enough to create the 
necessary draft or until they might injure the fan. 

The temperature of the exit gases increases as firing progresses, 
so that an adequately proportioned chimney has excess capacity 
over a large part of the firing time, and there must be a way to 
check it. 

Damping the Draft. The chimney should be as close as possi- 
ble to the kiln, and situated so that the main flue lies in a straight 
line from the kiln and does not enter the chimney at a level lower 
than that at which it leaves the kiln, to reduce the loss of draft 
in the main flue to a minimum. Three methods are used to 
check the draft, employing respectively a plate inserted in the 
main flue or chimney, an opening at the base of the chimney, 
and a hinged damper at the top of the chimney. A plate damper 
in the main flue or chimney affords the most satisfactory means 
of positive control of the draft, but cannot be used conveniently 
where extremely high temperatures are encountered in the flue 
gases. For high temperatures the damper may be hinged at 
the top of the chimney where one side will be cooled by currents 
of air and by radiation. The use of an opening at the base of 
the chimney to regulate the draft by admitting cold air does not 
afford a great enough range of control; this method is particularly 
undesirable because it does not provide a way to close the system 
tightly to prolong the soaking period after the end of firing. 


Effect of Heated Gases 
The down-draft kiln is an interesting illustration of pressure 


and motive power caused by heated gases; in addition to the draft 
created by the chimney, there are internal differential pressures 
in the kiln system which add to the motive power of the chim- 
ney. The furnace bag wall and the ware resemble a siphon, and 
as far as the gases are cooled by the ware below the temperature 
of the leg represented by the furnace and bag wall, a differentia] 
pressure is created which will move the gases toward the chimney, 


Kiln Proportions 


Stull states that for a round down-draft kiln, 30 to 34 ft. in 
diameter, firing ware to temperatures around 2000 deg., the follow- 
ing are the desirable proportions for the parts of the structure 
that affect the resistance to the flow of gases: The total area in- 
closed by the walls is taken as 100 per cent; then the total area 
of the grates should be 12.5 per cent, the total area of the open- 
ings in the floor 3.5 to 5 per cent, the area of the main flue 1 per 
cent, the area of the chimney 1 per cent, and the height of the 
chimney 35 to 45 ft. These are in accordance with the recommen- 
dations of other ceramic engineers and with the results of tests 
conducted by the Bureau of Mines. The same proportions 
may be taken for rectangular kilns. 


Use or Continuous REGENERATIVE KILNs 


Consideration of the foregoing discussion of periodic kilns 
must point to the desirability of continuous regenerative kilns. 
There are many forms of continuous kilns in use, but for our 
present purpose only two types will be described: First, the 
continuous chamber kiln, in which the fires are movable and the 
ware is stationary; and, second, the railroad-car-tunnel kiln, in 
which the fires are stationary and the ware movable. In these 
kilns the rate of application of heat is constant, or nearly so, the 
control is exact and flexible, and heat that would otherwise be 
lost is saved by the regenerative principle of operation. All 
these factors result in economy of fuel, labor, and time, and the 
production of uniform ware. The general principle of oper- 
ation is that heat from the hottest part of the kiln is utilized 
to heat the ware in cooler parts of the kiln, direct firing is applied 
to complete the heat treatment, and heat from cooling ware is 
utilized to preheat air for combustion. In these kilns the per- 
centages of the total time of firing that are devoted to water- 
smoking, heating, and soaking are different from those in periodic 
kilns. A smaller percentage of the time is required for water- 
smoking because the kilns are operated with mechanical draft, 
which assures the passage of enough air through the ware to 
carry away the water quickly; a greater percentage of the time 
is devoted to heating; and a smaller percentage of the time is 
required for soaking, because the distribution of heat throughout 
the setting is uniform at the end of the heating period and it 
is only necessary to hold the ware at the soaking temperature 
long enough for the heat to reach the centers of the individual 
pieces. In the following discussion the details of the construc- 
tion of continuous kilns will be avoided except in so far as they 
are essential to the discussion of the methods of firing with dif- 
ferent fuels. 

It is estimated that at the present time 90 per cent of the brick 
manufactured (several billion bricks a year) in the United States 
is fired in periodic kilns and 10 per cent in continuous kilns. The 
use of the latter type of kilns is, however, steadily increasing. 


REGENERATIVE KILNS 


The first practical regenerative kiln was the Hoffman kiln, 
which was invented in 1858. The original one was built in the 
form of a circular tunnel, in which the ware to be fired was S*- 
A kiln of this kind is represented diagrammatically in Fig. ! 
The cycle of operation moves continually from section to secti0® 
in clockwise direction. Doors are placed in the side of the tunnel 
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at intervals for setting and removing, or drawing the ware; the 
brick are set in sections temporarily divided by partitions of 
paper pasted to the setting. The function of the paper is only 
to prevent back draft of cold air from the cold sections to the 
watersmoking section; the paper burns away when a high enough 
temperature is reached, and the operation is then without re- 
gard to the sections. In Fig. 13, a kiln of 14 sections, Nos. 1, 
2, and 3 are open for setting and drawing the ware; cold air enters 
the kiln through these open sections and passes through sections 
4, 5, 6, and 7, where it is-preheated as it cools the ware. The 
air gradually becomes hotter and hotter until it reaches the zone 
where fuel is being burned. At this zone the fuel is fired by 
dropping it from above on to the brick, which have been pre- 
heated to a temperature high enough to maintain combustion, 
and the hot air is used for combustion. The hot products of 
combustion continue around through the brick in sections 9, 10, 
11, 12, and 13, where they heat and watersmoke the brick, while 
their temperature gradually decreases. Each section has a flue 
which connects it to a central chimney; all of these flues are 
closed except the one from the last section through which the 
gases are passing, and thus the air and products of combustion 
are drawn completely around from the open sections. When 
the paper partition between sections 13 and 14 burns out, the 
flue from section 13 will be closed and that from section 14 opened, 
and soon. The partitions are not burned out until others have 
been placed farther along the cycle. Such a scheme affords an 
opportunity to regulate the rate of combustion, gas composi- 
tion, and temperature. The quantity of air that reaches the 
combustion zone can be regulated by the size of openings left 
in the setting, as well as by adjustment of the dampers. The 
rate at which the fuel is fed gives an opportunity to control the 
composition of the products of combustion. This can be further 
regulated by opening or closing the apertures at the top of the 
kiln both before and after the combustion zone. The temper- 
ature of the watersmoking and heating sections can be regulated 
in the same way. 

Hoffman kilns are generally used only for common brick, and 
the fuels used are small sizes of coal, or wood (‘“‘hogged fuel’’). 
When coal or wood is used, it is fired through holes in the top 
of the kiln, as shown in Fig. 14, on to the bricks after they have 
been preheated to a temperature high enough to maintain com- 
bustion. Firing is usually done by hand. It is common to save 
labor by using some arrangement of fuel-carrying hoppers mov- 
ing on rails on top of the kiln, and these hoppers may be arranged 
to feed small streams of fuel continuously and automatically. 
Producer gas is sometimes used, and is conducted through a sys- 
tem of ducts to burners in the kiln. 

The success of this method largely depends upon the proper 
setting of the ware and firing so that the combustion is distrib- 
uted over the cross-section. The draft created by the chimney 
18 augmented by exhaust fans, which can be moved from one 
flue to another as required, or are connected to suitable ducts 
Which can be situated in a fixed position. 

The cross-section of the kiln consists of two walls, which are 
Sometimes permanently arched over and the ware removed 
through side doors, and sometimes has no permanent top, the 
roof being built on when setting the brick. 

Modifications of the Hoffman Kiln. Kilns as built employ 
any modifications of this principle. The circular form occu- 
ples much space and it is more general to have two parallel tun- 
nels connected at the ends by semicircular tunnels. Another 
form is built in a U-shape, with gas ducts connecting the two 
ends. The operation of this form must evidently be modified 
Somewhat as the ends of the legs cannot be used as efficiently as 
the remainder of the kiln. Another form is built as a single 
Straight tunnel, with a flue running parallel and with means to 
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connect the flue to the kiln at any point desired. If the straight 
tunnel is too long to preheat the starting end with waste gases 
from the finishing end, it is necessary to build furnaces in the 
starting end to start the cycle anew. P 

The Continuous Chamber Type. The continuous chamber 
kiln is a modification of the Hoffman kiln to fire higher grades 
of ware, which require nicer control of the operation of the kiln. 
The construction of this kiln consists of a series of rectangular 
kilns or chambers, built side by side in a battery, as represented 
in Fig. 15. The size of the individual chambers varies; in one 


Fig. 13 SKETCH OF HorrMan ConTINUOUs KILN 
(Heaviest shading represents highest-temperature zone.) 


Fie. 14 Section THRovGH 

Tor or HorrMan Contin- 

vous SHOWING OPEN- 

INGS THROUGH WuHicH CoAL 
Is DropreD 


kiln that we have tested the cham- 
bers are 40 ft. long and 14 ft. wide. 
There are suitable openings in the 
floor of each chamber connected to 
flues to carry the gases from chamber 
to chamber or to connect them to an 
outside main flue running at right 
angles to the individual chambers. 
Such a kiln is operated on the same.” 
general principle as the previously described Hoffman type, 
except that the gases now pass vertically downward through 
the ware and through a flue to the next chamber. It will be 
seen that the gases, after passing downward through one cham- 
ber, rise through bag walls to the top of the next chamber, then 
again downward through the ware in it, and soon. These kilns 
may be fired with coal, wood, or gas. The kiln illustrated (Fig. 
15) is designed to burn producer gas. The main gas duct runs 
along the side of the battery, and there are individual ducts 
to each chamber; those to the chamber under fire can be con- 
nected to the main duct with temporary duct connections. In 
the gas ducts under each chamber at equal intervals there are 
openings, each of which has a damper valve that can be adjusted 
from the end of the chamber in order to obtain uniform burning 
along the length of the chamber. If a solid fuel is used it is drop- 
ped through openings in the top into the space between the bag 
wall and the wall of the kiln. The bag wall may have grates 
on to which the fuel drops and is burned, or the fuel may simply 
drop to the floor and burn there, as shown in Fig. 16. 
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. fired against the air and products of combustion. 
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These kilns must be designed correctly throughout and ware 
must be carefully set in them so that the resistance to the flow 
of gases is always correctly balanced in all parts of the system. 

At many plants periodic kilns are so placed that they can be 
connected with flues and used as a regenerative system. 

The Railroad-Car-Tunnel Type. The third type or railroad- 
car-tunnel kiln is a system in which the fires are stationary and 
the ware moves with respect to the fires. The regenerative 
principle used is that of counter-current flow of the ware to be 
The brick 
to be fired are set on small cars and pushed through a long tun- | 
nel. The length of the tunnel and the speed at which the cars [| 
pass through it depend upon the clay used and the type of ware 
to be fired. The furnaces are placed near the center of the tun- 
nel, usually from 2 to 7 furnaces on each side, and staggered. 
The ware in its passage through the tunnel is first watersmoked 
and heated by heat from the hot gases that flow in the opposite 
direction, then is heated to its finishing temperature and soaked 
in the firing zone, and finally is cooled in the cooling zone where 
it gives up its heat to the counter-current of air. The cars have 
refractory floors and the metal parts underneath are protected 
against overheating by guards that dip into sand-filled troughs 
at the sides of the tunnel; in some kilns the metal is further pro- 
tected by a cooling current of air that is blown into the duct 
formed between the cars and the floor of the kiln. 

Direct-Fired Type. These kilns are used more than the 
muffle type. They can be built and operated at less ex 
pense than the muffle type. In the direct-fired kiln the air that 
is to be preheated is passed through the setting on the cars in F 
the cooling zone of the tunnel, and the products of combustion 
pass from the furnaces directly into the tunnel, then out through 


the heating and watersmoking zones. This is illustrated by a in 
simple diagram, Fig. 17. This figure shows the main stream of sil 
air flowing through the kiln from one end to the other; in flowing z 

€ 


through the kiln it is heated by contact with the cooling ware | ~ 
and by mixing with the hot products of combustion in the firing | 
zone, and, mixed with the products of combustion, forms a large | _ 
volume of hot gas to carry heat from the firing zone to the heat- 
ing: zone. The figure shows a second stream of preheated ait 
taken from the cooling zone to the furnace for combustion. The | 
gases are moved through the tunnel by two main fans; these are | 
a positive-pressure blower at the discharge end of the tunnd | 
and an exhaust fan at the charging end. By the use of dam- 5 
pers the actions of these two fans are balanced so as to obtail 
the desired draft in the tunnel. An auxiliary fan supplies pr 
mary air for combustion at the furnaces. The upper curve 2 
Fig. 17 shows the temperature curve in such a kiln. In thi | ~ 
example uniform rates of heating and cooling are shown. The 4 
rate of heating in the firing zone can, of course, be controlled st | 7 
the furnaces. In the heating zone the rate of heating can be |= 
reduced by taking out some of the hot gases at any point; & | 
additional air to facilitate oxidation can be added where it # = 
needed. The rate of cooling can be increased or decreased 8! | 
will by adding more cooling air or taking out some of the cool 


ing air at any point in the cooling zone. Usually the coolitt 
can be done quite rapidly, and the positive-pressure blower § | 

operated to put more air into the kiln at the cooling end thao ® } F 
wanted in the firing and heating zones; part of the air is the) | 
taken out of the tunnel at some point between the dischat (9 
end and the firing zone and used in the driers or in the wale™ 5 
smoking end of the kiln. The lower curve represents the 4” J 
in pressure as the gases pass through the kiln. Ordinarily, ® J 

these kilns, the fans are balanced so as to give atmospheric pr 
sure at the tops of the cars at the point where the gases et! } 
the firing zone; this results in a pressure somewhat lower at ti 
other end of the firing zone. Of course, any changes in the amoust 
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of air in any zone of the kiln result in changes in the shape of the 
pressure-drop curve and necessitate adjustments at the two 
main fans to maintain the desired overall drop in pressure. The 
curve of pressure in the kiln shows a supply of primary air for 
combustion at the furnaces at a pressure above atmospheric; 
this is accomplished by an auxiliary fan. The curve indicates 
a greater drop in pressure between the ashpit and the tunnel at 
the charging end than at the discharge end, which indicates that 
the most fuel would be burned in the furnaces nearest the charg- 
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Fic. 16 DiaGramM oF One CHAMBER OF A ConTINUOUS KILN AR- 
RANGED FOR BuRNING COAL 
ing end. This is true and de- 
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The Muffle-Type Railroad-Car-Tunnel Kiln. At a few plants 
brick are fired in muffle-type railroad-car-tunnel kilns, but these 
are more expensive to build, maintain, and operate than the 
direct-fired type, and they are rarely necessary for brick. The 
general construction of the muffle-type tunnel kilns is similar 
to that of the direct-fired kiln, but in the former the interchange 
of heat is accomplished by the recuperative system and the prod- 
ucts of combustion never come in contact with the ware. 

The distribution of heat in the setting in railroad-car-tunnel 
kilns is very uniform; for the ware is set in small units. The 
cars used are not more than 6 ft. wide. One of the problems in de- 
sign of car-tunnel kilns today is the development of construction 
and operation that will permit the use of wider cars; for the addi- 
tional expense of building and operating wider kilns would be 
small relative to the greater amount of ware that could be fired. 
TABLE 1 FUEL REQUIRED TO FIRE 1 TON OF BRICK IN DIF- 

FERENT TYPES OF KILNS 


Finishing Quantity 
temp., of fuel per 


deg. ton of 
Fuel Kiln Ware fahr. ware 
Round, down-draft Common brick 1950 440 Ib 
Round, down-draft Paving brick 2000 635 Ib. 
Rectangular, down-draft Paving brick 1930 440 Ib 
Bituminous Continuous chamber 
coal (producer gas) Paving brick 2010 Ib. 
Round, down-draft Face brick 075 510 Ib. 
Round, down-draft Fire brick 2150 420 Ib 
| Hoffman Brick and tile 1870 160 ib 
Fuel oil Clamp Common brick 1740 17 gal. 
Round, down-draft Face brick 2300 6775 cu. ft. 
Natural gas { Rectangular down-draft Face brick 1900 4355! cu. ft 
Railroad-car-tunnel 
(muffle type) Face brick 2000 2165' cu. ft. 
Slab wood Round, down-draft Face brick 1965 640 Ib. 


1 These two kilns at same plant, burning same gas and firing same ware. 


sirable, as it is necessary to put in 

more heat for the final part of the 

heating than for the soaking. 
These kilns are fired with na- 


Temperature curve 


tural gas, producer gas, oil, coal, 
or powdered coal. Simple fur- 
naces are used, similar to those 
used in well-designed periodic 
kilns. Car-tunnel kilns have the 
advantage, however, that the 


Drop in pressure as gases pass through kiln 


Exhaust fan Furnaces Positive- re blower 

be designed to give the maxi- <_ Products of combustion: 
mum efficiency at that rate, 
whereas the furnaces in the per. === LITIITY 
odic kiln must necessarily be a 


compromise that will meet the 
changing requirements of the dif- 
ferent rates of combustion re- 
quired at different stages of firing. The furnaces should be large 
enough so that combustion is complete before the gases come in 
contact with the ware. The fuel is usually burned close to the 
level of the tops of the cars, and in the kilns most used for brick 
there are no bag walls, but the gases pass from the furnaces directly 
into the setting; in some kilns there are bag walls between the 
furnaces and the setting, but these require special provision to 


|) draw the gases downward to insure uniform distribution of heat. 


pited, these kilns are usually fired with from 2 to 7 small 
urnaces, placed along each side of the kiln at the firing zone. 


D> It is possible that efficient operation could be obtained with a 


single large furnace on each side; this would be most probable 


® with furnaces burning coal on stokers or powdered coal. 


Phe in other kilns, there are many variations in design of the 
irect-fired railroad-car-tunnel kiln. 


Fig. 17. Diagram or Direct-Firep KILN 
(Heaviest shading represents highest temperature zone.) 


Car-tunnel kilns are operated with mechanical draft, and the 
temperature throughout the length of the tunnel is under close 
control. An important operating requirement is that the ware 
must be set on the cars very carefully and the heat must be applied 
equally on both sides; otherwise the piles of brick will fall over 
and block the movement of cars through the tunnel. 


Quantities of Fuel Required 


Table I gives the quantity of fuel required to fire one ton 
of brick in different types of kilns at plants where tests have 
been made by the Bureau of Mines. 


CHARACTERISTICS OF Fuets Usep In KILNs 


The fuels used for firing brick are coal, coke, fuel oil, natural 
gas, and wood, in kilns of all types; producer gas is used in many 
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regenerative kilns. The following are the quantities of fuels 
that were used by the industry in the year 1919, according to 
the 1920 census of manufactures: 


Anthracite coal, tons (2000 Ib.)............. 128,252 
Bituminous coal, tons (2000 Ib.)............ 6,849,745 
34,510 


The situation of the manufacturing plant largely determines 
the fuel available and the price. Another item that influences 
the selection of fuel is the kind of ware to be fired. 

Bituminous Coal. Bituminous coal is the predominating fuel 
in the brick industry. An important reason for this is that the 
large deposits of clay are in or near fields of bituminous coal; 
in fact, there are many places where coal and clay are mined on 
the same property. 

Effect of the Various Constituents of Bituminous Coal. In 
buying coal the primary consideration is, of course, the heating 
value received for the price paid. Other items to consider as 
affecting the suitability to the use that is to be made of it, are 
the volatile matter, sulphur, and ash, and the burning qualities 
of the coal as affected by composition or structure. 

Volatile Matter. The volatile matter which is driven off gives 
a means of control of length of flame. After the ware has reached 
a red heat the use of a high-volatile or long-flame coal is desir- 
able, because by delayed combustion it is possible to liberate 
part of the heat of the coal within the setting. Tests have indi- 
cated that the combustible gases are mostly burned within a 
short space above the bed of fuel; nevertheless, a high-volatile 
coal hastens heating with its luminous flame of hot carbon par- 
ticles, which transmits a large amount of heat to the ware by 
radiation, and helps to give an even distribution of heat in the 
setting. During the watersmoking period, high-volatile coal 
is not desirable because it adds to the amount of moisture that 
must be carried through the kiln, and deposits soot on the cool 
ware. The moisture that is formed from the burning of the hy- 
drogen in the volatile matter means the addition of that amount 
of water to that given up by the ware, which may condense on 
the cool ware in the bottom of the kiln and mark it. In the 
early part of the firing volatile gases are cooled below their ignition 
temperature by contact with the ware, and soot is deposited from 
the smoke and tars, and possibly by the reaction: 2 CO = C 
+ CO,. This soot, together with the moisture, may form a 
paste in the setting, blocking the draft and retarding the progress 
of firing. Therefore it seems that for the watersmoking period 
some advantage might be gained by the use of coke or low-volatile 
fuel where it can be bought at a favorable price. 

Sulphur and Ash. The sulphur and ash content of coal should 
not be too high. If the coal is high in sulphur, part of the sulphur 
from the products of combustion is absorbed by the brick and 
must be burned out during the oxidation period. Ash has the 
effect of lowering the rate of operation or generation of heat 
when cleaning fires and obstructing the flow of air through the 
bed of fuel between firings, as well as increasing the cost of labor 
for firing and handling refuse. The fusion temperature of the 
ash is important because of the formation of clinker. Clinker 
stops the flow of air through the grate and necessitates cleaning 
oftener, with consequent cooling of the furnace and delay of 
the progress of firing. 

The loss of heat in combustible matter in ash varies with the 
ash content of the coal, but is affected also by the size of the coal, 
physical properties of coal and ash, fusibility of ash, design and 
air openings of grates, and the firing and cleaning methods. In 
a series of tests the coals contained from 5 to 13 per cent ash, 
and the heat lost in combustible in ash varied from 3.6 to 10 
per cent in the same order. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Occasionally it happens that ash, which is carried into the 
kiln from the furnaces and deposited on the brick, damages the 
latter. This is liable to become a serious problem only with 
high-grade brick that are fired to high temperatures, when a 
slag may be formed on the exposed faces of a few of the brick 
nearest the furnaces. The trouble may be eliminated or re- 
duced by the use of coal whose ash has a high fusion temperature. 

Size of Coal. The size of the coal, coking, disintegration in 
fire, and tendency to burn unevenly so that dead spots or holes 
occur, all have an effect on the draft required for combustion, 
and, of course, on the desirability of the coal for use in firing 
brick with the hand-fired furnaces generally used. Run-of- 
mine coal is generally used. Where screened coal is used the 
fires are under better control and consequently the distribution 
of heat in the kiln is generally more uniform. At plants where 
low-grade and dirty coal is used, for example, where this type 
of coal is mined on the clay property, screening the coal would 
be economical and would result in better-fired ware. The fines 
could be used for power purposes. Where screening is not fea- 
sible, low-grade coals are used to best advantage with forced- 
draft installations. Stoker firing has been tried and gives prom- 
ise of good results with low-grade fuels. This demands a stoker 
especially designed for use in the small furnaces and to operate 
at rates that vary greatly as the firing progresses. One type 
that has been used successfully is a screw-feed arrangement that 
feeds the coal upward through a pipe to the top of a conical per- 
forated table on which the coal burns as it moves downward 
toward the edges. Several other types of automatic and semi- 
automatic stokers have been tried, but none has been so successful 
that its use has been widely adopted. Powdered coal has been 
used successfully in regenerative kilns. 

Anthracite and Coke. Anthracite and coke are used in rela- 
tively small proportion to other fuels. 

Fuel Oil. The use of fuel oil for firing brick is at present in- 
creasing. It has several advantages over coal, and is replacing 
coal at many plants as the price of coal advances. The greatest 
advantage in the use of fuel oil is the ease of control of the fires 
which results in more uniform temperature in the kiln, more 
uniform product, and lower cost of labor for firing. The heat 
supplied can be closely regulated to ceramic requirements at 
the individual burners or at the main valve, therefore no heat 
is lost because fires burn too low or when furnaces are cleaned, 
as when coal is burned, and consequently the firing time is usually 
shorter with fuel oil than with coal. Firing with fuel oil is cleaner; 
less smoke is produced, and there are no piles of coal and ash 
around the kilns; the elimination of smoke, required by smoke 
ordinances, is causing many plants in cities to fire with fuel oil. 
In places where oil can be obtained close at hand and coal can- 
not, oil has always been the preferred fuel. Many different oils 
are used: crude oil, gas oil, fuel oil, residue from stills, varying 
from 40 to 11 deg. Baumé. Where heavy oil is used trouble is 
sometimes caused by smoke during the early part of firing when 
the oil is fired into a cold furnace. At many plants this difficulty 
has been overcome by using improved burners, or preheating 
the oil to secure better atomization; at others the difficulty is 
avoided by starting with light oil and changing to heavy oil 
after the furnaces become hot; one plant uses lignite and another 
uses wood for watersmoking, then use oil to finish. 

Natural Gas. Natural gas is an ideal fuel for firing brick, 
and is used at the few plants where it can be bought at a price 
that makes its use an economic possibility. The rate of heating 
ean be closely controlled and an oxidizing atmosphere easily 
maintained in the kiln, giving a product of uniform hardness, 
size, and clear color, which is essential in high-grade face brick, 
therefore natural gas can be used for firing high-priced products 
at places where it would be too costly for firing other ware. 
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Wood. Wood was the first fuel used for firing brick. Today 
it is used at a number of plants where it is the cheapest fuel avail- 
able. The use of wood prevails in the brick plants of the 
Pacific Northwest, where the plants are situated near large lum- 
bering operations and a constant supply of by-product wood 
waste is assured. Wood is used in the form of cord wood, slabs, 
or “hogged fuel.’’ The last-named consists of ground slab wood 
and sawmill waste. In kilns, wood is burned in furnaces of the 
same type as those in which coal is burned. It is essential that 
the wood be dry. The products of combustion from a wood 
fire are notably clean, being free of soot and sulphur, so that, 
after watersmoking, the gases can be taken from the kiln and 
used in a waste-heat drier. The calorific values of all woods 
are about the same, namely, on the dry basis, 8600 B.t.u. per 
lb. Baumann states that very desirable colors are developed 
in face brick with salt-water wood. 

Producer Gas. Producer gas is not used in periodic kilns, 
but is a very satisfactory and commonly used fuel in continuous 
regenerative kilns, where the gas is fired hot as it comes from the 
producer and the air for combustion is preheated. Many types 
of producer are used. The mechanical type is preferable and 
is a necessity where there is a demand for a large and constant 
supply of gas. The hand-fired, hand-poked producer has given 
satisfactory results on installations where two or more producers 
are installed and alternately used and cleaned. The require- 
ments for coals suitable for the generation of producer gas are 
well known and will not be discussed in this paper. The gas 
must be brought to the kiln in well-insulated ducts. The tar 
and soot that are deposited in the ducts must be periodically 
burned out. On a large chamber kiln that we tested, this was 
done every eight or ten weeks, and required eight to ten hours, 
during which time no gas was burned in the chambers. On car- 
tunnel-kiln installations the gas ducts are usually shorter and the 
tar and soot are burned out at more frequent short intervals, so 
that the interference with the operation of the kiln is practically 
nil. The distribution of the gas to the several burners in the kiln 
must be under perfect control by valves. The use of producer 
gas is constantly increasing with the development of better regen- 
erative kilns and improved gas producers. 

Lignite. We know of but two instances of the use of lignite 
for firing brick: one, to which reference has previously been 
made, where lignite is used for watersmoking in an oil-fired kiln, 
and the other, where producer gas is made from Dakota lignite 
and burned in a continuous regenerative kiln. In the latter 
kiln a finishing temperature of 2400 deg. is maintained. 
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Discussion 


R. E. Arnoup.* The purpose of this discussion is to set 
forth to the members of this Society and to those vitally inter- 
ested in the ceramic industry the relation of Mr. Rice’s paper 
to the vitrified-clay sewer-pipe industry. The manufacturers 
of sewer pipe, collectively, make up an important group in the 
ceramic field; and through the use of vast quantities of fuel, 
particularly bituminous coal of all grades, they have become 
interested in the success of such an important meeting. They 
therefore desire to further the purpose thereof by offering some 
comments upon fuel conservation and smoke abatement, both 
of which have been studied during the past year. 

For the past five and one-half years the two groups of manu- 
facturers of vitrified-clay sewer pipe, namely, the Clay Products 
Association and the Eastern Clay Products Association, through 
the Fellowship System of Mellon Institute of Industrial Re- 
search, University of Pittsburgh, have engaged in a general 
research program for the solution of problems in connection with 
the manufacture of raw materials. They have also made studies 
of kiln construction and of burning schedules. 

During the past year attention has been concentrated upon a 
series of kiln tests conducted in several of the members’ plants. 
This work has been in progress for more than a year, with the 
result that fuel savings ranging from 16 to 35 per cent have been 
demonstrated by the application of the fundamental principles 
of combustion and the study of some modified kiln designs. 
Already certain indications have come in evidence to show that 
this work will aid materially in reducing fuel consumption 
and in the furtherance of smoke abatement by better methods 
of kiln operation, all of which is directly in line with Mr. Rice’s 
paper. 

The writer wishes to commend the author for his clear analysis 
of the subject of the application of fuel in brick kilns. There 
are many ideas expressed therein, which, on the whole, are im- 
portant to the ceramic man and should be given consideration 
by those interested. 

However, there is one point indicated which merits more than 
passing notice: namely, that a 30- to 34-ft. kiln should have 
ratios in keeping with those given by Mr. Stull if the best results 
are to be obtained. He has given the ratios of the grate area, 
flue-opening area, main-flue area, and stack area to that of the 
floor area. These data relate to a round down-draft kiln for 
use under natural-draft conditions up to 2000 deg. fahr. 

This analysis given by Mr. Rice can easily be taken to mean 
that all kilns of this size and firing temperature, when con- 
structed under these specifications, would give the best results. 
This is probably not true in all cases, as there are sufficient 
differences in two different products, such as brick and sewer 
pipe, for example, to expect somewhat different types of con- 
struction for the best results in each case. 

In the past sewer-pipe kilns have been modeled in the fashion 
of a brick kiln, with the result that large quantities of fuel have 
no doubt been used needlessly. It was within the past year 
that an effort was made to develop the highest degree.of effi- 
ciency possible in a sewer-pipe kiln, and there are indications 
that marked strides will be made in fuel conservation alone. 


Vitrified 


4Senior Industrial Fellow, Sewer Pipe Fellowship, 


Mellon Institute of Industrial Research, University of Pittsburgh. 


as 
‘ere 
= 


94 


The survey referred to has progressed far enough at present 
to say that there is sufficient evidence to justify the statement 
that for sewer-pipe kilns these values cited by Mr. Rice are in 
many respects not correct for the best sewer-pipe practice. 
The difference is probably due to the differences in the quantity 
of brick set over that of sewer pipe in the same-size kiln, which 
in most cases will figure three times the weight of sewer pipe. 
This reduced tonnage of sewer pipe undoubtedly has its influence 
upon the quantity and rate of flow of gases and the rate of heat 
transfer from them. With this in mind, it is obvious that 
it would be dangerous to specify certain relations of kiln-design 
features without first indicating to what duty the kiln should 
be subjected. 

These remarks are not in any way in contradiction to Mr. 
Rice’s analysis of kilns, but are to be used as an addition to the 
idea of specifying kiln-design ratios, and to point out that for 
differences in products there are certainly differences in the 
requirements of the kiln details. 

The next point which the writer wishes to make is the im- 
portance of kiln manipulation in overcoming the emission of 
smoke from the stacks of kilns. Mr. Rice most clearly outlines 
the formation of smoke in his discussion of the heating of fresh 
coal. At this stage the volatile gases are driven from the coal 
with insufficient oxygen to burn them. This condition indicates 
that some effort must be made on the part of the kiln firemen 
to admit sufficient secondary air for a period of 3 to 5 minutes 
after firing, such practice to be followed immediately by a 
reduction in the amount of secondary air to maintain the most 
efficient conditions. 

It has been found that correct handling of an ordinarily 
constructed furnace which has features permitting frequent and 
light firing will in most cases reduce smoke to a minimum. 
There are probably installations of kilns which are funda- 
mentally wrong, thus making it impossible to operate to the 
highest temperature with a clear, smokeless atmosphere. These 
conditions will in time be altered as the progress of kiln investi- 
gations in the entire ceramic industry gives sufficient knowledge 
to enable the kiln fireman to accomplish the best results. 


L. A. Mexter.’ In the Chicago district, two concerns tried 
powdered fuel in a building-tile kiln and in a sewer-pipe kiln. 
Two different methods were used. One method was to use the 
ordinary firebox without alteration, and firing every alternate 
firebox with powdered fuel. This did not prove satisfactory. 
The other method was more or less novel, and showed con- 
siderable promise, although considerable money would have 
been spent on the investigation. 

Three burners were installed in the dome of the kiln, and in 
such a way that a rotary motion was given to the flame. The 
greater difficulties in the firing of powdered fuel are encountered 
during the watersmoking period, but with a short-flame burner 
it can be carned out with a fair degree of success. There was a 
little trouble because of ash deposits at troublesome points, and 
the top layers showed a tendency toward overfiring, but the 
conclusions of the officers of the company were that the results 
justified further investigation. 


L. C. Boster.* The first fuel used for firing porcelain and 
sanitary ware in the Trenton district was anthracite. As the 
price of this fuel mounted, the manufacturers turned to a coal 
which was as near to it as possible, and today practically all 
kilns if Trenton (and the majority of them are up-and-down- 
draft kilns) are burning bituminous coal that runs under 16 


’ Combustion Engineer, Universal Oil Products Co., Chicago, IIl. 
* Mechanical Engineer, Madeira, Hill & Co., Philadelphia, Pa. 
Mem. A.S.M.E. 
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per cent in volatile matter. It is a coking coal with low sulphur 
and ash content. High-volatile coal is not even considered 
because of the fear that the unconsumed particles of soot floating 
through the kiln will settle on the ware. 


D. B. Henpryx.’ Any one who is familiar with the firing of 
ceramic products knows that the development of the tunne! 
kiln came about through the possibilities of saving fuel, and that 
until comparatively recently this has been the principal “talking 
point”’ in its favor. What the writer would like to point out is 
that the fuel saving alone would not justify the enormous in- 
vestment required to effect the saving. The thermal efficiency 
of the tunnel kiln easily may be double that of the old-style 
beehive kiln, but the “dollar efficiency,” based only upon the 
decrease in fuel consumption, is not. 

The down-draft kiln discharges its products of combustion 
directly from the bottom of the kiln up the stack. At the 
beginning of the firing period the stack temperature is very low; 
at the high-heat point of the burn it will reach within 200 to 
300 deg. of the temperature of the ware in the kiln, which is 
exceedingly wasteful. 

The railroad-type tunnel kiln fires the fuel in the middle of 
the kiln, draws it toward the entrance end, and shoves the ware 
to be heated through in the opposite direction. This counter- 
current passage of cooling gases and heating ware offers an 
exceedingly good opportunity for efficient heat transfer, with 
the result that a stack temperature of about 500 deg. may be 
maintained continuously. In the most up-to-date installations 
this temperature is still further reduced by passing the exhaust 
gases from the kiln through the driers. In addition to this, 
cold air is drawn into the cooling end of the kiln in such a manner 
as to take up heat from the cooling brick, after they have left 
the firing section, and this heated air may be used for combustion 
within the kiln, or for outside purposes such as drying the green 
ware, or heating the building. Other savings come about 
through the reasons that excess air can be closely controlled, 
kiln structures can be well insulated, and fuel does not have to 
be burned to heat up the cold brickwork of the furnace. As a 
result, fuel savings of at least 50 per cent are possible in nearly 
every case, and often a saving of 60 per cent or higher is 
claimed. 

About 1000 or 1200 lb. of coal is required to fire one thousand 
brick in the ordinary kiln. If half of that amount can be saved 
by using a tunnel kiln, a saving of $1.50 per thousand brick may 
result. However, the initial cost of the tunnel kiln will be at 
least twice that of the down-draft kilns for the same capacity. 
Investment charges cut the amount down to about a dollar net 
saving. But the worst feature comes from the fact that, up 
to the present time, only a very few tunnel kilns have used 
coal directly as a fuel. In order to secure proper heat distri- 
bution through the ware on the cars, which is the biggest problem 
in the design of a tunnel kiln, the engineers and operators have 
instead used fuels costing twice as much as coal, and as a result 
the net “savings” derived from this huge investment have been 
nothing, if not minus. 

Why, then, are tunnel kilns on the verge of supplanting the 
old styles of kilns in the clayworking industry? The difficulty 
of burning coal directly on grates is being rapidly overcome. 
The process is so much faster that the ware is burned and ready 
to ship within less than a week from the time that it is molded, 
instead of three to four weeks. With a properly designed plant, 
the labor required to manufacture and burn the brick, as well 
as the number of times that the ware is handled, is cut in half. 
Breakage is often greatly reduced, chipping of brick is cut dow®, 
and spoilage due to overfired and underfired brick is practically 


7 Harbison-Walker Refractories Company, Pittsburgh, Pa. 
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eliminated, due to accurate control of the burning process. 

It is because of the savings in labor, breakage, and seconds, 
and because of the improvement in the quality of the product, 
rather than the fuel savings, that the investment in a tunnel 
kiln project is warranted. 


Tue Auruor. The author has been much interested in the 
investigation that Mr. Arnold’s organization is conducting. 
Many of their results have emphasized the findings of our own 
similar investigations. In their work they have carefully 
studied the relation of the area of the grates to the results ob- 
tained in firing the kilns. The proportions given in this paper 
are those that have given good results in brick kilns burning 
coal with natural draft. The best area of grates for any par- 
ticular kiln depends upon the kind of fuel, the quantity to be 
burned per hour, and the draft that is available. When sewer 
pipe, drain tile, or hollow building tile are set in a kiln, the re- 
sistance to flow of gases through the setting is less; therefore, 
if other conditions are the same, the draft available for the fur- 
naces is greater than in a kiln set with bricks; furthermore, 
the mass of ware in a kiln of tile is less and the heat requirements 
correspondingly lower, hence the furnaces may be smaller for 
efficient firing. This is especially true when firing large sewer 
pipe. When firing hollow building tile or drain tile the rate of 
heating can usually be high because the thin walls of the small 
tiles can be heated rapidly without danger, hence furnaces as 


large as in brick kilns can be used and the firing process com- 
pleted quickly. 

Mr. Hendryx is well fitted by experience to discuss the rail- 
road-car tunnel kiln. It is a fact that whereas these kilns have 
been primarily described on the basis of their economy of fuel, 
actually they effect other savings in costs much larger than 
the saving of fuel. However, in plants where high-priced fuel 
is required to fire the ware in periodic kilns and the same fuel can 
be used in the tunnel kiln, for example, the plant cited in Table 1, 
the saving of fuel is an important item. 

The author is not prepared to discuss from experience the 
fuels that are used to fire white ware, that is, porcelain and 
sanitary ware, mentioned by Mr. Bosler. Few of the clays used 
in the manufacture of bricks require the careful control of kiln 
atmosphere that white ware does, and many bricks are given 
their desirable properties by conditions that would ruin white 
ware. Most heavy clay products can be fired with high-grade, 
high-volatile coals, which have the advantage that they more 
easily heat the parts of the kiln farthest from the furnaces without 
overheating the parts nearest the furnaces. 

The troubles encountered in an attempt to burn powdered 
fuel in the crown of a kiln, as enumerated by Mr. Mekler, namely, 
unfavorable watersmoking, deposition of ash, and overfired 
ware in the top of the setting, are what one would predict. 
No doubt some experimental work would be necessary to over- 
come these difficulties. 
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Progress in Gas-Producer Practice 


By WM. B. CHAPMAN,!' MT. VERNON, OHIO 


The purpose of this paper is to point out the progress that has been 
made in recent years in overcoming serious objections to the use of 
producer gas, and to suggest that more attention be given to the problem 
of unlocking the possibilities of this cheap type of fuel for use in other 
fields than the conventional ones to which it hitherto has been limited. 
Further treatment of subjects discussed by the author in his paper 
on “Fuel Saving in Modern Gas Producers and Industrial Fur- 
naces,”” Trans. A.S.M.E., vol. 43, 1921, is offered. 


statement, but it is also true that you can do it cheaper 

with producer gas. This is particularly true when the 
gas is used hot and is conducted to the furnace without undue loss 
of sensible heat. Of all the commercial gases this is the only one 
that is adapted to be used hot, raw, and unwashed. It is for this 
reason that producer gas stands supreme as the most economical 
heating medium for ordinary furnace purposes. 


4 he SLOGAN “you can do it better with gas” is a true 


PRopUcER PIONEERS 


The gas producer and the regenerative furnace were invented 
about 90 years ago and were developed simultaneously, each 
making the other possible. The greatest contribution to the art 
was made by Siemens Brothers in England, starting about 1835 
and continuing actively for over 40 years. No other signal 
contributions have been made to the art except by Ritter Von 
Kerpely of Donawitz, Austria, inventor of the first successful 
mechanical producer in Europe, and W. E. Hughes, inventor of 
the first successful mechanical producer in the United States. 
The outstanding contributions of these two gentlemen at the 
beginning of the present century made possible the work of 
others who collectively have finally succeeded in putting the gas 
producer on a reliable mechanical basis that compares favorably 
with other mechanical equipment in the plants where they are 
used. 

Propucer EFFICIENCY 


Modern gas producers are fully 90 per cent efficient when the 
sensible heat of the gas is utilized, and about 80 per cent efficient 
when the sensible heat is lost, as when the gas has to be con- 
ducted a great distance or when it is washed. The net efficiency 
of washed gas, however, is nearer 70 per cent, because of the loss 
in operating the washing equipment and the additional amount of 
steam required in the blast. It is for this reason, together with 
the objectionable cost of the washing equipment, that about 
95 per cent of all producer-gas installations are for the utilization 
of hot, raw gas, just asit is made. For large industrial furnaces, 
the use of hot producer gas is far more efficient than burning coal 
upon a grate. Moreover, all large heating operations require 
a form of fuel that is easily controlled so that the heat may be 
distributed as desired throughout the furnace, and this require- 
ment is impossible to meet with a fixed fire upon a grate. 


THE MECHANICAL STOKER 


A mechanical stoker provides a little agitation and some 
degree of uniformity, but it is insufficient. The ordinary me- 
chanically stoked firebed is far from uniformity in thickness, in 
temperature and in density. Our conventional stokers are well 


1 Vice-president, Chapman Engineering Co., Mt. Vernon, Ohio. 
Mem. A.S.M.E. 

Presented at First National Meeting of the A.S.M.E. Fuels Divi- 
sion, St. Louis, Mo., October 10 to 13, 1927. 
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adapted to a few special fields of heating, but they do not offer a 
broadly applicable solution to the general problem of utilizing 
fuel economically. We must search elsewhere. 


Fue. Om 


Fuel oil does not solve the problem of heating large furnaces 
economically, for in most industrial centers it costs 2'/2 times 
as much as coal. For example, fuel oil usually costs about one 
cent per pound (7!/2 cents per gallon) and bituminous coal costs 
about '/; cent a pound ($4.00 a ton). One cent will therefore 
purchase 18,500 B.t.u. in the form of fuel oil, or about 60,000 
B.t.u. (5 X 12,000) in the form of coal. However, for proper 
comparison, one should add two cents per gallon to the cost 
of fuel oil to cover overhead charges, which are largely made up 
of the cost of compressing the air required for atomizing. From 
$1.00 to $2.00 per ton should be added to the cost of the coal to 
cover the total cost of gasification, including 15 per cent for 
interest, depreciation, and taxes. (Recent experiments on a larg: 
scale, however, indicate that it will not be long before this charge 
can be materially reduced.) Adding to the assumed cost of $4.00 
per ton for coal the maximum estimate of $2.00 per ton additional 
for gasification and investment charges for producer gas gives 4 
total of $6.00 per ton. One cent will then purchase 3.6 pounds 
of coal or 43,200 B.t.u. From this figure we should deduct 15 per 
cent for thermal losses in generating the gas and conducting it 
to the point of consumption, leaving 36,720 B.t.u. net available 
for one cent in the form of hot unwashed producer gas. Now 
adding to the assumed cost of 7'/2 cents per gallon for fuel 
oil an additional 2 cents per gallon for handling, atomizing, ete. 
including overhead, gives 9'/2 cents per gallon, and assuming 
18,500 B.t.u. per pound gives 14,600 B.t.u. net available for 
one cent in the form of fuel oil. This makes fuel oil practical) 
2'/, times as expensive as producer gas. Asa rule, only small 
or special installations of fuel oil are justifiable. We cannot 
look to this form of fuel to produce heat at low cost in our large 
industrial centers. 


| 


PULVERIZED CoaL 


The possibilities of pulverized coal as a solution of the cheay- 
fuel problem are interesting, but they have not yet been fully 
determined. This form of fuel has shown remarkable efficiencies 
in burning cement and lime, in boiler heating, and in many high- 


temperature operations, but the ash content of pulverized coal ati 
has caused such serious trouble with the furnace linings and the F = wh 
goods to be heated that, in many cases, the advantages have bees ] 
offset by the disadvantages. The cost of pulverizing usual) lar 
runs from 25 to 50 cents per ton without including the usual fue 
15 per cent for interest, depreciation, and taxes on the investment 8us 
required for pulverizing, and the excess furnace investment I hot 
quired for burning pulverized coal. When these last two items > up 
are included the cost of pulverizing coal usually exceeds $1.0 pos 
per ton; i.e., the cost of gasifying coal. ver 

non 

BurNED IN SUSPENSION 
The advantages of burning pulverized coal and the advantage 

of burning fuel oil are somewhat similar and largely arise from P 
the fact that both can be burned in suspension. In other words to t 
they “burn like gas’’ and partake of the advantages of a gaseo™ imp 
fuel. If a fuel can be burned in suspension it can be conducte? cem 
to any point and burned at any desired rate. In burning fue! co 

an 


upon a grate one is limited to a fixed location and to a thin fire 
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bed, usually less than a foot thick. If it were deeper it would 
make producer gas. When a thin firebed is forced, much un- 
combined air escapes up through the bed and thereby considerably 
reduces the furnace efficiency, but when fuel is burned in sus- 
pension it is like increasing the depth of the firebed, which 
greatly reduces the amount of excess air required. When pro- 
ducer gas is burned, the “‘firebed,”’ or combustion zone, instead 
of being a foot in depth is increased to 10 or 20 feet in depth if 
desired, and the excess air, instead of being 50 per cent to 150 
per cent, is reduced to between 5 per cent and 15 per cent, pro- 
vided the fuel is uniform in quality and accurately controlled 
in quantity. 
OTHER FUELS 


In putting forward the economic possibilities of producer gas 
and its claims for more consideration as a universal fuel, the 
author will not discuss natural gas, coke-oven gas, or the electric 
furnace. The logical use for natural gas and coke-oven gas is for 
domestic consumption. These gases are too valuable to be 
substituted for producer gas except in isolated steel plants re- 
quiring a large amount of coke for their blast furnaces and unable 
to sell their coke-oven gas because of the distance it would have 
to be pumped to a domestic market. The excessive cost of oper- 
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OPERATIONS 


ating electric furnaces limits their use to special applications 
where the cost of fuel is secondary. , 

Hence we have four outstanding types oi fel for conducting 
large heating operations: (1) coal burned upon a grate, (2) 
fuel oil (burned in suspension), (3) pulverized coal (burned in 
Suspension), and (4) producer gas (burned in suspension). It is 
hot likely, at least in the near future, that either coal burned 
upon a grate or atomized fuel oil will develop new and hidden 
Possibilities of great value. Apparently we must look to pul- 
verized coal and producer gas for future progress in the eco- 
homical use of fuel in large units for general purposes. 


Limtrations oF PuLVERIzED Coat AND Propucer Gas 


Pulverized coal, if it can be applied without serious detriment 
to the furnace or the goods to be heated, usually possesses the 
important advantage of fuel economy. Its application to 
cement burning stands unchallenged. But for most large heating 
®perations producer gas possesses the greater number of ad- 
vantages and is most widely applicable. In the past producer 


gas has had the disadvantage of requiring a considerable amount 
of skill and zeal on the part of the gas maker in order to maintain 
satisfactory quality and uniformity. Since producer gas is 
not stored, but is used as made, it will never be quite as uniform 
as water gas or illuminating gas which require large gas holders 
where the quality is accurately blended to within less than one 
per cent of an established standard. Such a degree of uni- 
formity is unnecessary for industrial heating. The other short- 
coming of producer gas is that the gas flues have to be made 


Flue 
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Fie. 2 Sawroorn Type or Soot Carcuer For Marin Gas Fiup 
excessively large and require cleaning every week. 
this cleaning is a real nuisance. 

When one undertakes to devise a machine for doing auto- 
matically work that was formerly done by hand, one is likely to 
think in terms of the old hand movements and imitate them 
as best he can, never realizing that mechanical power frequently 
makes possible an entirely new solution to the problem. This 
has been the case with the gas producer. The first mechanical 
producer in this country had an enormous mechanical poker 
or stirring finger which imitated hand poking. Later develop- 
ments in the art substituted a mechanical rake or leveler which 
obviated the large vertical gap or recess made by the poker. 
By the use of machinery, effective agitation from beneath the 
fire bed also was made possible. This marked an important 
advancement. 


In most plants 


BLOWHOLES AND CLINKERS 


Most of the troubles in a firebed start with chimneys or high- 
temperature stream lines. If allowed to continue, they develop 
into blowholes. The quality of the gas is lowered and clinkers 
are formed. These hot spots in a gas producer are caused by 
lack of uniformity in one or more of the following operations: (1) 
feeding and spreading the fuel, (2) agitating the entire fire- 
bed, and (3) removing the ashes. These operations are now being 
performed automatically with a considerable degree of uni- 
formity. 

The chief requirement of any firebed, and incidentally the 
condition most difficult to maintain, is uniformity. Each 
horizontal zone should be uniform in temperature and, above all, 
uniform in density. It follows, therefore, that the best producer 
is the one that automatically maintains the greatest degree of 
uniformity, and conversely the worst producer is the one in which 
it is most difficult to maintain uniformity. By this standard 
producers should be judged, and not by some phenomenal showing 
made in an isolated test. 


AUTOMATIC FEEDS 


All mechanical producers for bituminous coal in this country 
are now provided with some form of continuous feed. The auto- 
matic feeds employed in three well-known producers drop the 
fuel upon a comparatively small sector of the firebed, and then 
revolve the entire firebed beneath the feeding drum. The 
feeding mechanism of another well-known producer drops the 
coal simultaneously over the entire firebed, thus obviating 
the tendency toward an uneven and spotty top temperature 
and the necessity of revolving the entire firebed. In all of the 
above types the coal is dropped at frequent intervals from a 
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revolving drum. This tends to drive off the volatile matter in 


the coal at a uniform rate and thus saves about 10 per cent of 
the fuel. 


AGITATION 


The function of spreading the fuel after it has been dropped 
upon the firebed and breaking up masses that tend to cake or 
stick together is well performed in one producer by a swing- 
ing U-tube that rests upon the firebed in approximately a 


Air Holes / 
6/n. Comers for 
Burning Soot 


| 
| Producer 


Fic. Typicat ARRANGEMENT oF Soot LEGs 


radial line when the top of the firebed is at normal height. 
In two other producers a vertical or semi-vertical swinging 
poker is employed to spread the fuel and break up the tendency 
to cake. This poker or stirring finger extends to within a few 
inches of the ash line (if the fire is at the correct height) and 
agitates the firebed nearly to the bottom. With this type of 
agitation it is imperative that the ash line be kept at a sub- 


stantially constant height, as otherwise the agitation of the . 


lower portion of the firebed would vary considerably. 

In still another producer separate agitation is employed for 
the top and bottom of the firebed. The top agitator revolves 
and floats in the surface of the firebed and has staggered teeth 
extending downwardly for a distance of about 10 in. The 
bottom agitator revolves in the ash bed and has staggered teeth 
extending upwardly about 15 in. It has been found that the 
bottom of a gas-producer firebed requires but little agitation 
(although it needs that badly) while the top requires frequent rak- 
ing to properly spread the fuel and prevent caking. In this 
producer the top agitator makes one revolution in about nine 
minutes and the bottom agitator one revolution in about two 
hours. The amount of agitation from both above and below 
is adjustable. 

Ash-removal operations in three of the above producers 
are substantially continuous, which tends to make a uniform 
ash bed for the fire to rest upon. In a fourth producer the 
ashes are removed automatically two or three times a day and 
the operator pokes the fire down during the ash-removal period 
Each method has special points of advantage. Producers that 
revolve the firebed have walls that taper in considerably at the 
bottom; those that do not revolve the firebed have straighter 
walls. 

It is the author’s belief that eventually all producer manu- 
facturers will provide both top and bottom agitation for bitu- 
minous coal. The agitation given the lower portion of the firebed 
will be much less frequent and less drastic than the motion at the 

‘top. The fuel will be fed continuously and the ashes removed 
continously or substantially so. Furthermore the pressure of 
the gas in the main will be kept uniform, the ratio of air to 
steam in the blast will be kept uniform, and the temperature of 
the gas leaving the producer will be kept uniform. Practically 
all of these are now being done as a matter of standard practice 
in some municipal gas works, and a start has been made in their 
adoption in other lines. 
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In this country agitating the upper portion of the firebed ex- 
clusively has more than doubled the capacity of gas producers, 
while in Europe the capacity has been more than doubled by 
agitating the lower portion of the firebed exclusively. Neither 
of these methods is complete in itself. All producers require 
some agitation at the bottom of the firebed, and if bituminous 
coal is used the upper portion of the firebed also should be vigor- 
ously agitated. Most of the different makes of mechanical 
producers in Europe which have no automatic feed have occa- 
sionally been supplied with automatic feeds and surface agi- 
tators by the author, and, much to the gratification of the users, 
the capacity has been nearly doubled, the quality of the gas 
has been greatly improved, and the hand poking reduced to prac- 
tically nothing. 

In this paper the author has tried to adhere to a discussion of 
the firebed and how it is manipulated. Questions of types of 
machinery are unimportant except in so far as they affect the 
uniformity and quality of the gas and the ease with whic! it 
is made. 


Five CLEANING 
The amount of soot made in ordinary gas-producer practice 
averages from 1 per cent to 2 per cent of the total weight of the 
fuel charged. The stirring of the top of the firebed always 
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makes more soot than if it were left undisturbed, but the grest 
increase in capacity and improvement in efficiency and wu 
formity resulting from surface agitation much more than offset 
the disadvantages of the extra soot. The old way of handliog 
the flue-cleaning problem was to build the flues large enough ® 
that they could be operated continuously for a week before 
they became clogged; then the plant was shut down for the week- 
end, a damper was opened to a burn-out connection leading ® 
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the stack, and the gas remaining in the flue was lighted. This 
ignited the soot, which burned for several hours, usually over 
night, and then that which remained the next day was scraped 
out and a fresh start was made for the next week’s run. 

The new way of cleaning flues is to blow them out twice a week 
while the plant is in regular operation. This is done quite 
successfully even in open-hearth-furnace practice and, although 
there are checker chambers through which the gases have to pass, 
no difficulty is experienced. For this method of cleaning a small 
opening is provided at every turn of the gas main for a */,in. 
compressed-air or steam pipe, and the pipe is gradually advanced 
through the flue, thus blowing everything out as it progresses. 
If compressed air is used, much of the soot is consumed before 
reaching the furnace. Special openings and special nozzles 
also are provided so as to make the work as easy as possible. 
There never is any tendency for the gas and compressed air to 
explode as the volume of the gas far exceeds the volume of the air. 


Fic. 5 Pressure Propucer CoNNEcTED To VERTICAL WASTE- 


Heat Bolter 
(l—Weigh larry which receives fuel from overhead bin; 2—revolving fuel 
hopper designed to distribute fuel evenly over firebed; 3—steam drum to 
receive steam from water jacket surrounding producer; 4—gas take-off; 5— 
waste-heat boiler; 6—steam header; 7—air inlet.) 


In glass works and certain chemical works it is not possible 
to blow the soot on through into the furnace without damaging 
the quality of the contents. To meet this condition special soot 
blowers have been devised to hasten the ordinary burn-out 
Process. These blowers are located all along the line of the 
flue 80 that when the plant is shut down and the burn-out con- 
hection opened to the stack, the burning may be forced. By 
the use of these blowers a system of flues which ordinarily re- 
quires four hours for cleaning may be thoroughly purged in less 


than an hour. 


One of the most effective ways of removing soot is to provide 


| *Sawtooth bottom for the first 100 ft. or more of the gas main. 


At the lowest point of each sawtooth a bell is provided for 


5 ‘dumping the soot while the plant is in operation. 


The production of soot is inherent in all producers that are 


rae and agitated from above, and the finer the coal used 
; ‘he greater is the amount of carry over. No practical way of 


materially reducing the amount of soot made is apparent as 
long as we are limited to the present types of mechanically agi- 
tated gas producers. However, it is possible that ultimately the 
underfeed gas producer will solve this remaining problem. — 


WaATER-JACKETED PRODUCERS 


It is most economical to operate a producer at a temperature 
hot enough to make a small amount of clinkers all of the time. 
But it is not good economy to permit the clinkers to build out 
on the side walls until the gas maker manifests sufficient zeal to 
poke them off. A water-cooled wall is desirable if the producer 
is not to be poked at all, as otherwise it is necessary to use an 
excessively large amount of steam in the blast (resulting in a poor 
quality of gas) in order to prevent the ashes from sticking to the 
wall. Water-jacketed producers are common in Europe but rare 
in this country. 


EXPERIENCE WITH A WaTER-Gas GENERATOR 


A year ago the author had an opportunity to operate a mechan- 
ical water-gas generator as a gas producer. The generator had 
partially water-cooled walls and a mechanical clinkering beam 
12 in. high slowly revolving over the grate. The rate of gasi- 
fication while operating as a gas producer was 100 lb. per sq. ft. 
per hr., which is eight times the rate at which any hand-poked pro- 
ducer can be operated and twice the capacity of most mechanical 
producers. For three days no poker or measuring rod of any 
kind was put into the producer. Analyses were made every half- 
hour for CO:, and these were checked with eight-hour continuous 
samples. The average was 5.5 per cent. No analysis was as 
high as six per cent, and none as low as four per cent. This 
remarkable uniformity while operating at an unheard-of high 
rate was due to the very complete mechanical agitation devised 
for the bottom of the water-gas generator. An adaptation of 
this mechanical water-gas generator to a gas producer is now 
being made. 


REGULATING DEVICES 


For the past 22 years the author has advocated the use of 
more regulating devices for gas producers, but users have not 
cared to bother with them. However, during the past year the 
situation has improved, and now most of the leading manu- 
facturers of gas producers include some indicating, recording, 
and regulating equipment with every producer sold. The most 
important of these devices are: pressure regulator, for maintain- 
ing constant pressure in the gas main; recording pyrometer, 
for the temperature of the gas leaving the producer; recording 
thermometer, for the mixture of air and steam in the blast; 
U-tubes, for indicating the pressure of blast beneath the firebed, 
and also the pressure of the gas above the firebed or in the gas 
main, and a steam gage. Some of these devices if intelligently 
used will save enough fuel to pay for their cost ina month. None 
of them requires more than six months to pay for its cost. An- 
other “instrument” that most producer-gas houses require is an 
ordinary broom. In a dirty building fuel is seldom saved. If 
some of our producer-gas houses were kept cleaner the manager 
might sometimes visit them and see where he is wasting his 
stockholders’ money. 


Tue Kerre_y Propucer 


The most generally used mechanical producer in Europe is the 
Kerpely. In the United States it is only adapted for gasifying 
coke, as it provides no surface agitation, which is very necessary 
for bituminous coal. The water jacket used with all Kerpely 
producers prevents clinkers from adhering to the side walls. 
The unusually large tuyere box of this producer spreads the air 
blast and breaks the clinkers in a satisfactory manner. It also 
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gives about the right amount of agitation to the lower portion of 
the firebed; that is, provided the ashes can be kept at a sub- 
stantially constant level, about 9 in. above the top of the tuyere 
box. This, however, is a bit too exacting for the ordinary hit-or- 
miss American gas maker. It is accomplished satisfactorily in 
illuminating-gas works only, where gas is made for sale instead 
of incidental to the manufacture of steel or some other product. 


Propucer Gas FROM CoKE 


A modified type of Kerpely producer is made by two com- 
panies in the United States, and both machines give excellent 
results when properly handled. These producers are designed 
especially for gasifying the cheaper grades of coke, the gas 
being used primarily for heating coke ovens. A full set of 
auxiliary equipment is always provided and is of invaluable 
assistance in maintaining the excellent efficiency and high degree 
of uniformity which is standard practice. 

The coke used is usually of about the following size: 


1'/, in. to 5/s in... . .50 per cent 
5/, in. to in... ...25 per cent 
Under '/,in........25 per cent. 

One company reports the following average size: 


17 per cent 
22 per cent 
ee 24 per cent 
24 per cent 


Through !/, in...15 per cent. 


This is a much smaller fuel than is used in bituminous-coal 
practice, which usually requires run-of-mine crushed to pass 
through a 4-in. ring. The gas made from coke of the above size 
averages about 125 B.t.u. It seldom is less than 120 B.t.u. nor 
more than 130 B.t.u. The normal capacity of the producer is 
24 tons a day for the eight-foot-inside-diameter size and 40 
tons for the ten-foot, six-inch size. 

The analysis runs as follows: 


CO, O, CO 

4 to 8 per cent 0 to 0.2 per cent 24 to 30 per cent 
H CH, N 

10 to 13 per cent 0.2 to 0.6 per cent 52 to 55 per cent 


Both the United Gas Improvement Company and The Kop- 
pers Company, makers of the Kerpely producer in this country, 
control to a certain extent the operation of their equipment after 
it is sold and therefore are able to prevent the slipshod, guess- 
ing methods which until recently have been so prevalent 
with bituminous-coal gas-producer operators in many of our 
steel and glass works. 


Propucer Gas FrRoM OIL 


During the past 20 years a few oil gas producers have come 
upon the market for a brief period and then have been with- 
drawn. Recently some real progress has been made with an 
oil gas producer used in connection with a 25-hp. gas engine. 
The iuel per horsepower approaches Diesel-engine results, and 
the equipment is very much less expensive. The producer 
is about twice the size of a muffler for an automobile engine. 
Nothing as yet is being offered to the trade. 


PROGRESS 


It is a long journey from the hand-operated gas producers of 
20 years ago, costing $2500, to a completely automatic, water- 
jacketed producer costing four times that amount and having a 
capacity five times as great, complete with a full set of regulating 
devices, and requiring no hand poking whatever. Yet the 
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author ventures to predict that ultimately such a producer will be 
demanded. 


In fact, it is already almost an actuality. 


Gas Propucers ror BorLer HEATING 


When such a producer becomes an accepted fact, new uses 
will be found for producer gas, and both larger and smaller sizes 
will be made. The most important of these new uses will be 
the heating of steam boilers. The recent experiments of the 
British Government with a Wollaston producer located directly 
under a Cochran boiler have shown some of the possibilities 
in this field. Because there was no automatic feed and no auto- 
matic agitation of the surface of the fuel bed in the Wollaston 
producer, coke breeze was used instead of bituminous coal. 


___. Firing Floor Level 
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Fig. 6 Wotraston Gas Propucer with Cocuran Boller 


(This producer, being hand operated, is limited to small capacities «d's 
intended primarially for coke.) 


The bree..+ contained 22.4 per cent moisture and 18.5 per cet! 
ash, and averaged 9000 B.t.u. per Ib. Ordinarily with this fuel 
the steam-generating efficiency would be about 55 per cent, 
but with the special gas producer located directly beneath the 
boiler the efficiency was 80 per cent. The stack gas contained 
17.2 per cent CO, and no smoke was made. All the steam 
required for blasting the producer was obtained from the feed- 
water-pump exhaust. Full steam pressure was obtained i! 
15 minutes on Monday mornings after the week-end shut 
down. 

It is stated that hand-operated producers of the Wollasto! 
type using coke breeze are best adapted to boilers of from 1 
to 200 hp., but there appears to be no reason why a completel) 
mechanical producer of almost any desired capacity can not be 
developed, especially for boiler firing. Such an installation should 
have all of the advantages of pulverized coal and none of its J 
disadvantages. The author believes that the underfeed pr 
ducer possesses special merit for this purpose. With the ec” 
nomic possibilities of producer gas as a boiler fuel once estab- 
lished, new types of boilers will be developed to take advantag® 
of the possibilities of the new fuel. 
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FUELS AND STEAM POWER 


Propucer Gas ror TRUCKS AND TRACTORS 


At the St. Louis World’s Fair in 1904 a gas producer was shown 
in operation in connection with a gas engine. Bituminous coal 
from many different mines was tested in it. The results showed 
that a horsepower-hour could be developed from one pound of 
coal, as compared with two to five pounds of coal which was 
then being required for other prime movers. It was thought 
by many that this would revolutionize the generation of power. 
It failed to do so because (1) it was too difficult to clean the gas 
from bituminous coal, and (2) it was impossible to obtain suffi- 
ciently uniform gas from this type of coal, there being no mechan- 
ical producer available adapted to the purpose. Now, 23 years 
later, a new market is developing for the combination of gas 
engine and gas producer. It is being used on trucks and tractors 
where the price of gasoline is high, as in France. 


FRENCH Propucers For TRUCKS AND TRACTORS 

It is stated on good authority that the troubles at first ex- 
perienced in France with producer gas, such as fouling of the 
engine and Joss of time in getting started, and at the completion 
of a trip, due to attention required by the producer, have been 
eliminated. The processes of gas purification are now sufficiently 
effective so that the power plant is but little more troublesome 
than a gasoline engine. It does not take more than five or six 
minutes to get the engine started in the morning. The weight 
of the generator has been reduced to about 660 pounds, and in 
some cases even to 330 pounds, which is not excessive for a 
delivery wagon and is negligible for a large truck. 

Thirty automobiles, comprising trucks and passenger cars, 
recently took part in an 18-day demonstration around France 
during which they covered 2000 miles on French substitutes for 
gasoline. Producer-gas plants consuming wood, wood charcoal, 
or peat charcoal were used on 17 of the vehicles. 

A French authority advises that: ‘‘Greatest progress has been 
made in the application of wood and charcoal gas-producer 
plants. With an increased compression ratio, bigger gas pas- 
sages, a slight increase in piston displacement and greater atten- 
tion to oil purifying, the results are practically equal to gasoline, 
with 50 per cent reduction in operating costs. Charcoal gas is 
how perfectly pure, some of the tests indeed showing less de- 
posit than with gasoline.” 


ADVANTAGES OF CHARCOAL 


The explanation for the successful introduction of producer 
gas in the automotive industry in France lies in the peculiar adapt- 
ability of charcoal as a producer fuel. Charcoal eliminates 
the two difficulties ordinarily experienced when using bitumi- 
hous coal, for it has no volatile content to foul the engine and 
ho ash content that can foul the producer with clinkers. Fur- 
thermore, the jolting that the producer gets’from the bumps 
in the road is just what is needed for properly compacting the 
frebed and preventing blowholes. 

Some years ago the author rode through the congested streets 
of London in a large truck driven by producer gas made from pea 
anthracite. The control of the engine was normal and the cost 
of fuel was said to be one-fifth that of gasoline. Some difficulty 
Was experienced in maintaining the firebed in good gas-making 
condition. It seemed to be desirable when going through London 
traffic to take along an extra man to make sure that the firebed 
was kept reliable. A charcoal gas producer requires no such 
Special attention, Progress made during the past few years in 
mechanically manipulated firebeds gives assurance that other 
fuels than charcoal can be utilized for automotive service. The 
Problem is largely one of adapting for small units what has al- 
ready been done in large units. The small units are especially 
Suited for utilizing the smaller sizes of fuel between '/s and 
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1/, in. In this connection the underfeed producer provides 
a cleaner gas than the top feed. The author’s varied experience 
with the underfeed type of producer indicates that it can be made 
to give the desired uniformity and reliability without frequent 
attention. 


A New Market For FINE FUELS 


Our coal operators and coke-oven builders who are seeking a 
better market for their ‘‘fines’’ could not do better than cooperate 
in an effort to develop a small mechanical producer that will 
gasify their fuel with the same degree of reliability that charcoal 
is now being gasified for automotive purposes in France. 

Furthermore, when such a producer is developed it will be 
applicable to large units for heating office and apartment build- 
ings. In the field of domestic heating expensive fuels have long 
been the rule—it has not been possible to use slack coal satis- 
factorily—but an automatic underfeed producer located directly 
beneath a small boiler and burning the gas as rapidly as emitted 
from the firebed would make possible the efficient use of slack 
coal without producing smoke and without requiring attention 
more often than once in 24 hours, resulting in a very considerable 
saving of fuel. 


Tue Furure oF THE MECHANICAL PRODUCER 


A great deal of time and money has been spent by producer 
manufacturers in bringing the mechanical producer up to its 
present stage of development. It has blazed the way for the 
entrance into new fields. Other groups and other lines of in- 
dustry will profit by this pioneer work, and ultimately the 
neglected and poorly understood gas producer will come into 
its own. 


Discussion 


W. Trinxs.? It has always appeared to the writer that the 
agitator developed by Mr. Chapman was based on correct princi- 
ples, because it is a happy compromise. It does not reach down 
into the fuel bed deeply enough to disturb it and leave behind 
the poker a channel through which flame can pass; yet it reaches 
down just deeply enough to break up the film of tarry matter 
which must exist on the top of the fuel bed in any producer using 
bituminous coal. This tarry film is a product of the coking 
action and prevents the rising gas from passing uniformly through 
the top of the fuel bed. In this respect, the Chapman agitator 
heretofore appeared to the writer to be superior to what is called 
a leveling device which was introduced by another gas-producer 
manufacturer. But strange to say, this same company now has 
put two of the so-called levelers on their new gas producer and 
although this leveler apparently would assist in producing the 
tarry film which interferes with the free passage of the gases, 
a producer with two levelers has obtained rates of gasification 
which are very much in excess of anything heretofore obtained. 
Reliable information has it that a gasification rate of 100 lb. per 
sq. ft. of grate area in one hour has been obtained and maintained. 

For this the writer can find no explanation, and will ask Mr. 
Chapman whether he, being in much closer contact with gas 
producers, can explain how these enormous rates of gasification 
can be possible with a device which on the surface would seem 
to defeat the possibility of a high rate of gasification. 


P. Nicnouts.* It should prove valuable if Mr. Chapman 
would explain further regarding the self-cleaning device: whether 


2 Professor Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.8.M.E. 

3 Supervising Engineer, Fuels Section, United States Bureau of 
Mines, Experiment Station, Pittsburgh, Pa. 
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it takes care of the wall clinkers invariably, or if there is a vari- 
ation in the amount of wall cleaning when using different coals. 


Tue AvutHuor. Replying to Professor Trinks, the author would 
say that he is familiar with the very interesting installation re- 
ferred to. It is a noteworthy achievement. Evidently certain 
conditions necessary for high rates of gasification have been care- 
fully considered. The rake fingers are not necessary in this case 
because the firebed is not deep, and the top is far too hot to cake. 

The temperature of the outgoing gas in this installation is 
about 300 deg. hotter than standard practice. If the firebed 
were unusually thick to agree with the unusually large capacity, 
the top of the firebed would be in the sticky, tarry condition that 
goes with a gas temperature of 1300 deg. fahr., and the short 
stirring fingers would then be of considerable advantage. At 
four different plants in different parts of the country the Chap- 
man agitator has been tried without the short fingers, but the 
results have not been so good. 

It is understood that the producer referred to has a new type 
of blower and has gasified 75 tons per 24 hours continuously. 
The author knows of no other producer that has a blower of 
sufficient capacity to gasify fuel at that rate. Of course, if one 
has a coal that will stand considerable heat and then uses suffi- 
cient steam with the air blast to keep the fire below the clinkering 
temperature, the only limit to the capacity is the formation of 
blowholes large enough to spoil the quality of the gas and cause 
fuel to be carried out into the gas main. 

The producer that is giving this large capacity agitates the 
surface of the firebed once every three minutes to prevent blow- 
holes. Also, the hand-poking operation is performed with un- 
usual skill. In the Chapman producer the surface is agitated 
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once every four minutes, which some of the users think is too 
often because none of the other makes of gas producers heret.- 
fore have agitated more frequently than once in 12 minutes. 
However, experiences of the company indicate that users will not 
force their gas makers to poke their producers quite as frequently 
as is required for this large-capacity producer, and they would 
not stand for the high temperature of the outgoing gas, nor for the 
large amount of fuel carried out into the gas main. 

In the early days of the automobile, speed was the first con- 
sideration. A manufacturer had to win a speed contest in order 
to sell his automobiles. We are going through a somewhat 
similar stage in the case of gas-producer capacity. Eventually, 
however, comfort will be considered a factor, and then freedom 
from hand poking, and from gas leakage, and from fuel carry- 
over will rank alongside of the more important questions of 
reliability, uniformity, and capacity. 

Replying to Mr. Nicholls, there is an enormous difference in 
the amount of wall cleaning required with different grades of fuel. 
The author has used coal with a fusing point of ash of 2700 deg. 
and other coal that had only 3 per cent ash, and in neither case 
was any hand poking required. He has also used mechanical 
water-jacketed producers of various types in combination with 
the agitator developed by his company and none of them required 
hand poking. But as long as refractory linings are used and the 
fuel has a low ash-melting point, the fire will frequently be hot 
enough (at least in spots) to fuse a portion of the ashes to the 
brick walls and thus necessitate hand poking. No agitating 
member known to the author will prevent sticky ashes from 
sticking to a sticky wall. A producer provided with good agitation 
never needs to be poked except along the walls, and if the walls 
are water-jacketed, hand poking may be eliminated altogether. 
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The Burning of Liquid Fuel 


By ERNEST H. PEABODY,' NEW YORK, N. Y. 


This paper discusses not only the burning of liquid fuels, but 
also the supplies of oil, including shale oil, available. Interesting 
figures on the distribution of fuel oil to industries are included. 
That portion devoted to the actual burning of the fuel opens with a 
discussion of the oil-burning locomotive. The types of burners 
available, and the tendency of railway engineers to avoid the mechani- 
cal atomizer for locomotive work, are pointed out. The success of 
this type, both as to economy and degree of atomization, is offered 
as an argument in its favor. In that portion devoted to power 
plants, interesting data appear on the subjects of boiler efficiency 
with oil fires, size of units, furnace volume, forced and natural 
draft, flame impingement, settings, and furnace walls. Interesting 
information on colloidal fuels also appears. 


important natural resource to use for heat and light, the 
burning of liquid fuel has had an interesting history through 
the ages. Crude pots or tray burners for heating have appeared, 
disappeared, and reappeared in more studied form. Rough 


B avatens G with the efforts of early man to convert an 


TABLE 1 


deed. The technique of oil production is better understood, 
improved methods are being introduced, and much oil that 
formerly would have been lost is now being conserved. Pros- 
pecting for new fields goes on apace, and the “wild catter’’ is 
still active. 

It is well understood, however, that the vast amounts of oil 
used for fuel purposes in actual competition with coal have been 
made available in spite of, rather than because of, the oil pro- 
ducer and refiner. The oil industry, for economic reasons of its 
own, considers fuel oil, as a competitor of coal, a necessary evil, and 
some misguided minds even refer to it as an “economic crime.” 
But oil may be used less wisely than as a fuel, and until the effort 
to curb the independent driller and to otherwise bring pro- 
duction under more perfect control has made greater progress, 
there is likely to be a vast quantity of liquid fuel to be devoted 
to useful purposes in filling the needs of mankind. 

It is a fact, however, that oil reserves are to a great degree 
uncertain and also that a real movement at limiting production 
is being made. There is, besides, the possibility that cracking 


UNITED STATES CRUDE OIL PRODUCTION AND FUEL OIL SUPPLY 


(In barrels of 42 gallons) 
Courtesy The American Petroleum Institute 


Year 1920 1921 1922 1923 1924 1925 1926 

Crude petroleum produced in the U. S. 442,929,000 472,183,000 557,531,000 732,407,000 713,940,000 763,743,000 773,000,000* 
Crude petroleum imported into the U. S. 106,175,000 125,364,000 130,255,000 82,015,000 77,776,000 61,824,000 60,384,000 
Total crude produced and imported 549,104,000 597,547,000 687,786,000 814,422,000 791,716,000 825,567,000 833,384,000 
Crude petroleum exported 8,583,000 9,552,000 10,637,000 17,210,000 17,879,000 13,155,000 15,477,000 
Tota! crude available for consumption in the U. S. and for 

export of refined products 540,521,000 587,995,000 677,149,000 797,212,000 773,837,000 812,412,000 817,907,000 
Total crude and fuel oil consumed as fuel 293,276,000 297,063,000 344,055,000 430,107,000 436,902,000 432,589,000 428,327,000 
Per cent of U. S. supply of crude used for fuel purposes 54.26 50.52 50.81 53.95 56.46 53.25 52.37 


* Preliminary figure; includes estimated amount of crude produced but consumed as fuel on leases and also changes in producer's stocks. 


dishes, with and without wicks, have given way to the fascinat- 
ing and artistic (although smoky and inefficient) designs of 
the Greek and Roman periods, and examples of these which 
have survived now repose upon museum shelves, leaving the 
field to kerosene lamps and candles, where gas and electricity 
have not displaced the direct (although not indirect) use of oil 
for lighting. Power, as the mainstay of man, has arisen and 
grown bigger, and liquid fuel has proved to be, in every way, 
ideal for generating steam for power purposes. It is in this 
phase of the subject that the most significant development has 
taken place in recent years, and it is this modern development 
of the burning of liquid fuel for power purposes which will 
be principally considered in this paper. 


Om Propuction AND FuEL Supe.y 


The author is indebted to the American Petroleum Institute 
for Table 1 showing the oil production in, and imports into, 
the United States for the years 1920 to 1926, inclusive. In these 
Seven years, materially more than half the total supply of oil has 
been available for fuel purposes, and these figures merely state 
& proportion which has existed in much the same amount for 
the past 25 years, or ever since the discovery of the epoch-making 
gusher at Spindle Top. For many years, half the total oil pro- 
duced has been consumed as fuel. 

The perennial prophecy that our oil supply will quickly be 
exhausted seems, at the moment, very wide of the mark, in- 


Peabody Engineering Corp., New York, Mem. 
per tesented at the First National Meeting of the A.S.M.E. Fuels 
vision, St. Louis, Mo., October 10 to 13, 1927. 


103 


processes may reduce a portion of the fuel-oil supply to “motor 
fuel’’—the real objective of the refiners. All these reasons have 
combined to give the consumer of liquid fuel a more or less 
inquiring mind. Oil is the ideal fuel if it can be had at a com- 
petitive price. If it cannot, what then? 

This question is being answered by the recent development of 
burners which combine the ability to burn liquid fuel efficiently 
with the ability to handle other fuels equally well; such fuels 
as, for example, gas or pulverized coal. Such burners will be 
described later in this paper. 


DIstTRIBUTION OF O1L FvEL 


The Petroleum Institute has kindly furnished the following 
estimate of the uses to which oil fuel is devoted. The estimate 
is for 1926. 


Classification Barrels 
Exports (gas and fuel) 38,347,000 
Merchant vessels 76,691,000 
United States Navy 6,500,000 
Railroad locomotives 59,682,000 
Public-utility power plants 9,376,000 
Gas plants (gas oil) 23,000,000 
Domestic heating 25,000,000 
Other uses 189,731,000 

Total 428,327,000 


Tue Diese, ENGINE 


In an effort to explain the rather large proportion of oil which 
appears as unclassified in the above table, the author appealed 
to the editors of Motorship and Oil Engine Power, and through 
the courtesy of these gentlemen found that it is estimated that 
in round numbers 3,400,000 horsepower was developed by sta- 
tionary oil engines in the United States in 1926. At a feul 
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consumption rate of 0.4 lb. of oil per horsepower, and 12 hours a 
day, 300 days a year, this would require approximately 15,000,000 
barrels of fuel oil per annum. The marine requirements are esti- 
mated at about 40 per cent of the land consumption, not counting 
oil sold to motor vessels of foreign countries. It is probable. 
therefore, that the total fuel oil consumed in internal-combustion 
engines in the United States in 1926 did not exceed 25 million 
barrels. A healthy growth, but it may come as a surprise to 
some to learn that a paper on the subject of the burning of liquid 
fuel need not, because of the comparatively small amount of oil 
consumed by it, devote much space to the Diesel engine. 


Domestic BURNERS 


The use of oil for domestic heating seems to have met, for the 
time at least, with the approval of the oil industry. One reason 
for this is that domestic heating calls for a higher-priced fuel 
than does the power plant. Competition with anthracite coal 
at $16.00 a ton offers a market for kerosene and “furnace oils” 
(differing little from kerosene except in color), and the refiners 
are willing to supply the householder with this oil at eight to 
twelve cents a gallon. 

A great industry has in consequence sprung up, mostly within 
a decade, and, owing to wide-spread newspaper and magazine 
advertising, and by means of the ubiquitous bill-board, the 
meaning of the name “oil burner’ is no longer associated in the 
popular mind with power production, but now signifies an auto- 
matic device controlled by a thermostat which keeps the house- 
holder warm and relegates his coal shovel to the scrap pile. 
Many ingenious designs of domestic burners have been de- 


Fie. 1 Rear-SHot FurNAcE 


veloped and they are more entitled to the term oil “burners” 
than are the “atomizers’’ used for steam purposes. 

Thus, while the heating of private houses by oil has become 
a practical and well-recognized industry, it must be remembered 
that any automatic device in the hands of unskilled users is sub- 
ject to breakdown and stoppage, and the most successful makers 
of domestic oil burners recognize this by establishing efficient 
service departments. There is, perhaps, more to choose in the 
matter of the facilities for providing quick and efficient service 
than there is in the actual design and operation of domestic 
burners themselves. 

The industry is growing very fast and has little to fear, so 
long as the refiners are content to supply light distillates at reason- 
able prices, and the gas manufacturers are content to restrict 
their output and keep their prices up. 


Om-Burnine Locomorives 
A rather revolutionary development took place in connection 


with oil burning in locomotive practice about 25 years ago. This 
consisted of the application of the so-called “rear-shot’’-burner 
idea to locomotives. It had been the practice in railroad work, 
as it had in stationary power plants, to install the steam atomi- 
zers, then universally used, through the fire doors. This led to 
constant trouble due to local flame impingement, especially at 
high rates of forcing. 

The author met this situation as it applied to stationary water- 
tube boilers by locating the tip of the burner at the rear of the 


Wipe-Rance Mecuanicat BurNER FOR LocomorTives 


furnace, shooting the flame toward the fire doors. A patent was 
applied for and in due course was put in “interference” in the 
patent office with the invention of J. C. Martin, Jr., of Sacra- 
mento. Fig. 1 is a reproduction of the patent drawing. The 
author, not being interested in locomotives, decided to limit 
his claims to water-tube boilers, so both patents were issued 
and both proved of value. The “rear-shot’’ burner and furnace 
became the recognized equipment for water-tube boilers using 
steam atomizers, and Mr. Martin’s idea of installing the loco- 
motive burner at the front end of the firebox and firing toward 
the cab swept all other methods aside by the sheer merit of the 
arrangement as compared with all other settings using steam 
atomizers. This apparently is the method now universally 
employed on oil-burning locomotives. 

But the engineers who guide the destinies of locomotive 
practice—bold as they have been in grasping new ideas, pioneers 
and leaders for years in high steam pressure, high superheat, 
high rates of forcing, challenging the admiration of all by their 
designs of boiler and engine, subject to all the limitations of high 
speed over the rails—are lamentably lacking in perception 4 
regards modern oil burners, and are content, apparently, te 
continue operations with their antiquated steam atomizers, 
merely because they can feed the oil by gravity and do not need 
a pump. 

Best authority indicates that the steam used for atomizing 
the oil in locomotive burners will average 7 per cent of the total 
consumption. This loss applies directly on the fuel bills. Even 
at 5 per cent the annual loss amounts to 3,000,000 barrels of oil. 

The mechanical atomizer has already displaced the steam 
atomizer in marine practice and in all large stationary powel 
plants on shore, and this burner is not an experiment as applied 
to locomotives. Fig. 2 shows an installation on a switching 
locomotive of the New York Central Railroad which operated 
with marked success in the Riverside Drive Section of New York 
for over two years. It was then found that cheap anthracite 
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screenings could be made available as fuel, and the oil burner 
was removed. 

This trial demonstrated that oil could be burned in locomotive 
fireboxes with excellent economy, at high capacity, without 
smoke, and without the loss of steam for atomizing. The bur- 
ner was convenient for cleaning and was directly under the eye 
of the fireman. 

The variable load conditions in locomotive practice make it 


Fic. 3 Locomotive Usep 1n Test oF MecHANICAL BURNER 
imperative that any burner installed must be capable of operation 
over a wide range in capacity without change of tip. Possibly 
the fact that most of the mechanical atomizers on the market 
have a very limited capacity range has tended to obscure the 
advantages of this system and the great saving in fuel which 


would result from its use on locomotives. 


MECHANICAL ATOMIZERS 


The idea of spraying liquid fuel by means of centrifugal force, 
instead of by means of an atomizing medium such as steam or 
compressed air, was suggested in a United States patent granted 
to one Frederick Cook in 1868. The claims covered ‘‘the intro- 
duction and distribution by centrifugal force of liquid hydro- 
carbon into furnaces as fuel.’’ Cook employed a hollow shaft 
rotated by power, at one end of which a cup was attached. The 
oil was fed through the shaft into the cup and was thrown off 
by centrifugal force as a spray. The principle of Cook’s “rotary 
burner” has been revived in recent years and it has been used 
to some extent for power purposes, but the largest application 
of the idea has become identified with the domestic burner 
there being on the market a number of the rotary type. 

The form in which the mechanical atomizer has had its largest 
application provides for the delivery of the oil under pressure 
to a central chamber in the burner tip, there being no moving 
parts, the oil itself being given a rapid rotary motion inside the 
chamber. On being forced out through a small orifice concentric 
with the axis of rotation the liquid is sprayed off in a hollow 
tone by means of centrifugal force. The spray itself does not 
rotate unless it is made to do so by a column of air admitted 
through an air register. In that case, the resulting flame may 
be given a marked “corkscrew” action which greatly promotes 
turbulence and rapid and complete combustion. It is this 
principle (long used successfully in oil burning) which is now being 
applied so effectively in burning pulverized coal with a short 
flame. 

The mechanical burner was introduced into this country 
by the United States N avy in 1907, three years after some quarter 
of a million dollars had been expended in investigating the merits 
of steam atomizers. It was a momentous innovation and has 

far-reaching effects. 

As a result of the universal employment of mechanical burners 
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in marine work and their wide-spread use in stationary practice» 
many designs have appeared, among them being the following: 
Babeock & Wilcox, Bethlehem (Dahl), Bureau of Engineering 
(Navy), Burnoil, Coen, Enco, Morse, Peabody, Todd, Wooley, 
and in England the White and Wallsend Slipway. , 


Wipe-Rance Burners 


The mechanical atomizer has a distinct limitation in range in 
capacity, a condition which may be met by changing tips and by 
operating a greater or lesser number of burners. Both of these 
expedients are objectionable, particularly if load conditions 
vary to any great extent. Varying the oil pressure is only a 
partial solution of the problem, as the burner capacity varies 
only as the square root of the pressure. 

The Coen burner, (as did the Thornycroft burner of England 
before it) provides an adjustment within the tip whereby the 
capacity may be reduced, usually by about half. To put this 
into service, each burner has to be adjusted individually. 

The Peabody-Fisher mechanical burner was introduced in 
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Fie. 4 Cook Mecuanicat BURNER 


1920. In this design a wide range in capacity is secured by by- 
passing or returning a regulable portion of the fuel from all 
burners in use through a master control valve. This provides 
an adjustment, in one operation, which controls the output of 
each burner from the maximum down to about 15 per cent of 
the maximum capacity. 


Fie. 5 Arr ReGister AND MECHANICAL BURNER 


It should be noted here that percentage figures may be very 


misleading unless it is clearly stated on what the percentage is 
based. 


The Todd so-called wide-range burner possesses the advantage 


of a single valve control for a plurality of burners, but the “wide 
range” consists of a low spot and a high spot, i.e., a maximum 
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and a minimum, and any intervening load condition can only 
partially be met by change in oil pressure. 


AUTOMATIC CONTROL 


Single-valve centralized control over a wide range in capacity 
lends itself readily to automatic control, although it also provides 
an attractive method of regulating oil fires by hand. Neverthe- 
less, in large plants, automatic regulation has a distinct value 
and a field of increasing promise. There are a number of success- 
ful systems on the market; however, most of them are compli- 
cated and expensive. 


vs. MECHANICAL ATOMIZERS 


Modern stationary-power-plant design, calling as it does con- 
tinually for higher boiler capacity to meet peak loads, has em- 
phasized a difference between steam and mechanical atomizers 
which has led to the general adoption of the latter type for large 
plants. Steam atomizers for certain uses have their advocates, 
particularly where first cost is considered more important than 
the chances of wasting fuel by excessive losses in steam used for 
atomizing. But it has been found that boiler and furnace effi- 
ciency may be maintained at a decidedly higher figure with 
mechanical atomizers, particularly as the rates of forcing in- 
crease. 

The author can do no better in illustration of this fact than to 
reprint the curves of Jacobus and Lewis published in the Prime 
Movers report of the National Electric Light Association. 
While these data are not new, having appeared in 1920, they hold 
as true today as when first published and provide a most ex- 
cellent and useful comparison—one, indeed, which requires no 
further comment. 


BorLer EFFICIENCY wiTH O11 Fires 


The N.E.L.A. curves give boiler efficiency data which will 
illustrate this portion of the subject as well as any thing that 
the author might write. The results are from actual tests by 
eminent engineers, and are therefore more dependable than 
theoretical figures or ex parte reports by those primarily interested 
in marketing oil burners. 
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GUARANTEED BoILer EFFICIENCY 


The oil-burner industry has suffered to some extent by the will- 
ingness, almost the anxiety, of certain manufacturers to “guar- 
antee” boiler efficiency and to make it high enough to “get the 
business.” It is, indeed, common practice in certain quarters 
to guarantee a “saving” over some other oil burner, almost re- 
gardless of what the other burner may be doing. In the smaller 
plants, and in some of the big ones, it is proverbial that oper- 
ating conditions are always subject to improvement, often great 
improvement, and the sellers of “guarantees” on oil burners 
depend mostly on this fact to enable them to “get away” with 
their gamble. 


The author strongly believes that the oil-burner manufacturer 
should not be called upon to guarantee boiler efficiency. Usually 
he does not furnish the boiler. Let him rather base his guar- 
antee on combustion efficiency. For example: capacity in fuel 
to be atomized per hour, complete combustion without smoke 
and a specified amount of air used for combustion in excess 
of theoretical requirements. Such a guarantee really means 
something, and after that the “boiler efficiency” which will be 
obtained in practice will depend upon the effectiveness of the 
boiler surfaces in absorbing heat. 


Size or UNItTs 


Where wide-range burners are employed, the author believes 


Fie. 7 Foster-WHEELER WaTeER WALL 


that oil burners will follow the modern trend of engineering 
development toward larger units. Very limited furnace volume 
may check this to some extent, as appears to have been the case 
in the latest policy of the U. 8. Navy which is now limiting the 
individual burner output. Also, a larger number of smaller- 
size burners of the type which is inflexible in the matter of 
capacity range may be considered advisable. 

However, 1500 lb. of oil per burner per hour as a maximum is 
not an uncommon size in stationary practice, and the latest 
and most modern installation known to the author will call for 
1800 lb. per hr. per individual burner. A capacity of 2000 |b. 
is entirely feasible, provided the necessary draft conditions are 
available. There is no difficulty at all in designing an atomizer 
of this size or larger. 


FuRNACE VOLUME 


The proper furnace volume for a modern boiler plant designed 
to operate at high capacity isa matter of some divergence of 
opinion. The author can find no justification for the enormous 
furnaces that are often built, and believes that it is just as easy 
and just as safe to operate an oil-burning furnace with mechanical 
atomizers at the rate of 60,000 B.t.u. liberated per hr. per cu. ft 


of volume as it is to operate at 30,000. Large furnaces are Ld 


certainly more expensive to build, they radiate more heat, and 
high refractory walls are more difficult to maintain. 


Undoubtedly, the large-furnace idea originated in the desiga 7 
of boilers for use with pulverized coal and stokers, but even thes 
methods of burning coal are undergoing changes which wil! make 7 
excessively large furnaces unnecessary. It would seem ths! | 4 
furnaces in the future are likely to be reduced in size, although 


it scarcely is to be expected that coal-burning furnaces can eve 
be made as small as those which would be suitable for oil. 3Y 
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this is meant “‘size’’ with reference to output. Furnaces may 
increase as regards actual dimensions. 
Of course, large furnaces help a poor burner, and it may be that 


designers are merely “playing safe’ on the principle of the 


Fie. 8 Watts SHowine Or Burners (PEABODY) AND 
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engineer in Denver who built his chimney just twice as high as 
he would have built it if the plant had been at sea level. There 
never will be any combustion trouble in a large furnace, but if 
the furnace is too large, it is poor engineering. One cubic foot of 
furnace volume per developed horsepower is large enough. 


Forcep NATURAL Drart 


While any type of oil burner may be used with both forced and 
natural draft, the latter is usually employed in small plants 
and where steam atomizers are installed. The modern high- 
capacity power plant almost invariably employs forced draft, 
the usual arrangement consisting of forcing the air for com- 
bustion, often preheated, into a housing or double front (fre- 
quently termed “wind box’’) on the boiler front, as illustrated 
in Figs. 10, 11 and 13. The air registers are enclosed in the wind 
box, provision being made, however, for removing and inserting 
the burners, setting the air doors, and inspecting the fires, from 
outside. 

The same plan is used also in marine work, see Fig. 16, except 
in the Navy where the nature of the service requires the use of 
“closed fire rooms” into which the air is forced under pressure. 


Tue BLower BurRNER 


One of the latest and most ingenious -applications of the 
mechanical atomizer is the use of a hollow shaft on which is 
installed a motor and blower for discharging air under pressure 
into the air register, the burner itself being inserted through 
the shaft. 

Originating in the U. 8. Navy, it was found very effective in 
saving fuel on destroyers while in port. Under these conditions 
the load is light, and by the use of a few of these “blower burners” 
(which provide their own draft) the large-capacity fans used for 
forcing air into the closed fire rooms while at sea could be shut 
down. The prophecy that the blower burner would displace 


the regular air-register type proved very short lived, for obvious 
reasons, 


FLAME IMPINGEMENT 


Local flame impingement, that is, impingement on one spot 
of small area, may cause overheating of the metal forming the 
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heating surface of any type of boiler, even when the water side 
of the metal is free from scale. On the other hand, at least in 
the case of water tubes having an inclination of 15 deg. with the 
horizontal, if the flame is distributed along a space of 1'!/2 or 2 
feet, the water circulation will reestablish itself and keep the 
metal cool. This fact was repeatedly demonstrated in the ex- 
periments leading up to the development of the rear-shot burner, 
already referred to. This statement does not hold if the metal 
on the water side is coated with oil or scale, and it may be noted 
here that the most dangerous form of scale is loose scale which 
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may pile up in one place in the tube, one layer over the other, 
and thus effectively prevent water from reaching the tube sur- 
face as soon as the boiler begins to make steam. This loose 
scale is likely to be washed out of the tube when the boiler is 
emptied, and then there will be the mysterious condition, which 
the plant engineer finds hard to explain, of an apparently per- 
fectly clean tube having been burned by a well-distributed flame. 

Of course, even loose scale may exist in a tube without doing 


Fie. 10 Borer Front wits O1 (AND Gas) BURNERS 
(For preheated air the square panels are filled with insulating material.) 


any damage if the boiler is not forced—it all depends on how fast 
the water is evaporated and how dense the pile of scale may 
be—but when scale is present, an attempt to operate the 
boiler above rated capacity will almost certainly cause trouble. 
The author has frequently seen flame well over into the second 
pass of a clean Babcock & Wilcox boiler with no trouble re- 
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sulting. This, of course, implies flame impingement, but a 
distributed flame. 

The steam atomizer may produce “‘blowpipe’’ action; a me- 
chanical burner, properly operated, never will. The steam jet 
of the former gives the flame 
high velocity and a concen- 
trated character while the latter 
is soft and well diffused. This 
explains why rear-shot 
method wasnecessary with steam 
atomizers and why the mechani- 
cal atomizer may with safety be 
installed on the boiler front, 
where the air registers are acces- 
sible. 

The foregoing remarks have a 
close relationship to the matter 
of furnace volume because a 
small furnace puts a limitation 
on the distance which may be 
obtainable between the burner 
tip and boiler tube. It has been 
found from experience that the 
tip of a mechanical burner atom- 
izing 600 or 800 Ib. of oil per hr. 
may be placed within five feet of 
the boiler tube without causing 
trouble, so long as the boiler is 


clean. Fia. 


FIREBRICK SETTINGS 


Some sort of cooling must occur in any furnace, of any size 
with any fuel, in order to prevent destruction of the brickwork. 
This cooling may be due to presence of the boiler heating surface 
itself, radiation, special air cooling of the walls, excess air in the 
gases, or some combination of these factors. In one case, for ex- 
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ample, where boilers formerly fired with stokers set under exten- 
sion furnaces with overhead arches were changed over to oil bur- 
ners, the arches and extensions had to be removed. This brought 
all furnace walls within “sight” of the boiler tubes. The fur- 
nace volume was greatly reduced, but high capacity was obtained 
without excessive repairs to brickwork. 

The author has often been asked what maximum liberation of 
heat units per cubic foot of furnace volume was permissible in 
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ordinary brick settings without auxiliary means for cooling. 
This depends upon so many different things—load factor, shape 
of furnace, kind of draft, temperature of air for combustion, 
etc.—that it is difficult to give a definite answer. A rate of 
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50,000 has been known to give trouble in some cases, while 
very much higher rates have given no trouble in others. This is 
a matter of special diagnosis. 


Atr-CooLep WALLS 


Reduction in radiation losses and longer life of refractories have 
combined to revive recently a very old idea, and the revival has 
brought with it structural improvements which appear to promise 
a more lasting degree of popularity. But it should be remembered 
that the economic advantages of air cooling have long been known 
and that the weak point has always been one of construction. 
The introduction of waste-gas air preheaters also affects the 
economics of air-cooled walls somewhat adversely. However, 
the higher furnace temperatures, due to high capacity and modern 
combustion equipment, make the air-cooled wall attractive 
under many conditions. 


WALLS 


The ‘Black’ Furnace. The greater permanence of the water- 
cooled wall, offsetting its greater cost, has greatly stimulated 
the advance of this type of furnace construction. It has no 
disadvantages from the point of view of oil burning and, in fact, 
the so-called “black” furnace, in which no refractories are used, 
is entirely feasible with improved oil-burning equipment. Re- 
duction in furnace temperatures is not sufficiently great to pre- 
vent complete combustion, and the high rates of forcing pos- 
sible are an advantage rather than a detriment. The well- 
known fin-tube water wall is an example of this construction. 

The favorite illustration to show that the black furnace is 
entirely practicable with oil burning is the Scotch marine boiler 
with its entirely water-cooled furnaces of comparatively small 
volume. 


FosterR-WHEELER WATER WALL 


A popular type of construction of a completely water-cooled 
wall is the design shown in Fig. 7. This comprises a series of 
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tubes forming the walls of the furnace upon which are shrunk 
cast-iron blocks which fit together to make a smooth finish. The 
blocks, being in contact with the tube, are prevented from over- 
heating. 

BatLey WALLS 


This construction consists of cast-iron blocks fastened neatly 
by clamps and bolts to water tubes forming the walls, and some- 


INSTALLATION OF WipeE-RANGE MEcHANICAL BURNERS 
AND Gas BURNERS 
Note various instruments at centralized point of control.) 


Fig. 13 


times the floor, of the furnace. 
The blocks are usually covered 
with a substantial thickness of 
refractory material which vir- 
tually becomes integral with the 
iron backing. Where refractory 
material is not needed (in the eer. 
view of the designer) the block is ' 
used without the brick covering 
and the cast iron itself is ex- 
posed to the heat of the furnace, 
contact with the water tube keep- 
ing the block cool and preventing 
it from burning. 


‘ 


EXaMPLes oF O1L-BURNER 
INSTALLATIONS 


A number of plants fitted 
with mechanical-atomizing oil 
burners have been taken at ran- 


dom and the salient features set 


down in Table 2. The figures 
show maximum conditions only, 
and the great variation in op- 
erating data illustrates the wide 
limits under which liquid fuel may be burned with complete 
success. 

Plant “A” is the Fuel Oil Testing Plant at the Philadelphia 
Navy Yard and the results given are from a test on a White- 
Forster boiler (three-drum express type). It is believed that 
this test, which was made in 1919, still stands as a record in 
capacity—nearly 300,000 B.t.u. having been liberated per hr. 
per cu. ft. of furnace volume. A full account of this test may be 
found in a paper on “Recent Advance in Oil Burning,” by the pres- 
ent author, published in the Transactions of the Society of Naval 
Architects and Marine Engineers in 1920. The data for the 


other plants in the table are either from tests or calculations 
from water-meter and steam-flow-meter results. 


PREHEATED AIR 


In the matter of combustion, preheated air is an advantage and 
its economic value is obvious when, as is almost invariably the 
case, the preheating is accomplished by means of waste heat. 
Preheating also shortens the flame and may assist operation in a 
small furnace. There is no economic gain in taking heat for 
preheating away from the furnace itself, despite the guarantees, 
tests, and sophistry of those who advocate this system. Its 
only advantage, then, is to help a poor burner to give better 
results. 

Preheating does have the effect of increasing the required 
draft pressures, a condition which somewhat militates against 
its manifest advantages. It sometimes happens that the well- 
informed and conservative burner manufacturer is unduly criti- 
cized for demanding apparently absurdly high draft pressures 
when estimating the requirements for oil burners to operate 
under preheated-air conditions. Nevertheless, it is a fact that 
air preheated to 600 deg. fahr. practically doubles the draft 
pressures required to force the necessary weight of air through 
the registers at 70 deg. fahr. 

Preheating the air for combustion is making necessary new 
construction in oil burners in the matter of insulation and proper 
flexibility against expansion. A very successful design illus- 
trating these changes is shown in Figs. 10 and 11. The panel ar- 
rangement of the burners offers ample means for covering the 
air-register fronts with non-conducting material, and unusual 
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freedom for expansion is provided. When the closing-in plates 
are in position an airtight housing or double-front, frequently 
referred to as a “wind box,” is provided into which preheated 
air for combustion is introduced under pressure. 


ComBINED AND OTHER FUELS 


Some of the reasons for introducing burners of this type 
have already been referred to. It only remains to supplement 
what has been said with a few details. 

Fig. 12 shows a combined oil and gas burner which has been 
extensively used in those parts of the country where natural 
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gas is plentiful, but where, for various reasons, the gas supply 
cannot be relied on entirely for continuous operation. The gas 
burner is interposed between the oil-burner register and the boiler 
front, and the air for combustion for either fuel passes through 
the register and is given a rapid rotary motion. The burner 
may be converted from a “gas burner”’ to an “oil burner’”’ almost 
instantly, merely by the manipulation of the valves controlling 
the fuel supplies. 

Fig. 14 shows a combined oil and pulverized-coal burner 
which operates on much the same principle as the gas burner, 
the pulverized coal and “carrier air” being introduced tangentially 
into the coal chamber, whence it issues to the furnace through an 
annular passage and is picked up by the rotating column o/ 
“secondary air’ passing through the register of the oil-burning 
part of the equipment. 

Fig. 15 shows a combination suitable for either of three fuels: 
oil, gas, or pulverized coal. Equipment of this sort places the 
consumer of fuel in a very independent position as regards supply 
and price differential. 

Burners of the combined oil and coal type have been tested 
under the severe conditions imposed by the Scotch marine boiler 
and will be given a trial under actual sea conditions on the 8. 3. 
Mercer, owned by the United States Government. This vesse| 
is expected to make a transatlantic voyage before the end of 
1927, using pulverized coal for the first time in this service. 
Fuel oil will be used in port and when raising steam on the boilers. 


In addition to the combined burner for oil and pulverized coal, 
another method has been suggested whereby oil fuel may be 
conserved to a considerable degree. This consists of mixing 
with the oil varying quantities of pulverized coal, but without 
destroying the fluid properties of the mixture. Certain “‘treat- 
ment” is necessary to prevent the coal particles from settling 
out in the tanks and heaters, and the difference in this special! 
treatment presents the chief distinction between the so-called 
“colloidal fuel’’ which was tried experimentally on the U. 8. 5. 
Gem during the World War, and the later product known by the 
trade name “Coalinoil.” It is claimed for the latter that the 
mixture, is very stable under various temperature conditions, 
and if this is the case there should be a useful field for this prod- 
uct, particularly on board ship where the fuel may be stored 
in the double bottoms. 

It is obvious that the heat value of the mixture is in direct 
proportion to the heat values of the two fuels thus combined, 
and depends on the proportions. It is claimed that mixtures 
containing well over 50 per cent of coal dust by weight are 
practicable in regular service. This will result in a distinct 
reduction in the use of liquid fuel for purposes where the mixture 
proves to be feasible. 

A very interesting feature in connection with this develop- 
ment is the fact that a gallon of colloidal fuel or ‘“‘Coalinoil” 
possesses a materially greater heat value than oil alone. This 
simply means that the product is heavier and while the heat 
value per pound is less than oil, the heat value per gallon is greater. 
This again appears as a possible inducement in connection with 
marine work. 

The tests on the Gem clearly demonstrated that there was no 
trouble at all in burning oil mixed with a considerable amount 
of pulverized coal in oil burners of the mechanical-atomizing t ype. 
Any good burner should handle this combined fuel with entire 
success. The problem lies rather in the matter of stability of the 
mixture under various conditions of handling and temperature. 


INDUSTRIAL FURNACES 
This term usually implies the type of furnace used for the 
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annealing or heating of forgings, metal plates, shapes, rivets, 
ete., and special equipment for heat treatment of various sorts. 
Oil fuel is well adapted for such furnaces, the usual type of burner 
being the steam atomizer, or the compressed-air atomizer, which is 
very similar in design and construction and often identical. 
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The oil consumption for this ‘industrial’ work is considerable 
in the aggregate, but the burners are individually small and con- 
stitute a separate class entirely from those devoted to steam- 


power purposes. The advantages of oil over other fuels for 


Fie. 16 Putverizep-CoaL AND BurNERS FoR ScotcH BoILERS 
(Note flush-front arrangement; no extended furnaces.) 


industrial furnaces and the comparatively small consumption 
puts this service in a separate class as to price differential also. 
Compared with other fuels, oil may be preferred in many cases 
even at a higher cost. 


Om in THE Om InpUsTRY 
At one time it was the general comment that the oil refiners 
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burned coal and not oil in their power plants, perhaps on the 
principle that “the shoemaker’s children never have any shoes.”’ 
Today, not only do the refineries burn oil, but they are beginning 
to appreciate that the steam atomizer designed and built in their 
own boiler rooms at a cost of $2.28 ‘per’ is perhaps’a rather 
costly indulgence. Not only this, but improved oil-burning 
equipment is being used under oil stills as well as the boilers. 
Here again is a possible field for combined burners, as heavy 
residuum is not the only fuel available. There is gas, and a 
proportion of coke from the stills which makes excellent fuel. 
If, as usually happens, the supply of these by-products is irregular 
both in amount and in time, the “threefold’’ burner for gas, 
oil or pulverized fuel, might be used to great advantage. 
CONCLUSION 

Great oil reserves still remain in spite of wastefulness in the 
past. Shale-oil deposits are still untouched, tremendous in their 
possibilities. Synthetic methods for producing oil are making 
progress, and oil from coal is a regular topic for engineering 
discussion. Gasoline is not the only fuel for motors. So that the 
user of fuel oil need by no means despair uf an adequate supply 
for many years to come. Nevertheless, economy in use is the 
most potent kind of conservation, and wasteful methods of 
burning liquid fuel should be discouraged on every hand. Waste- 
fulness in use is as much an “economic crime” as wasteful uses. 


Discussion 


ViIncENT G. SHINKLE.? The paragraphs in Mr. Peabody's 
paper pertaining to the colloidal fuel Coalinol constitute an 
excellent summary, but the last sentence reading ‘“The problem 
lies rather in the matter of stability of the mixture under various 
conditions and handling and temperature,” suggests an unsolved 
problem. To clear up this point, the writer would advise that 
during the past year he has been investigating and testing Coal- 
inoil and has worked with stabilized Coalinoil mixtures consisting 
of half and half by weight solid and liquid components, and under 
all handling and temperature conditions of commercial operation, 
has had no sedimentation in tanks, heaters, pumps, or piping. 
Experience with this fuel has revealed no unsolved problems. 


Joun H. Rucxman.? In Western Kansas most of the units 
are very small, outside of the large public-utility companies, 
which are burning various fuels. A statement as to how small a 
unit is recommended for use in connection with the mechanical 
atomizer should prove valuable. 


L. A."MEKLER.‘ The residuum from the cracking operation is 
very plentiful around most refineries. If a mechanical-atomizing 
burner can handle it, that is another point in its favor. Most 
of the refineries burn this fuel themselves by using some type of 
steam atomizer which seems to handle it very successfully. Per- 
haps Mr. Peabody will discuss this subject at length in his clo- 
sure. 


Cart J. Jerrerson.'’ The writer was rather surprised that 
the author did not touch upon the question of viscosity, because 
he has done a tremendous amount of work along this line. 

One of the big problems of the Fuel Conservation Section of the 
United States Shipping Board was to induce the engineers to heat 
the oil to the proper temperature to secure the correct viscosity 


2 Consulting Petroleum Engineer, New York, N. Y. 

3 Member of firm of R. A. Finney, Topeka, Kan. 

4 Combustion Engineer, Universal Oil Products Co., Chicago, Il. 
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for burning. This was eventually solved in a rather simple 
manner. 

We found in our test laboratory that regardless of the grade of 
oil used, when it was heated to approximately 430 deg. fahr., its 
viscosity was reduced to one second furol. It was also found that 
the viscosity curve obtained by plotting viscosity against tem- 
perature had a formula which was approximately V* T = C. 
This curve when plotted on logarithmic paper becomes a straight 
line, and as we have one fixed point of this line determined by the 
430 deg. one-second furol value, it will be possible to determine 
the entire curve by means of a single viscosity-temperature read- 
ing. 

For our purpose, we use logarithmic paper with two cycles on 
the abscissa for the temperature readings, starting the origin 
point at 10, and going to 100 on the first cycle and to 1000 on the 
second cycle. The ordinate used for plotting viscosity readings 
has three cycles, starting with 1 on the origin, going to 10 on the 
first cycle, 100 on the second cycle, and 1000 on the third cycle. 
The locus point of 430 deg. temperature and one second furol is 
plotted, and the viscosity and temperature reading for any one 
temperature is also plotted, the two points being joined together 
by a straight line. The crossing of this line with the 15-second 
furol reading will determine the temperature to which the oil 
should be heated for proper atomization, and the intersection 
with the 375-second furol viscosity-reading line will determine 
the temperature to which it is necessary to heat the oil in order 
for it to be satisfactorily handled by a reciprocating pump. 


W. Trinks.® In the old types of mechanical burners, when- 
ever it was desired to have less oil passing through, one turned 
down a valve that reduced the pressure in the burner and made 
the whirling less effective. It also made the atomization due to 
the pressure difference less effective at partial turndown than 
when wide open. Apparently this has been overcome in the new 
burner described by the author, but some comment beyond 
the paper reference may prove valuable. 


H. R. Linn.’ Mr. Peabody describes in his paper the appli- 
cation of this burner to a switch engine. The writer has always 
understood that a switch engine was a difficult place to use an oil 
burner, because of the intermittent load. It would be interesting 
to know how the steam pressure was maintained at an operating 
figure without popping off. 


Tue AvutTHor. In answer to Mr. Ruckman, it should be 
pointed out that the mechanical atomizers described in the 
paper have a minimum limit of about 200 lb. of oil per hr. If 
there should be a demand for smaller sizes there would be no 
particular trouble in producing them, as we know from experi- 
ence with domestic burners. These will operate successfully 
at about 20 lb. per hr. In that case, however, it would probably 
be difficult to burn the heavier and more viscous grades of oil. 

Mr. Mekler asks about the burning of residuum from cracking 
operations. The mechanical atomizer has recently been applied 
very successfully in burning the residuum from the Dubbs type 
of cracking still. This requires a special design of burner tip and 
it is necessary to keep the material hot and to keep it moving or 
circulating in the piping system. Dubbs residuum will plug up 
a strainer having screens provided with openings less than */;, 
in. in diameter. In the opinion of the author, the mechanical 
burner, if carefully designed for the purpose, will handle any 
liquid fuel which can be handled in similar strainers and circu- 
lated in the piping. 


* Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 
7 Engineer, American Radiator Co., Chicago, III. 


Answering Mr. Jefferson, undoubtedly the question of viscosity 
is of vital importance, particular with the mechanical burner. 
The old trial-and-error method has been to heat the oil to various 
temperatures, then watch the smoke, and experiment with the 
air, and finally arrive at some sort of an idea as to what tem- 
perature the oil should be heated to reduce the viscosity to the 
necessary point. 

A better way of course would be to make laboratory tests of 
the particular oil being used, to determine viscosity-temperature 
data from which a curve could be plotted which would show the 
temperature at which the oil should be heated to give the best 
spray. 

The approximate method which Mr. Jefferson describes sim- 
plifies the laboratory work. One test is required, and then 
instead of plotting a curve, a straight line is drawn on logarithimic 
paper. This, however, requires a laboratory determination of vis- 
cosity at some one temperature. 

We have been working for some years on a machine we call a 
viscosity regulator. Instead of regulating the temperature at a 
certain definite fixed point, determined in the laboratory, we are 
able to regulate it by means of the viscosity of the oil itself. In 
other words, a sample of the oil after leaving the heater is taken 
off the delivery line to the burners, passed through the machine 
where a certain drop in pressure occurs, which pressure differentia! 
varies with the viscosity. At a certain drop in pressure the oil 
will have the right viscosity to use at the burner. Variation from 
this particular pressure drop is used to regulate the steam to the 
heater. Thus, although the temperature is automatically con- 
trolled, the device is not a temperature regulator in the ac- 
cepted meaning of the word, but a viscosity regulator. 

If the character of the oil should change as the bottom of the 
storage tank is closely approached, for example, and some heavy 
viscous oil, which differs from the laboratory sample, is unex- 
pectedly pumped to the burners, or if a new load of oil of un- 
known quality is received and there has been no time to test 
samples, it may become necessary suddenly to increase the 
temperature. A lot of trouble may result before the situation 
is discovered. This viscosity regulator is designed to auto- 
matically take care of all such conditions so that the oper- 
ating engineer can put the matter of viscosity out of his mind 
entirely. The instrument will regulate the temperature to give 
the necessary viscosity. 

Professor Trinks has called attention to the fact that the 
mechanical atomizer as originally constructed had very little 
flexibility, i.e., a very limited range in capacity. The wide- 
range burner was designed to overcome this defect, and the 
author believes there is only one type which does it completely. 
There are several burners on the market which by means of in- 
dividual adjustments on the burners themselves materially alter 
the capacity. There is one design which has a high capacity 
and low capacity operated by remote control, but this does not 
possess a complete adjustment throughout the range—there 
being a decided break between the high and the low capacity — 
although it is called a ‘‘wide range’ burner. 

The development of the Peabody-Fisher system came about 
through the attempt made some years ago by Capt. Jos. 0. 
Fisher of the U. S. Navy to spray oil into the cylinder of a Diese! 
engine by means of the ordinary mechanical atomizer. This 
attempt failed because of the intermittent action, a certain time 
element being required to give the oil the necessary spinning 4¢- 
tion in the tip chamber before sufficient centrifugal force could be 
generated to spray the oil. Starting and stopping the oil flow 
at short intervals absolutely destroyed the spraying action alto- 
gether. Captain Fisher then conceived the ingenious idea of 
providing the spinning chamber in the tip with two outlets = 
stead of only one. When the regular tip outlet was closed the oil 
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continued to flow through the secondary outlet, so that there was 
no stoppage of the spinning action, and centrifugal force came 
into play the instant the tip outlet was opened. The develop- 
ment of this idea provided the wide-range burner as we use it. 
When the secondary outlet is closed all the oil passes through 
the tip outlet and is sprayed into the furnace. When the secon- 
dary outlet is wide open, about 85 per cent of the oil finds its 
way through it, back to the pump or storage tank and the effec- 
tive capacity of the burner 1s reduced to 15 per cent of the maxi- 
mum. Any intermediate adjustment of the valve on the secon- 
dary outlet results in an intermediate quantity of oil being de- 
livered in the form of spray. Therefore, the atomizer possesses 
a continuous-capacity adjustment from maximum down to 15 
per cent of the maximum. 

It is obvious that the return pipe from the secondary outlets 
of all the burners may be connected to one single line, and that a 
single valve located at any convenient point on that line will 
provide means for controlling any number of burners in a single 
operation. With this system one man acting at a central con- 
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trol point may set any number of burners to meet any load re- 
quirement throughout the entire range between the limits above 
described. 

Two factors enter into the problem of the switch engine, men- 
tioned by Mr. Linn. The locomotive exhaust automatically 
increases and decreases the draft, so that when it becomes neces- 
sary to burn more oil, there is a stronger draft to do it. When 
the wide-range feature, just described, is used, the fireman regu- 
lates the capacity of the burner by means of the single control 
valve in the cab. 

The switch engine provided a very interesting means for trying 
this experiment. The exhaust nozzle, for instance, was increased 
from five inches to six inches, so that the back pressure on the 
engine itself was reduced. This resulted in a saving of steam, 
and in addition the locomotive was able to pull a heavier load 
than before. The experiment was entirely successful. The 
only difficulty apparently lay in the fact that a pump and heater 
on the locomotive seemed to present insurmountable obstacles to 
the locomotive engineer. 


Ga 
4 
| 
4 
| 
‘ 
4 
d 
il 


is to perform must be studied carefully in order that the 
requirements of the proposed machinery may be thor- 
oughly understood. In the case of combustion-control equip- 
ment, this involves a study of the boiler, furnace, fuel-burning 
equipment, and draft apparatus. 
The automatic control of combustion has progressed more 
slowly than automatic control in other branches of engineering. 
There are several reasons for this. In the first place, it has only 


A one a piece of machinery is designed, the operations it 


‘been within the last few years that operators have realized the 


improvement in boiler-plant performance that can be secured 
by a good system of combustion control. Combustion control 
for a long time was confused with pressure regulation, the only 
object of which was to maintain the steam pressure within 
certain limits. In some cases control of this kind increased 
the economy of operation, while in other cases it actually effected 
a decrease, and at the same time many other difficulties were 
introduced. Regulators of this type were inclined to drift 
slowly from the open to closed position every time the pressure 
went up a few pounds and then drift back to the open position 
as the closing of the regulator reduced the rate of combustion 
below that required to carry the load. These alternate periods 
of operation at high and low rates of combustion increased the 
tendency to produce smoke, and in some cases had a marked 
effect on the burning out of stoker parts and brickwork. The 
records of stoker manufacturers will show many cases where 
excessive stoker maintenance was proved to be caused by just 
such attempts at regulation. 

Properly designed combustion control gets completely away 
from this condition, and by accurately graduating the fuel and air 
supply to the load variation, gives a more uniform combustion 
rate and eliminates the periods of extremely low or extremely 
high combustion rate. The result is better operation from the 
standpoint of smoke production and lower maintenance on fur- 
naces and stoker parts. 

Automatic control in the generation and distribution of electric 
energy is practically necessary, but this is not the case with 
automatic control of combustion. Thousands of plants are operat- 
ing without any automatic equipment in the boiler plant and 
many of them will undoubtedly continue to do so. This imposes 
an additional burden on the designer of combustion-control 
equipment. Since its use is not absolutely necessary, it must be 
unusually free from complications and the necessity for con- 
tinual attention and adjustment. If this is not the case the 
operators will soon find that the burden of keeping it in operation 
is greater than that involved in the hand control of combustion, 
and the equipment will soon be disconnected and the operators 
will go back to hand control. 

The application of combustion control is sometimes rendered 
especially difficult on account of the nature of the auxiliaries to be 
controlled. Fan and stoker drives are often selected without 
any consideration of the manner in which they will be controlled 
and, as a result, an unnecessarily difficult problem is put up to the 
control engineer. A prominent consulting engineer, who has had 
this experience, recently made the statement that on a new 
boiler plant which he was designing he proposed to settle all 
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Automatic Combustion Control 


A General Discussion of Its Desirability and of the Principles Involved 
By T. A. PEEBLES,' PITTSBURGH, PA. 


details of the combustion-control system before any of the auxil- 
iaries such as forced- and induced-draft fans, stoker drives, 
air preheaters, etc., were decided upon, and that in each case this 
equipment must be so designed that it would be susceptible of 
automatic control. This will insure the most satisfactory system 
of control and at a minimum expense. 

The first requirement of a control system is that the steam 
pressure be maintained within certain limits regardless of whether 
the necessary adjustments to secure this result are made manu- 
ally or automatically. These adjustments involve the varying 
of the fuel and air supply by changing stoker and fan specds, 
or by adjusting suitable dampers. While it may not be apparent 
on the average steam-pressure gage, the fact remains that the 
boiler responds quickly to these changes. When solid fuel 
is being burned on a grate, it is only necessary to change the 
stoker speed and the rate of air supply to secure a corresponding 
rate of combustion, and since it is only two or three seconds 
from the time a particle of air passes through the fuel bed until 
the resultant products of combustion have given up their heat 
and pass out from the boiler damper, it follows that the response 
of the boiler to a change in air supply is almost instantaneous 
In the case of powdered coal or liquid or gaseous fuels, the fuel 
supply must be adjusted at the same time, but if this is done the 
same quick response will result. It is an easy matter, therefore, 
to maintain the steam pressure within close limits, either auto- 
matically or by hand adjustment, provided the boiler capacity 
in service is adequate to meet the existing load. While it is an 
easy matter to maintain fairly close steam-pressure regulation by 
hand adjustment, it is seldom done in plants where automatic 
control is not used. The reasons are that in such plants the oper- 
ator seldom has means available for determining the extent of any 
change he may make. He is also uncertain as to the magnitude 
of the adjustment required to correct for a changing pressure 
condition which he has observed. In view of this uncertainty 
the operator naturally makes a change which he feels sure will be 
sufficient to correct the changing pressure condition and almost 
invariably goes entirely too far. The result is a pressure change 
in the opposite direction which in a few minutes calls for ad- 
justment to correct for this change. The result is that reasonably 
uniform pressure conditions are not often maintained solely by 
hand regulation. 

When automatic control is used better steam-pressure regu- 
lation can be secured for two reasons: 

1 Adjustment of fuel and air supply are made simultaneously 
on all boilers and are made for changes in pressure which do not 
show on the ordinary pressure gage. They are also made imme 
diately upon the occurrence of the pressure change and are not 
delayed until a change in pressure has been observed by the 
operator. 

2 There is a definite relation between the change in load and 
the adjustment made. The control system receives its firs 
impulse from pressure in the main header, and this pressure § 
affected by the rate of steam flow from the boiler as well as the 
drum pressure. If no steam is being used, the header pressut 
and the drum pressure will equalize, but as soon as a flow of 
steam is established, the header pressure falls below the drum 
pressure by an amount equal to the resistance of flow through dry 
pipes, non-return valves, superheaters, and piping connectio™ 
to the main header, and this difference is a measure of the rst 
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of steam flow. The drum pressure does not change quickly 
on account of the heat-storage capacity of the water in the boiler, 
but the pressure drop from the boiler drums to the header follows 
immediately any change in the rate of flow. A small change 
in steam flow will, therefore, affect the header pressure imme- 
diately, but by a small amount, producing a small adjustment 
of the fuel and air while a larger change in steam flow will effect 
a correspondingly larger change in header pressure and a greater 
change in fuel and air supply. 

The adjustments to meet varying load conditions are, there- 
fore, made simultaneously with the load change and in pro- 
portion thereto. The result is a more even supply of fuel and air 
to the furnaces, and at the same time a more nearly uniform steam 
pressure. It should not be imagined, however, that the closeness 
of the steam-pressure regulation is the measure of the excellence 
of the control system. The primary purpose of control is not 
extremely close steam-pressure regulation, but the maintenance 
of the most favorable conditions for best economy, and these 
conditions cannot be obtained where the first consideration is 
uniformity of steam pressure. 

Favorable conditions for the most efficient combustion exist 
when the combustion rate can be kept uniform regardless of load 
or steam-pressure variation. This is not possible in actual 
operation, however, and a compromise must therefore be made 
between uniformity of fuel and air supply on the one hand, and 
steam-pressure variation on the other. 

In order to arrive at the proper adjustment of the control 
equipment the uses to which the steam are put and the variations 
in steam demand must be considered. In some special cases 
uniformity of speed of the prime movers is of primary importance. 
Since variations in steam pressure affect the speed of the prime 
movers, it is sometimes desirable to maintain unusually close 
steam-pressure regulation at the expense of most efficient fur- 
nace conditions and the control system should be capable of 
adjustment to meet this condition. 

If the load is extremely variable it may be advisable to allow 
4 pressure variation of 8 or 10 lb. from one extreme position of 
the control to the other extreme. If such a variation may have a 
slight effect upon the efficiency of prime movers, this is more 
than offset by the advantages gained by maintaining more 
uniform furnace conditions, and the best overall results will be 
secured by such adjustment. The average central station or 
industrial plant can usually work to closer limits than this with- 
out producing objectionable variations in the rate of combustion, 
but in each case the load should be studied and the control 
equipment adjusted for the best compromise between pressure 
variations and varying rates of combustion. 

Hand control is rendered difficult due to the fact that if a 
certain set of conditions are established by hand control, they will 
hot remain so for any length of time. In the case of a forced-draft 
stoker, the speed of the forced-draft fan and the stoker and the 
position of the outlet damper may be set to give a certain con- 
dition, but due to the continually changing fuel-bed resistance, 
the rate of air flow determined by the adjustment cannot be 
maintained for any length of item. An increase in the fuel-bed 
resistance results in a decrease in the rate of air flow and a con- 
Sequent decrease in the rate of combustion. If the stoker speed 
remains constant, the fire will begin to build up, further in- 
creasing the fuel-bed resistance and decreasing the air flow. A 
cumulative effect is thereby produced which will produce un- 
Satisfactory fuel-bed conditions in a comparatively short time. 
On the other hand, a decrease in fuel-bed resistance results in an 
increased rate of air flow and increased rate of combustion which 
reduces the fuel-bed thickness and again increases the rate of 
air flow, and soon produces an unfavorable fuel-bed condition. 
It is not at all unusual to find one boiler doing 40 to 50 per cent 
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more work than the adjacent boiler, due entirely to this condition, 
and it is something which the operator cannot prevent unless the 
plant is equipped with a full complement of instruments and he is 
able to devote his entire attention to three or four furnaces. 

The automatic control system can be made to compensate for 
these varying fuel-bed conditions and to supply to the furnaces 
the amount of air required to meet the existing load and to 
distribute this air equally among all furnaces in operation. The 
condition which is responsible for most of the variations in fuel- 
bed conditions is thereby eliminated and the boilers are kept 
operating at equal ratings. There are many plants operating at 
practically uniform ratings where control equipment has shown 
very satisfactory savings by accomplishing this result. 

Automatic control has been developed in some branches of 
engineering to the point where operators can be dispensed with 
entirely. This is not the case with combustion control, and 
while this result might eventually be secured, it is far in the 
future. 

The automatic proportioning of fuel and air, so essential to 
best results, presents a number of difficulties: 

1 The weight of fuel supplied per unit of stoker speed is not 
constant but is affected by the size and moisture content of the 
fuel being used. 

2 The heating value of the fuel does not remain constant. 

3 The draft loss across the boiler or across certain passes of 
the boiler which is often employed in the measurement of air 
supply does not depend entirely upon the weight of gas flowing 
through the boiler but is influenced by gas temperature and the 
cleanliness of the passages. 

The result is that adjustments cannot be made with the 
accuracy that is possible when dealing with many other problems 
of control, and provision must be made for manual adjustment 
to meet unusual conditions. 

Combustion-control equipment, as at present developed, should 
be looked upon as a valuable tool for the operator and not as a 
substitute. It relieves the fireman of a large part of the work 
that he is otherwise required to do, and does this work better 
than it can be done manually. The operator is, therefore, 
free to observe the changing conditions and make such adjust- 
ments as may be necessary to meet unusual conditions. Com- 
bustion control enables the operator to do a better job than he 
can do without it, and on this basis alone the cost is easily justi- 
fied. It would be a difficult thing to find in industry a de- 
partment where as much money is spent per man employed as 
in the boiler house where there is not a good system of accounting 
and where devices which will improve the quality and the 
quantity of the product are not in use. While a great deal of 
progress has been made in boiler-plant operation in the past 
ten years, it is surprising that there is still so much fuel burned 
under steam boilers in plants where no adequate records are kept 
and where no real assistance is given the operators by means 
of equipment and records, to assist them in their efforts to secure 
better results. 

Ten years ago the statement was commonly made that further 
improvements in the economy of power production would have 
to be made in the boiler plant. At that time this statement was 
true as applied to both the design and operation. Since that time 
such improvements have been made in the design of boilers, fuel- 
burning equipment and heat-economizing devices that efficiencies 
of over 90 per cent can be secured. It would seem, therefore, 
that while the designers still have problems to solve in securing 
greater simplicity and reduced cost of construction, not much 
remains to be done from the standpoint of possible efficiency. 
The statement that improved economy in power production 
must be made in the boiler plant is still true, however, in the 
great majority of plants, so far as the operation is concerned. 
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The difference between monthly efficiencies and test efficiencies 
is still much greater than it should be and this difference can be 
greatly reduced by better boiler-plant supervision, a better sys- 
tem of recording results secured, the use of automatic-control 
equipment, and the judicious selection of indicating and re- 
cording instruments. 


Discussion 


JoserH F. SHapGcen.? The writer would take issue with but 
one of the author’s statements. He says that combustion control 
is not absolutely necessary and that its installation is of secondary 
importance. Such a statement is misleading, and the writer 
prefers to assert that the use of boiler and combustion equipment 
is of primary importance and of major value in the modern steam- 
generating plant. 

The modern boiler room with its complex apparatus is not com- 
plete unless it includes a real system of machine control that re- 
lieves the operator of the impossible burden of repetitive readjust- 
ment and that permits easy and accurate coordination of all 
elements that influence the final results. 

Modern management can only be applied to boiler-room 
operation by building into the equipment a logical control sys- 
tem and adapting it to local conditions. If this final step is not 
made, maximum results cannot be obtained, as monthly operating 
data compared with test data prove conclusively. This penalty 
is large and can be capitalized for amortization of the control 
apparatus. 

Modern boiler-control equipment gives the operating crews the 
same fair chance that governors give to turbine attendants. The 
governor is an essential part of a turbine or engine because of the 
inability of men to satisfy continuously the requirements of a 
repetitive balancing operation. If this applies to prime movers, 
it applies to a greater extent to boiler plants where three or five 
functions must be adjusted, regulated, and correlated in order 
to secure optimum results. 

With good control apparatus, the firemen have time to spend 
the 400 to 600 coal dollars per shift intrusted to them in an in- 
teligent manner. They are lifted into the class of supervisors 
like water-tender watch engineers and the results are inevitably 
better. Regulation makes it possible to obtain the highest 
efficiencies at all rates of firing and under all load conditions over 
monthly periods. 


A. E. Grunerr. The writer represents s group of people 
who have not adopted boiler-control apparatus very extensively. 
We have been experimenting with it, trying to find out whether we 
need it or not. In the past we have felt that there are certain 
elements which no control can handle, but we are coming to the 
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opinion that eventually we shall have more control apparatus. 
In our plant a fireman has about $2000 worth of coal per hour 
under his control, so if automatic control will increase the effi- 
ciency by even one per cent it will effect an important saving. 


JoserpH Harrinoton.‘ As plants become larger and loads 
more variable, the impossibility of hand control becomes more 
evident. Today we expect a man to attend the generation of 
thousands of pounds of steam in the boiler room, and the writer, 
personally, fails to see where there can be any argument, sound 
and valid, in opposition to a well-developed automatic boiler 
control that extends all the way down to the smaller boilers. 

In the operation of boilers of 200 hp. end under, the question of 
intelligent human operation is even more important than in the 
central station. It is almost impossible to find a man who will 
give his continuous maximum attention to anything. He wants 
to do something besides making constant and every-minute ad- 
justments. 


Tue AvTHoR. Apparently there is no difference of opinion be- 
tween Mr. Shadgen and the author, but rather a difference in 
definition. Combustion-control equipment is not necessary for 
the actual operation of a plant. This is evident from the fact 
that many plants are operating without it. 

At the same time the author believes there is hardly an ex- 
ception to the rule that plants operating without combustion- 
control equipment will show better results through the intelligent 
use of such equipment, and furthermore he doubts that there is 
any other improvement that could be made at such moderate 
cost which would show as large a return on the investment. 
He fully agrees, therefore, that if the very best results which a 
given plant is capable of delivering are to be realized, the use of 
combustion control becomes a necessity. 

We are all familiar with the history of new developments in 
steam generation. A piece of equipment is developed to im- 
prove plant operation but its adoption is always slow. At first 
it is looked upon largely as an experiment, later as a desirable 
addition if money for its purchase is available, and finally it 
becomes an essential part of every up-to-date plant. This has 
been the history of feedwater regulators and flow meters, and it 
is the author's belief that the same point has now been reached 
in the field of automatic combustion control. 

Mr. Grunert’s statement as to the value of coal burned under 
the direction of a single operator brings to mind most clearly 
the development in size and capacity of present-day steam- 
generating units. Certainly as man entrusted with the expendi- 
ture of this amount of money should have at his command every 
possible facility for securing the best results possible. The use 
of combustion-control equipment tends to take the operator out 
of the class of the old-time fireman, and makes him more of a 
combustion engineer 
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The Characteristics of Modern Stokers 


Characteristics Demanded of Modern Stokers and the Way in Which These Requirements Are 
Met by Traveling-Grate and Multiple-Retort Underfeed Types—Air Control Along Length 
of Retort and Duplex Firing of Multiple-Retort Underfeed Stokers 


By F. H. DANIELS,' WORCESTER, MASS. 


: modern stokers, it will be well first to establish some 
; definitions in order that it may be understood just what is 
; being referred to. The Stoker Manufacturers Association has 
adopted a certain nomenclature in reference to the classification 
of the different types of stokers. These definitions are as follows: 


4 By wae going into the subject of the characteristics of 


DEFINITIONS 


1 Grate. A grate is a metallic structure designed to support 
fuel, and so made that air for combustion can pass through the 
grate to the fuel. 

2 Mechanical Stoker. A mechanical stoker is a device con- 
sisting of a mechani- 
cally operated feeding 
mechanism and agrate, 
and is used for the pur- 
pose of feeding solid 
fuel into a furnace, ad- 
mitting air to the fuel 
for the purpose of com- 
] bustion, and providing 
a means for removal or 
discharge of refuse. 

3 Overfeed Stoker. 
lie An overfeed stoker is 
a stoker where fuel is 
fed on to grates above 
the point of air admis- 
sion. Overfeed stokers 
are divided.into three 
classes, as follows: 

a A front-feed in- 
clined-grate stoker is 
an overfeed stoker 
‘ = where fuel is fed from 
| the front on to a grate 
inclined downward 
toward the rear of the 
stoker. 

b A double-inclined 
side-feed stoker is an 
overfeed stoker where 
the fuel is fed from 
both sides on to grates 
inclined downward 
toward the center line 
of the stoker. 

ec Achain-or travel- 
ing-grate stoker is an 
overfeed stoker where 
the fuel is fed to the 
stoker from the front 
on to a moving grate forming an endless chain. 

4 Underfeed Stoker. An underfeed stoker is a stoker where 
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the fuel is introduced at a level below the point of air admission. 

5 Multiple-Retort Stoker. A miultiple-retort stoker is an 
underfeed stoker consisting of a number of troughs or retorts 
placed side by side with a coal-feeding mechanism at the front 
end of the retorts and provided with ash-disposal means located 
at the rear end of the stoker. 

As a general rule, the tendency of the times is undoubtedly to- 
ward larger power-plant units of all kinds. This is brought about 
by economic reasons, in accordance with the old, familiar law of 
the squares and the cubes. The volume, and consequently the 
capacity, goes up as the cube of the lineal dimensions, while the 
surface, and thus the radiation and other losses, increases only as 
the square of these same lineal dimensions. In other words, the 
larger the boiler, the more efficient it should be. There is also a 
very noticeable demand for higher and higher boiler ratings. In 
this paper the author proposes to confine his remarks to the only 
two types of stokers which are suitable for the larger modern 
boilers operated at high capacity. These two types are the 
chain- or traveling-grate stoker and the multiple-retort underfeed 
stoker. In order to meet the requirements for high capacity, 
both types must of course be provided with forced draft. 


CHARACTERISTICS DEMANDED OF MODERN STOKERS 


As boilers get larger and larger the amount of floor area avail- 
able under the boiler becomes less and less per unit of boiler ca- 
pacity. In other words, a 1000-hp. boiler will not have twice the 
floor area under it that a boiler rated at 500 hp. has. The same 
high overload capacity is desired from a large boiler as from a 
small one. This means that in most cases the stoker must be so 
designed that it can be built in lengths equal to the maximum space 
which is available, and there must be no limit whatever upon the 
width of the stoker, because the entire space under the boiler 
must in most cases be utilized for fuel-burning area. The growing 
use of water walls in the furnace whereby much of the water-heat- 
ing surface is located on the vertical walls instead of in the boiler 
proper still further intensifies reduction in the floor area available 
per unit of boiler capacity, and at present the stoker manufac- 
turer is many times at a loss to know where to put sufficient coal- 
burning area under the boiler in order to get the capacities wanted. 
The first characteristic of modern stokers, therefore, must be that 
there must be no limitation on size. It must be possible to 
build the stoker as large as the floor area that is available, and, if 
the floor area is limited,the stoker must be capable of high rates 
of coal burning. 

The second characteristic is that the stoker must be able to 
meet sudden overload demands with no appreciable drop in 
steam pressure. 

The third characteristic is that the stoker must be provided 
with an automatic and continuous ash-discharge mechanism. 

The fourth characteristic is that the stoker must be capable of 
being operated with preheated air. In order to prevent too 
much air at the rear end of the stoker, the pressure of air under 
each section of the stoker from front to rear must be under the 
control of the operator. This was formerly not so necessary 
with short stokers, but it has now become an important feature. 

In addition to these characteristics which should be possessed 
by the stoker, it is also essential that above the stoker there should 
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be means provided for preventing stratification of gases; i.e., the 
richer gases coming off at the front end of the stoker should be 
forced to mix with the leaner gases coming off at the rear end so 
as to insure uniform quality of gas going to the boiler heating 
surface. Taking up the two types of stokers, it will be shown how 
they meet the requirements that have just been set forth. 


has been used successfully on traveling-grate stokers. The rela- 
tively thin fuel bed on the traveling-grate stoker, ranging from 
perhaps 4 to 8 in., necessitates the use of a number of com- 
partments from front to rear, the air pressure in each compart- 
ment being controllable at will. The natural-draft chain-grate 
stoker is of course not suitable for high capacities, and merely 

applying forced draft to a natural-draft stoker never worked 


WZ 


out successfully due to the tremendous amount of excess air 
which was forced up through the rear end of the stoker 
where the fuel was practically burned out and the fuel bed 
porous and open. The idea of putting in compartments on 
the traveling- or chain-grate stoker and controlling the air 
in each compartment in accordance with the fuel-bed con- 
ditions made the chain-grate stoker a suitable unit for use 
under high-capacity conditions. With the chain-grate stoker 
the recent addition of the rear arch gives proper mixing of 
the gases in the furnace at the throat, and prevents the lean 
gases from reaching the boiler tubes before they have had 
a chance to meet the rich gases from the front arch. This 
insures that combustion will be more nearly completed in 
the furnace, so that secondary combustion in the space be- 
tween the boiler tubes is either completely eliminated or great! 
reduced. This arrangement adds much to the economy of 
operation. Fig. 2 shows an ideal furnace arrangement of front 
and rear arch. 


Mc UNDERFEED STOKERS 
The multiple-retort underfeed stoker has been built in 


lengths up to 20 ft. This is generally about all the space 


Fig. 2 IpEAL ARRANGEMENT OF FRONT AND REAR ARCH IN CHAIN- 


GRaTE-STOKER FURNACE 
TRAVELING- OR CHAIN-GRATE STOKERS 


The traveling- or chain-grate stoker has been built in widths up 
to 24 ft. and in lengths up to 23 ft. of fuel-supporting area. The 
length referred to is the distance from the inside of the coal grate 
to the point where the grate changes it shape from a plane to a 
curved surface at the rear end. In other words, the area is only 
actual fuel-supporting area where combustion is taking place. 
Multiplying these two dimensions gives a maximum fuel-burning 
area of 552 sq. ft. Figuring 40 lb. per sq. ft. gives an economical 
coal-burning rate of 22,000 lb. per hour, which would correspond 
to a 2500-hp. boiler at about 200 per cent of rating. The same 
stoker would have an easy peak capacity equal to 250 per cent of 
rating on the same 2500-hp. boiler, or about 200,000 lb. of steam 
per hour. This stoker requires as a necessary part of the 
furnace design a front arch, and consequently the space under the 
boiler imposes no limit on the length of the stoker since the 
stoker may extend out in front of the boiler without forcing a 
detrimental furnace design. It should be noted that it is possible 
to arrange two chain-grate stokers back to back in a single -fur- 
nace, thus doubling the possible maximum capacity or giving an 
evaporation of about 400,000 Ib. of steam. 

While the traveling-grate stoker gives a quick response to 
overload demands, it is not quite as good for this purpose as the 
underfeed. The reasons for this is easily seen because the depth 
of fuel bed on the traveling grate is only about 4 to 8 in. as com- 
pared with 1 ft. to 2 ft. 6 in. on the underfeed. Consequently 
there is less of a reservoir of coal in the furnace from which to 
draw heat when the demand for steam comes. Fig. 1 shows what 
can be accomplished in this respect with a traveling-grate stoker. 

In regard to ash discharge, there could be nothing more con- 
tinuous or automatic than the manner in which the traveling 
grate gets rid of its ash refuse. The very design of the grate in 
the form of an endless-belt conveyor is ideal for ash dumping. 
Preheated air at a temperature of from 400 to 500 deg. fahr. 


which is available under a boiler, and corresponds roughly to 
a horizontal water-tube boiler with 22-ft. tubes. The under- 
feed stoker has been built in widths up to 32 ft. On the 
question of lengths, two underfeed stokers of course can be put 
back to back with dump in the middle, giving the maximum 
possible depth of 40 ft. There is no reason why stokers of this 
type cannot be built 40 ft. wide also. Taking the above dimen- 
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Fig. 3 Rapip Response oF 
FEED STOKER TO SuppEN Loap INCREASE 


sions, 32 ft. wide by 40 ft. deep, using two stokers back to back, 
gives a coal-burning area of 1280 sq. ft., which gives an econom- 
ical coal-burning rate of 60,000 lb. per hour, equivalent to 15,000 
hp., or an evaporation of about 450,000 Ib. per hour. The cor- 
responding easy peak capacity would be about 600,000 Ib. of steam 
per hour. 

Arches are not necessary or desirable for multiple-retort under- 
feed stokers. In fact, their use is detrimental. This means 
that the floor space directly under the boiler is about all that 
can be used for coal-burning area. In many cases with large 
high-capacity boilers it is becoming difficult to get in sufficient 
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coal-burning area to suit the load demands, especially when 
water walls are used. The large amount of coal in the fuel bed 
of an underfeed stoker insures almost instantaneous response 
to sudden load increases. Fig. 3 shows what has been done 
in this respect. There is practically no limit to the speed at which 
load may be increased, provided a sufficiently high air pressure is 
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Fic. 4 SHow1ne INSTALLATION OF TURBULENT MIx1ING BURNER IN 
Rear or UNDERFEED-STOKER FURNACE 


available under the stoker. The fuel bed in an underfeed stoker 
contains at all times an amount of coal equal to about that which 
could be fed in by the stoker during one hour. This gives an idea 
of the amount of heat that is stored up in the fuel bed waiting only 
increased air supply to be released. 

The successful development of the clinker grinder for the under- 
feed stoker insured easy automatic ash removal and at the same 
time it cut in two the ashpit losses due to unburned carbon. 
These ashpit losses are now so small that it is a question whether 
it would be worth while to add anything more to the cost of the 
stoker with a view of reducing them still further. 

On preheated air, the multiple-retort underfeed stoker has 
amply demonstrated its ability to withstand temperatures of from 
400 to 500 deg. fahr. 


Arr Controt Leneoru or Retort 


lt has long been customary to supply a separate air control to 
the rear end or overfeed section of underfeed stokers, but the 
question of controlling the air supply along the length of the 
retort is just beginning to receive active study and embodi- 
ment in practice. The thickness of fuel bed ranges from 1 ft. 
to 2 {t. 6 in., and consequently there is not as much necessity 
of air control from front to rear as is the case with the traveling- 


or chain-grate stoker. It is believed, however, that.control of 
air front to rear on the underfeed stoker would give good returns, 
and much work is now being done along these lines. 

With the long underfeed stokers, especially those with clinker 
grinders, there is some stratification of gases in the furnace. In 
an attempt to burn out the last bit of combustible in the ash 
there is always a tendency to get an excess of air up from the 
rear end of the stoker. This gives the lean gas. Arches as used 
on the traveling-grate stoker are impossible for the underfeed 
stoker, so some other method of mixing must be used to insure 
the same beneficial results that the rear arch gives on chain-grate 
stokers. The author suggests that a small unit pulverizer be 
installed in connection with multiple-retort underfeed stokers, 
using a turbulent mixing burner installed in the rear walls of the 
furnace somewhat like the arrangement shown in Fig. 4. This 
would accomplish a number of desirable results. Pulverized 
coal has one disadvantage in that it is difficult to maintain ignition 
at extremely low ratings. The stoker, however, with suitable 
drive mechanism and proper controls can be operated at any 
rating from a bank up to high capacities. A boiler installation 
with the duplex firing as suggested would be able to operate at 
low ratings down toa bank. The unit pulverizer would only be 
put into service to meet the peak-load demands. The pulverized- 
coal burner in the rear wall would set up a turbulence in the 
furnace and would insure the lean gases coming off from the rear 
end of the stoker getting mixed with the richer gases from the 
front end. There would be no loss due to stratification. 


Dvup ex Firinc or UNDERFEED-STOKER FURNACES 


In underfeed-stoker operation it is possible to obtain very low 
carbon in the ash by putting more air than usual through the fuel 
bed at the rear of the stoker. This method of course means low 
average CO, in the furnace and much leaner gas at the back 
of the furnace. By using a slight deficiency of air with the 
pulverized-coal burner the oxygen in the lean gas can be utilized 
without decreasing the overall economy of operation. The 
stoker itself with its clinker grinder is well adapted to auto- 
matically dispose of the pulverized-coal ash which drops down 
on the fuel bed. One of the serious problems with pulverized- 
coal burning is what to do with the ash that collects on the bottom 
of the furnace. It is in the form of finely divided particles which 


90 


5 
Vv 
= 
2 
+80 — 
‘= 
> 

60 

0 100 500 600 


200 300 4 
Per Cent of Boiler Rating 


Fie. 5 INcREASED Erriciency AND CaApaciTy OBTAINABLE BY AP- 
PLYING DupLEX FrrinG oF Putverizep Coat To A CLINKER-GRINDER 
STOKER 


Curve 1—Dump-plate stoker. 
Curve 2—Clinker-grinder stoker. 
Curve 3—Duplex firing with clinker-grinder stoker. 3 
Curve 4—Duplex firing with clinker-grinder stoker and preheated air. 


blow away when there is the slightest wind, so it is difficult to use 
it for fill, It is not easy to wet it uniformly so that it can be 
handled without making a dusty job. With the proposed 
duplex firing the small amount of powdered-coal-ash dust would 
be so mixed in with the more plastic stoker ash and clinker 
as to not affect the ready sale of the resulting product. There 
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are many successful underfeed-stoker installations where blast- 
furnace gas is used as an auxiliary fuel fired in the furnace over 
the stoker. There would be very little possibility of damage 
to the stoker parts on account of the thick fuel bed used on 
underfeed stokers, and by leaving a bed of ashes on the stoker it 
would still be possible in an emergency to run the pulverized-coal 
equipment without operating the stoker, allowing a bed of ash to 
protect the grate surface. This duplex-firing scheme offers a 
solution in cases where there is not sufficient floor area available 
to give coal-burning capacity equal to the boiler ratings desired. 
The heat of the pulverized-fuel flame above the stoker fuel bed 
would insure better burning out of the stoker ash. It seems 
as though it would be particularly adaptable for central-station 
use where the maximum output is desired during the peak hours. 
Large furnace volumes are now regular practice for high-capacity 
stoker work and no additional space would be needed since this 
space would merely be better utilized due to the better mixing 
resulting from the addition of the turbulent powdered-coal 
burner. For very high capacities water walls would be re- 
quired, but these are being used now for many stoker installations. 
The water walls would also reduce the danger of clinkering due 
to coal of low ash-fusing temperature, and a sufficient amount 
of water-wall surface must be used to hold furnace temperatures 
down to a reasonable figure considering the quality of the coal 
to be used. The only increase in cost would be the price of the 
unit pulverizer and burner, and this would easily justify itself 
by reason of the increased capacity obtained from the boiler 
during the peak hours. The tendency of the stoker to show 
a large drop in efficiency at high capacity would be largely offset 
and it would not be necessary to sacrifice economy to get capacity. 

Fig. 5 shows in a general way what might be accomplished in 
the way of increased efficiency and capacity by applying duplex 
firing of pulverized coal to a clinker-grinder stoker both with and 
without preheated air. 


Discussion 


C. G. Spencer.?. The author's suggestion of combining pul- 
verized fuel and underfeed stokers for duplex firing of large 
boilers at high ratings is unique and warrants careful considera- 
tion before it is adopted or rejected for a specific application. 
The advantages listed are: 

a_ Ability to operate at low ratings; this being a characteristic 
of underfeed stokers which the author feels is absent in pul- 
verized-fuel equipment. Pulverized-fuel advocates will chal- 
lenge this statement, absence of banking losses and ability to 
operate at low rating being among the advantages claimed for 
pulverized fuel. 

b Pulverized fuel entering the furnace above the clinker 
grinder would enrich the lean gases usual at that point, and 
because of the turbulence set up, would reduce the losses due 
to stratification. Both of these claims are sound but the degree 
of improvement depends on the number and spacing of pul- 
verized-coal burners in the rear wall, as the effect of a single 
burner would extend but a short distance along the width of 
the furnace. This would mean several unit mills for a large 
boiler or the development of a satisfactory way of dividing a 
single stream of coal and air into several branches in a space 
that is usually restricted. 

ce The carbon in the ash would be reduced because of the 
pulverized-fuel flame above the stoker fuel bed. This is true 
but, as the author stated, with the modern clinker grinder the 
ashpit losses are now negligible and this advantage is a slight one. 

d Duplex firing would give increased output during peak 

2? Baker & Spencer, Inc., 117 Liberty Street, New York, N. Y. 
Mem. A.S.M.E. 
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loads. Furnace capacity for a particular wall construction and 
type of fuel is now usually measured by the heat released per 
cubic foot of furnace volume per hour. There are many illus- 
trations in both stoker and pulverized-fuel furnaces where the 
maximum heat release with the present state of the art can 
be reached but, because of conditions beyond the furnace, 
cannot be maintained, the most usual being the slagging or 
fouling of boiler tubes. 

e Duplex firing would result in better efficiency at high 
rating. This is an advantage in improving stoker efficiency, and 
conversely a disadvantage when applied to a pulverized-fuel 
installation. 

The net result of this analysis would seem to be an improve- 
ment in stoker operation. There is no apparent advantage, 
in fact there are many disadvantages in applying this com- 
bination to a new plant, on the general principle that if pul- 
verized fuel is warranted the additional complexity introduced 
by adding stokers is not justified. This assumes that coal- 
handling equipment and coal bunkers would have to be in- 
stalled at the rear of the boilers to supply a battery of unit mills. 

The combination should improve the efficiency of the stoker 
installation, and it is to be hoped that it will be tried out in 
such a plant. 


E. L. McDonaup.* Undoubtedly, the author has endeavored 
to present in his paper an unbiased comparison between the 
performance of the forced-draft chain-grate stoker and the 
multiple-retort underfeed stoker, and the data submitted are 
probably authentic figures from some specific plant or, possibly, 
several plants. 

Unfortunately, there are so many installations of both types 
of stokers operating under such varying conditions, that it is 
entirely possible to collect data from a certain few plants that 
are not really representative of what can be accomplished by 
either type of stoker. 

For example, the author has shown in curve form the quick 
response to overload by the chain-grate and the underfeed 
stoker, showing the underfeed responding from zero load to over 
300 per cent of rating in 4'/,. min., whereas it took the chain- 
grate stoker 34 min. (9:06 to 9:40) to climb from a running 
start of 100 per cent up to 250 per cent. 

From the character of the curve, it is evident that this is what 
happened on some individual test, but the writer knows it is 
not representative of what can be accomplished on a modern 
foreed-draft chain-grate stoker. A number of Bailey steam- 
flow, air-flow charts taken from 1270- and 1350-hp. sectional- 
header boilers equipped with forced-draft chain-grate stokers 
offer ample proof of this. These charts represent daily opera- 
tion and not test conditions and should illustrate clearly the 
quick response of a properly installed stoker. Evidently 3 or 
4 min. is more representative than 34 min. 

The author has given the chain-grate stoker a normal burning 
rate of 40 lb. per sq. ft. with an easy peak capacity of 50 |b. 
per sq. ft., whereas the normal rate on the underfeed is taken 
at about 47 Ib. (17'/. per cent higher) and the easy peak capacity 
at 62.7 lb. (25 per cent higher). 

Such a comparison must be made on the same kind of coal, 
because it may require 35 lb. of one coal and 45 Ib. of another 
to develop the same output from a boiler unit. When the same 
coal is considered the writer believes the normal burning rate 
will be found practically equal. 

The maximum desirable rate of combustion on either stoker 
is very frequently limited by furnace conditions or available 
draft, and not by the stoker performance. 

3 Efficiency engineer, Kansas City Power & Light Co., Kansas 
City, Mo. 
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The author has suggested the use of pulverized coal in con- 
junction with an underfeed stoker, stating the turbulence set up 
by the pulverized-coal unit would mix the lean gases at the rear 
with the richer gases at the front. This should be most bene- 
ficial at low rates of evaporation when a greater percentage of 
air leakage exists at the rear of a stoker; however, the theoretical 
efficiency curves indicate there is practically no gain by this com- 
bustion at ratings below 200 per cent. 

From a standpoint of meeting some abnormal peak demand, 
this combination may have some merit. However, as previously 
stated, the lack of peak capacity in the majority of cases is not 
the fault of the stoker. For example, a stoker of either type 
with the proper setting, stoker speed, and draft, designed to pro- 
duce 250 per cent on 35 Ib. per sq. ft. of grate, can be increased 
to 400 per cent of rating by going to about 57 Ib. per sq. ft. of 
grate, over peak-load periods. This would leave very little 
room for a pulverized-coal unit, unless a still higher peak is 
required, which would be exceptional and would require a 
furnace volume out of proportion for normal loads. 

As the peak-load period in the average central station is not 
in excess of three or four hours per day, it is questionable if the 
estimated efficiency gain would warrant the investment from 
that angle. 

If we consider a unit burning ten tons of coal per hour over a 
four-hour peak, operating 300 days a year, a 2 per cent saving 
during this period would only warrant an investment of $5500, 
figuring 17'/2 per cent fixed charges and four-dollar coal. 

It would be interesting to have the author explain how these 
efficiencies were derived. 


A. J. German.‘ Up to the time of the introduction of pow- 
dered fuel the stoker manufacturer was called upon to install 
his stoker in a given boiler setting. When powdered-fuel firing 
was introduced, the manufacturer of the equipment was per- 
mitted to design the combustion chamber, and to determine 
how high the boiler house should be. Had this been done 
with the stoker manufacturer, the writer believes that the ef- 
ficiency of the stoker would be a little higher than it is now. 

That powdered fuel has not driven out the stoker as a whole 
is sufficiently proved by the fact that manufacturers of pow- 
dered-fuel equipment still stick to the stokers, too. 

In reference to the paper, the writer does not agree that the 
underfeed is so much more rapid than the chain-grate stoker 
in reaching high rates of firing. 

In some industrial plants a quicker pick-up is needed than in 
a central station. For instance, on Monday morning the 
boilers in our plant which are equipped with chain-grate stokers 
must go from an evaporation rate of something like 60,000 lb. 
per hr. to one of 250,000 Ib. per hr. in 10 min. We could not 
use chain-grate stokers in one plant if this pick-up took 30 min. 
as shown by the author. 

We have experimented with chain-grate stokers for some time, 
and have continually made improvements with the assistance 
of the stoker manufacturer. We have finally come to a point, 
it is believed, where we cannot go much farther, and our results 
are as good, on an average, as those of the average first-class 
powdered-fuel burner. 

When it comes to a comparison of maintenance costs the 
writer feels that the chain-grate stoker has by far the lowest 
maintenance cost per boiler horsepower per year at ratings of 
200 to 250 per cent, of any method of firing in existence today. 
The maintenance cost of the stoker is practically negligible, the 
greatest expense being for the arches. 

_ We have experimented with different kinds of arches, heights, 


4 ame Engineer, Scovill Mfg. Co., Waterbury, Conn. Mem. 


lengths, and pitch, with rear arches, and with admitting air at 
different places. There seems to be no doubt that we were the 
first to enclose the entire arch,in a sheet-metal casing. We 
have put our forced-draft fans above the boiler-room floor, on 
an iron-work structure, and force the air through flues on top 
of the arches. This has just about doubled the life of the 
arches. 


Epwin LunpGren.’ The author spoke about large stokers. 
There is no reason why stokers 40 ft. deep by 35 ft. wide cannot 
be built. We have today stokers 20 ft. in depth and 35 ft. in 
width, and if one stoker of that size is desirable, it is logical to 
suppose that perhaps two stokers of that size, arranged in a 
double setting under the same boiler, would be perfectly all right, 
provided the boiler design permits this arrangement. 

In the comparison of stoker and pulverized-fuel firing we are 
likely to look at the efficiency curves alone and to forget the 
various kinds of fuels to which they are adapted. 

The underfeed stoker, as a rule, is suitable for high-grade 
eastern and Pittsburgh coals and is less suitable for the western 
coals, particularly those from Illinois and Iowa. The forced- 
draft chain-grate stoker stands supreme as the stoker for western 
coals. 

The reason for not using stokers under large boilers evaporating 
300,000 to 600,000 lb. per hour is the cost and outage due to 
stoker maintenance and the additional units required for this 
reason as compared with pulverized fuel firing. In shutting 
down such large units to repair a grate bar or a clinker bar in 
the pit, a steam generating unit of large capacity must be taken 
out of service, allowed to cool off, and the parts replaced. This 
is a costly procedure. The writer does not think any central 
station has real figures on what it costs to take a unit of this 
size out of service for the repairing of a few cast-iron parts and 
to bring it back on the line again. Disregarding any com- 
parison of efficiencies, this is undoubtedly one of the major 
reasons why pulverized fuel is burned under large boilers today, 
even when the fuel is suitable for underfeed stokers. 

Very few facts are known about the use of preheated air with 
underfeed stokers. There are instances where air at tempera- 
tures of 400 to 500 deg. fahr. has been used. Preheated air 
at 500 deg. has been used over peak hours, which is at the best 
only a short period of the entire operation, but it has only been 
used with high-grade eastern coals, and even so, there has 
been trouble. 

On account of trouble with the clinkering of the coal, highly 
preheated air cannot be used with underfeed stokers when 
burning western coals, that is, Illinois and Iowa coals. Studies 
are being made of the tendency of air preheated to 400 deg. 
fahr. to destroy the coking qualities of the coal which make it 
difficult to maintain the fuel bed in good condition to resist 
the relatively high air pressures required for high combustion 
rates. 

Coming to the combination of pulverized-fuel and underfeed- 
stoker firing, it seems to the writer that the author should have 
gone a step further and said that when it comes to maintaining 
high capacities from a certain boiler, pulverized-fuel firing alone 
is undoubtedly the proper solution. 


J. C. Hopss.* Mr. Lundgren has stated that pulverized-coal 
firing is more suitable than stoker firing for high rates of evapora- 
tion in large boilers. That statement seems to be generally 
accepted today. Uniform combustion is very hard to obtain 


5’ General Sales Manager, Combustion Engineering Corporation, 
New York, N. Y. Mem. A.S.M.E. 

¢ Superintendent of Power, Diamond Alkali Co., Painesville, 
Ohio. Mem. A.S.M.E. 
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over large grate surfaces, particularly with clinkering coal. It 
may not be recognized that most of the excess air present in 
furnaces of underfeed stokers enters through the discharge end, 
near the ashpit. Furnace surveys have proved that even with 
an average flue-gas analysis of 13 or 14 per cent COn, it is possible 
to obtain furnace-gas samples from the ash-discharge end of the 
stoker which contain very little CO, and in some cases hardly a 
trace. 

Stoker manufacturers have been building stokers equipped 
with dampers for controlling the air to the successive zones of 
combustion, but in many cases the air pressure beyond the 
damper was practically the same as before the damper, even 
with the damper apparently ‘‘closed,”’ showing that a great 
amount of air was leaking around the damper. It is not believed 
that damper control can be used quite as successfully on under- 
feed stokers as is found practical on the traveling-grate type of 
stoker, because of the thicker fuel beds and the tendency for 
air to pass under the coal from one zone to the next, sometimes 
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causing a blow-torch action against the stoker parts above the 
section with the reduced pressure. 

Some improvement in performance has been obtained by the 
use of still deeper clinker pits, some of which are now six or 
eight feet in depth. Even with these a considerable amount of 
excess air gets into this part of the furnace. 

Uniform combustion conditions under more positive control 
allow higher CO, to be carried. The value of a high CO, is not 
generally appreciated.’ It will be noted on reference to Fig. 6 
that the maximum capacity is very greatly increased by the 
decrease in the weight of gases handled. This means that the 
fixed charges will be reduced in proportion. 

The combination of pulverized-coal burners with stokers has 
been suggested in a number of cases but has usually not been 
adopted because of the complication, the relatively small amount 
of pulverized coal which would be burned, and the correspond- 


7 See paper by J. C. Hobbs and L. W. Heller, presented before 
Engineers’ Society of Western Pennsylvania, 1923. 


ingly high cost of equipment and operation. It would also 
appear that the furnace-wall construction formerly employed 
with stokers would not sustain the increased temperatures re- 
sulting from more efficient combustion. 


Tue Avurnor. The relative characteristics of stoker and 
pulverized-fuel firing were only brought into the paper to show 
a method of getting turbulence in the furnace of an underfeed 
stoker, and to accomplish the same results that the rear arch 
does for the chain-grate stoker. No arch could live in an under- 
feed-stoker fire for very long unless water-cooled. 

An easier solution would be to mix the gases in the furnace by 
the addition of pulverized fuel and thereby prevent stratification 
of gases. 

Mr. Spencer mentions additional bunkers for the pulverized- 
fuel equipment of the duplex furnace. These would not be 
required. Unit mills would be set in line with the stoker hopper 
so that the coal from the overhead bunker for the stokers could 
be readily brought down to the unit mill, and the pulverized 
fuel piped around to the rear of the boiler where the burners 
would be located. 

Of course, it would be necessary to install enough burners to 
insure uniform distribution of the turbulent effect across the 
width of the stoker. 

There are, as Mr. McDonald points out, individual cases where 
quicker response has been obtained with a traveling-grate stoker, 
and not as quick response from an underfeed as is shown in the 
paper, but from a common-sense viewpoint it would appear that 
the underfeed stoker has a quicker response than the traveling- 
grate stoker because it contains a greater amount of fuel. 

Mr. Lundgren spoke of preheated air as promptly destroying 
the coking qualities of coal. This would be leaving only coke 
to be burned on the stoker. Coke burns very slowly, and it is 
difficult to get it thoroughly burned in the time available. The 
addition of a source of heat from a pulverized-fuel flame above 
the stoker fire would give the additional heat and temperature 
necessary to burn out the coke that was left on the stoker due to 
the use of preheated air. 

In an existing installation of stokers, the addition of pulverize- 
fuel equipment would undoubtedly be one of the cheapest 
methods of giving increased capacity without throwing away 
the stoker investment. This would have to be done very 
carefully, because the furnace temperature must not reach the 
point of causing clinker troubles. The addition of water walls 
would make it possible to keep down the furnace temperatvre 
after adding the pulverized-fuel burner. 

In a new station equipped with stokers, and assuming aci- 
tional capacity necessary, the unit mill and burner would cost 
just about the same as additional stoker installation of the 
same coal-burning capacity; that is, roughly a dollar per pound 
of coal-burning capacity in each case. 

As to the temperature to which air for use with different 
types of stokers has been preheated, the author can only tell 
of his own experience. He knows of cases in which Illinois 
coal has been used on chain-grate stokers with air preheated 
to 500 deg. He knows trouble has been experienced in the 
use of preheated air with chain-grate stokers. He believes 
that the best practice with chain-grate stokers is to use preheated 
air at about 350 deg. fahr., and with underfeed stokers, pre- 
heated air up to 450 deg. fahr. 
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The Economics of Air-Preheater Applications 


By F. M. VAN DEVENTER,! NEW YORK, N. Y. 


Part I of this paper, somewhat historical in nature, is intended 
to outline the several chronological steps of development which led 
to the air preheater, and to show why this equipment is a logical 
component of most modern plants. 

Part II comprises brief descriptions of the principal types of 
air preheaters available. 

Part III is a discussion of the conditions affecting the selection 
of a preheater and an outline of the economic problem. 

Part IV explains by example the economic determination of the 
optimum size of plate heater for a specific application, and shows 
the characteristics of an air preheater as applied to a large boiler. 
General conclusions are summarized and a method of procedure for 
selecting a heater is proposed. 

Part V records the detailed calculations corresponding to Part 
IV, so that this paper may be used as a text or guide in making 
analyses of similar problems where other basic conditions apply. 


I—HISTORICAL 


HE characteristics and design of a modern power plant 
iy are the result of a normal and rational development. As 

“Necessity is the Mother of Invention’ so the increase 
in cost of fuel and other raw materials, increasing labor costs, 
increasing demands for power, and the necessity of greater re- 
liability, have furnished the motives for the cavaleade of de- 
velopments embodied in the modern plant of today. 

In considering the steps which led to the development of the 
air preheater, it is interesting to refer to a boiler test made by 
William Kent in 1906 at the Republic Works (Pittsburgh, Pa.) 
of the National Tube Company. In his report of the test Mr. 
Kent commented as follows: 

I believe that the efficiency results (75.5 per cent) are within 3 
per cent of the highest that are theoretically possible with Pitts- 
burgh coal... .and they are about as high as can ever be expected in 
every-day practice, even with the most skilful handling. 

An efficiency of 75 per cent was considered noteworthy in 
that day, principally because it was high in comparison with 
contemporary practice. No doubt Mr. Kent theorized that 
since the mechanical stoker had reduced the ashpit and excess- 
air losses to a point much nearer the theoretical than had been 
common in hand-fired practice, and since the escaping flue gases 
were cooled to the minimum temperature consistent with a reason- 
able amount of cooling surface and natural draft, no further 
improvement in boiler efficiency might be anticipated. 

From the standpoint of economics, it is quite probable that 
even had economizers, air preheaters, and pulverized fuel been 
available at that time, the increased economy to be derived 
therefrom, when referred to the capitalized value of fuel saved, 
would not have justified the expenditure for such secondary 
and non-essential equipment. The low cost of steam coal was 
hot conducive to extensive or costly measures to save fuel. 

But the fuel-cost level of 1906 did not “stay put.” Rising 
prices dictated greater economy. This factor, and the advan- 
tages to be derived from the more intensive production of power 
in large prime movers, presaged the inevitable advancement in 
operating steam pressure. But while higher pressure did im- 
prove the efficiency of the prime mover in the use of the steam 
Supplied to it, it reflected unfavorably upon the efficiency of 
the boiler in the production of steam. Raising the steam pres- , 
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sure from 100 lb. to 200 Ib. increased the temperature of the 
steam and water mixture in the tubes 55 deg. fahr. The leaving 
gas temperature would also be raised an equivalent amount, 
resulting in about 2 per cent increase in fuel required. Eco- 
nomic considerations in connection with the further development 
of mechanical stokers and furnaces dictated the use of higher 
rates of evaporation per unit of boiler surface. This fact also 
tended to broaden the gap between exit gas temperature and 
steam temperature. It became pertinent, therefore, to adopt 
means for reclaiming more of the heat being lost with the high- 
temperature flue gases. While extended boiler surface would 
absorb more heat, the economic limit was soon reached, beyond 
which the cost of marginal surface exceeded the capitalized value 
of fuel saved. The economizer, however, was usually designed 
to operate on the counterflow principle, and thus effected a higher 
mean temperature difference between the gases and water than 
would normally result if the feedwater were injected directly 
into the boiler circulation system. By this means it was pos- 
sible in some cases to discharge the gases from the economizer 
at a temperature below that of the water and steam in the boiler. 
As a result, the overall fuel economy was considerably better 
than was feasible without economizers. The installation cost 
of economizers, however, was quite high, which fact counteracted 
a large part of the fuel savings. Some contended that a high 
boiler without economizer, while not so economical thermally 
as a shallow boiler with economizer, would produce steam for 
a lower cost when fixed charges, maintenance, etc. were properly 
evaluated. Actually the problem was a local one which was 
not susceptible of universal solution, but varied according to 
the fuel cost, load factor, etc. for the particular installation. 
In general, however, the economizer was a rational development, 
saving many thousands of tons of fuel and reducing the cost 
of energy production in many plants. 

As a result of the use of higher steam pressures and tempera- 
tures, and the demand for greater economy in the use of steam 
by auxiliary drives as well as by the main units, the design of 
small turbines was affected. More costly materials were re- 
quired to withstand the severity of the steam conditions, and 
multi-staging or equivalent changes for the improvement of 
economy also reflected upon the cost. These facts, together 
with contemporary developments in alternating-current motors 
and control, equipment, resulted in a noticeable trend toward 
motor-driven auxiliaries. With motor-driven auxiliaries, feed- 
water heating may be obtained with economizers, with steam 
extracted from the main units, or with a combination of the two. 

Major plants of recent design have used various systems, from 
all-steam auxiliaries to all-electric auxiliaries or combinations 
of steam and electric drives. Good thermal economy is claimed 
for each of the systems adopted. 

The most popular system at the present time seems to be the 
use of steam drives for feed pumps, and possibly a few other 
essential units, all other auxiliaries being motor-driven. While 
feedwater heating with this system can be accomplished with 
good economy through the use of one or two stages of regenerative 
heating from extracted steam and an economizer, the trend seems 
to be toward extraction from three or four stages without econo- 
mizer. 

Summarizing the foregoing developments, it may be said that 
the trend toward higher pressures, higher rates of evaporation, 
and the replacement of economizers with regenerative feedwater 
heating, results in higher flue-gas temperatures. 
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The application of air preheaters serves the purpose of re- 
claiming a large portion of the heat in the flue gases, and prob- 
ably has other beneficial functions in connection with combus- 
tion. 

While the history of air preheaters both here and abroad goes 
back many years, it was not until the economy of the regener- 
ative feedwater cycle had been established that preheaters re- 


Fig. 1 A REPRESENTATIVE Arr PREHEATER 


ceived really serious consideration for power-plant service. Prob- 
ably the first installation to attract public attention was that 
made at Colfax Station of the Duquesne Light Company, under 
the direction of C. W. E. Clarke. The results obtained on test 
received merited wide publicity,? and soon thereafter most of 
the major public-utility companies either had adopted air pre- 
heaters as standard in their design, or were making experimental 
installations to determine at first hand the value of such equip- 
ment. 

The test results reported by Mr. Clarke not only proved the effi- 
cacy of air preheaters in reducing the stack losses, but indicated that 
hot combustion air tended to reduce the loss due to unconsumed 
carbon in the refuse. While subsequent tests reported by others 
seem to confirm this conclusion, additional comparative data 
are needed to definitely prove this fact. Although it was nat- 
urally assumed that stoker maintenance would be increased, 
experience thus far reported, while not in perfect agreement, 
indicates that the effect of preheater air upon maintenance is 
not a serious factor. It has been found necessary to increase 
the free area of the tuyeres of stokers in order to obtain the re- 
quired flow of preheated air for high ratings. 

Preheated air adapts itself to pulverized fuel even more readily 
than to stokers. Interest is now centered about experiments 
with intensive combustion promoted by rapid and violent mix- 
ing of air and fuel, either in the burner or furnace orin both. Re- 
sultant furnace temperatures are extremely high, necessitating 
a considerable amount of water cooling in the walls for dura- 
bility. These cool surfaces have a chilling effect upon the fuel 
and air stream emerging from the burner, and preheated air 
is very effective in maintaining a temperature which will not 
retard combustion. 


_ ? Trans. A.S.M.E., vol. 45 (1923), and contemporary technical 
journals. See also “Comparative Performance of Air Preheaters,” 
and “Effect of Water-Cooled Walls on Preheater Performance,” 
both by N. E. Funk in Trans. A.S.M.E., vol. 48 (1926). 


With pulverized fuel, volume or secondary air may be heated 
to a high temperature, but some trouble has been experienced 
if the temperature of primary air, which mixes with the fuel 
ahead of the burner, exceeds 250 deg. fahr. Possibly new de- 
velopments will permit the use of primary air directly from the 
heater, but present designs require that it be tempered to the 
maximum stated or that cold air be used. 


II—TYPES OF AIR PREHEATERS AVAILABLE 


There are three general classes of air preheaters avail- 
able, namely, plate, tubular—both of which operate on 
the recuperative principle—and regenerative. 

In the plate type the surface is arranged so that air and 
flue gas flow countercurrently on opposite sides of the 
plates. The heat flows from the hot flue gas to the com- 
paratively cooler air by conduction through the plate. 
A typical plate-type heater is shown in Fig. 1. 

In tubular heaters the flue gas is usually passed 
through the tubes and the air is taken around the outside. 
The air flow may be either in a straight line parallel to 
the axes of the tubes, or baffled so as to make one or more 
passes over the tubes in a direction normal to the axes 
thereof. The heat flows by conduction through the metal 
of the tube as in the plate type. A typical tubular-type 
heater is shown in Fig. 2. 

The regenerative type of heater operates on the prin- 
ciple of surrounding a plate by hot flue gases for a short 
period of time and then surrounding the same plate by 
cold air to be heated. The principle is readily seen by 
reference to Fig. 3, which shows a well-known type of re- 
generative heater. Gas and air inlets and outlets are 
shown. ‘The rotor consists of a number of sector-shaped cells 
containing corrugated sheet metal. During half the cycle 
period the cell is in the gas stream, and heat flows into the 
plate from both sides. As the plate approaches the tempera- 
ture of the gases, the continual rotation of the rotor carries 
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the sector into the air stream. Here it is surrounded on 
both sides by rapidly moving cool air, and heat flows from both 
sides of the plate into the air. The cooling process occupies 
somewhat less than half of the cycle period, the remainder of 
the period being required to pass over the two blanked sectors in 
the stator. Wipers attached to the rotor bear upon the station- 
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PuHantTom View oF A REPRESENTATIVE REGENERATIVE AIR 
PREHEATER 
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Fia, 4 PULVERIZED-FUEL-FirED SETTING AND PLATE-TypE PRE- 
HEATER 


ary plates and are intended to minimize the tendency for leakage 
from the air passage to the gas passage. 

Another type of regenerative heater retains the surface in 
4 stationary position and causes the air and gas, alternately, 
to flow over the surface by the manipulation of a system of valves, 
the principle resembling that used in the regenerative heating 
control of metallurgical furnaces. The surface is divided among 


three or more cells so that there is always one cell operating on 
air and one on gas, even when the third is being changed over 
and temporarily out of both circuits. The valves are operated 
from a mechanically driven camshaft. , 

Fig. 4 is a cross-section of a boiler house containing a pulverized- 
fuel-burning furnace, horizontal water-tube boiler, and plate 
air preheater. The paths of air and gas can easily be followed 
throughout the circuit in this figure. Note the separate pri- 
mary-air fan shown on the right-hand side of the coal bunker. 

Fig. 5 shows an underfeed-stoker-fired bent-tube boiler with 
tubular air preheater. Note that the preheater is cross-baffled 
so that the air from the forced-draft fan makes four passes over 
the tubes. A duct carries the heated air to the stoker windbox. 
The flue gases pass from the boiler to the triangular header box 
at the bottom of the heater. They then flow upward through 
the tubes, countercurrently to the air, and out to the induced- 
draft fan. 

Fig. 6 is a cross-section of a plant comprising horizontal water- 
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Fie. 5 Sroxer-Firep BorLer TusBuLAR AIR PREHEATER 


tube boilers fired with pulverized fuel. The unit at the left is 
equipped with a regenerative air preheater. Induced-draft 
and secondary-air fans are shown as an integral part of the heater 
housing. These heaters may also be installed with separate 
fans if preferred. 

While the primary air fans are not shown in Fig. 6, the headers 
carrying the air to the coal feeders may be seen under the feeder 
floor. 

The unit on the right is a tubular heater. 

It is not within the scope of this paper to compare the rela- 
tive merits and disadvantages of the various types of heaters 
described. Any type, if properly installed, will transmit heat 
from the gases to the air. However, in the adaptation of heaters 
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to existing plants, the shape and amount of space available, and 
the location and size of connecting ducts and flues, may be such 
as to eliminate one or more types of heaters from consideration. 


III—CONDITIONS AFFECTING THE SELECTION OF A 
HEATER 


In the case of plate-type preheaters there is a definite amount 
of surface and arrangement thereof which will result in the max- 
imum net saving. There is a similar figure for tubular heaters, 
though the amount of surface probably will not be the same as 
for the plate type. In either case the installation of insufficient 
surface will result in excessive waste of fuel; the installation of 
excess surface, while saving more fuel, will result in an economic 
loss of earnings, because the expenditures for interest, deprecia- 
tion, maintenance, etc. on the excess surface will exceed the 
value of fuel saved by that surface. The proper solution must be 
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a compromise between value of heat recovered and fixed charges, 
and must properly consider the cost of fuel, probable average 
load, capacity use factor, etc. Part IV of this paper is an ex- 
ample of such an analysis. 

There is one important limitation in the application of pre- 
heaters which does not appear in the economic analysis, namely, 
the maximum permissible air temperature. For example, the 
air temperature from the heater of optimum surface as indicated 
by the economic analysis may be entirely too high for successful 
operation, because of limitations in the stoker or furnace. In 
this case the alternatives are: 


Use a smaller preheater 

Bypass some air around the heater 

Install an economizer between boiler and preheater 
Use a larger boiler which will give cooler flue gases entering 
the preheater. 
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Again an economic comparison must be resorted to, to indicate 
the best solution. 

As a substitute for large preheaters, a combination of a nomi- 
nal-size economizer and a smaller preheater may be used. Gen- 
erally speaking, however, the best results, when thermal economy, 
cost, and simplicity are considered, are obtained from maximum 
regenerative feedwater heating. This leaves little work to be 
done in the economizer; and the expense of a supplementary 
setting, building space, piping, etc. is not likely to be justified. 
An integral economizer, involving practically no additional space 
or setting, often proves very attractive. This is especially true 
in conjunction with stoker firing, on account of the air-tempera- 
ture limitation. 

Several installations of preheaters have involved unusual 
arrangements. In one case an economizer and air preheater 
are connected in parallel, a portion of the gases passing through 
each. In another case the air is preheated to a high temperature 
and then tempered by being passed over economizer tubes. It 
is hoped that the discussion will include descriptions of these 
novel applications and the reasons for their adoption. 

It is also desirable that the stoker manufacturers present their 
views concerning the limitation of air temperatures and the effect 
of preheated air upon stoker operation, maintenance, and un- 
consumed combustible in the refuse. 


OUTLINE OF THE GENERAL Economic ProBLeEM 


The general problem comprises a determination of the amount 
and disposition of surface which will yield the maximum net 
saving. By definition this is the optimum arrangement; but 
there is lacking a genera] agreement concerning the true meaning 
of the term “net saving.’”’ Three definitions are recognized 
and compared in this paper. 

1 The thermal characteristics may be evaluated by capitalizing 
the value of fuel saved per year over that required if no air pre- 
heaters were used. By deducting the cost of the heater from 
the capitalized fuel saving, a figure is obtained which properly 
compensates for the higher cost of larger heaters. This figure 
is sometimes considered to represent net saving. 

2 But the draft losses usually vary with the size of the heater. 
Also the varying leaving gas temperature will affect the natural 
draft obtained from the chimney and the net load on the fan. 
Consequently the fuel saving should be debited by the cost of 
additional fuel required to operate the forced and induced-draft 
fans. The resulting figure is quite commonly considered to 
represent net saving. 

3 However, there is an additional item worthy of consider- 
ation. This is plant capacity reserved for fan drives or other 
auxiliaries. For example, there usually are instances, be they 
emergency or regular, when a plant is called upon to deliver 
every possible kilowatt of power. This situation probably would 
be met in the boiler room by forcing the available boilers to their 
maximum ratings. Excess power which any plant auxiliary uses 
deprives the station of equivalent output capacity, and it seems 
perfectly logical and legitimate to debit such machine with the 
cost of providing an equivalent amount of prime plant capacity. 
The unit cost of plant capacity should not include real estate 
or items which actually would not have been increased for 4 
slightly larger plant, but should contain all items of equipment 
and building which would have increased, pro rata. Seventy 
dollars per kilowatt is a rational figure for marginal capacity. 
While the author believes that this constitutes a logical figure 
to use in compensating fuel saving for plant capacity required. 
any degree of conservatism may be practiced by reducing the 
unit value of marginal capacity. 

It might be argued that larger preheaters should be credited 
with a saving in cost of boiler-room equipment, since higher 
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efficiency requires the burning of a smaller quantity of fuel. 
However, peak capacity of the plant is determined primarily by 
the maximum capacity of the prime movers. 
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The application of the foregoing principles to a representative 
installation is shown in Part IV. 


definite amount of steam from the boiler room, regardless of 1¥V—DETERMINING THE => h4 SIZE OF HEATER TO EM- 


the manner in which the steam is generated. The size of the 
It is true that the fur- 


boiler is therefore fairly definitely fixed. 
nace might theoretically be made somewhat smaller because _ best size of heater is similar for the three general types of heaters, 
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Since the economic problem incidental to the solution of the 
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of the decreased fuel requirements. However, the horizontal 
dimensions of the furnace are fixed by boiler dimensions, and 
the height by flame travel. Therefore there does not appear 
to be a logical reason for crediting more efficient steam-generating 
devices for a change in size. 


either type may be used for an example. 
used, and the data for the example follow. 

The size of the boiler is approximately 2000 hp., and the gas 
temperature available at the heater has the characteristic shown 
by curve I, Fig. 18. The annual-load-duration characteristic 
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is equivalent to 180,000 lb. evaporation per hour for 5400 hours, 
with short-time peaks of 300,000 lb. evaporation per hour. 

The problem consists of determining the amount of surface 
which will yield the largest net saving and at the same time pro- 
vide air within the desired temperature limits. Various amounts 
of surface may be assumed and the economics of the several set- 
ups compared. 

Here, however, a new variable enters the problem. It is the 
manner of varying the surface. Referring to Fig. 1, it is obvious 
that the surface may be increased by increasing the length of 
the plates, or by increasing the width of the plates, or by 
increasing the number of envelopes or elements. Entirely 
different characteristics result from a given amount of surface 
according to the manner in which it is disposed. This fact will 
appear clearly in the present analysis. 

Assume first a heater comprising 154 elements, each 4 ft. 6 in. 
wide, and of varying height. Gas space 1 in. and air space */, in. 
Table 1 shows the temperatures of gas and air that would result 
at 180,000 lb. and 300,000 lb. per hour evaporation. The capi- 
talized fuel saving is shown in Fig. 7 as curve A. If this fuel 
saving is compensated according to the three methods previously 
outlined, curves B, C, and D are obtained, representing net 
savings. 

Note that regardless of whether curve B, C, or D is considered 
to represent true net saving, 23,000 sq. ft. is indicated as the op- 
timum surface. 

For the secdnd case, assume a heater comprising elements 
4 ft. 6 in. wide, 12 ft. long, 1-in. gas spacing, and */,-in. air spacing, 
and the number of elements varied to provide the desired surface. 
The performance is indicated in Table 2. The economic char- 
acteristics are shown in Fig. 8, the explanation of the curves being 
the same as for Fig. 7. 

It is to be noted here that quite different results are obtained 
according to the definition of net saving. Curve F, which com- 
pensates for first cost only, indicates 8000 sq. ft. as the optimum 
size. Curve G, which compensates also for fan power consump- 
tion, indicates 9000 sq. ft. _ Curve H, which compensates also 
for plant capacity required on peak load, indicates 20,000 sq. ft., 
or more than twice the amount indicated by curves F and G. 
The reason for this fact is the peculiar shape of curve H. As the 
surface is decreased from 15,000 sq. ft. the net saving as indicated 
by curve H falls off rapidly, while the saving shown by curve 
G continues to rise. The explanation of this is that as the number 
of elements is decreased the velocity and draft loss increase. It 
is the effect of this increased velocity upon heat transfer which 
makes curve E comparatively flat. The increased draft loss at 
180,000 lb. evaporation is not severe enough to markedly increase 
the fuel required for fan operation at that rate, consequently 
G is practically parallel to F. But at the maximum rating of 
300,000 Ib. evaporation the draft loss of the narrow heaters with 
few elements is a serious matter. It is the deduction for plant 
capacity to provide the power for the fans at this rate that causes 
eurve H to drop off so rapidly. If consideration were given 
to the fact that probably more costly fans and motors would be 
required for the heaters of small cross-section, because of the 
larger size and greater speed range required, curve H would drop 
even more sharply. This example shows clearly one of the ad- 
vantages of the consideration of plant capacity in determining 
net saving. 

It is enlightening to compare the individual curves from Figs. 
7 and 8. These comparisons are shown in Figs. 9 to 12, inclusive. 
Note that in each of these figures the curves cross at approxi- 
mately 15,000 sq. ft. This occurs because the 15,000-sq. ft. 
heaters have the same number and size of elements, and therefore 
are identical. 

Fig. 9 shows the effect of surface on the capitalized fuel 
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saving. The variable-height curve is comparatively smooth 
because gas and air flow are not disturbed, the only effect being 
a lengthening of the gas and air passages. The variable-element 
curve is fairly flat above 5000 sq. ft. but drops off sharply below 
this point. The explanation is that the small heaters of few 
elements necessitate very high velocities, resulting in a high rate 
of heat transfer. 

In Fig. 10 it is noted that the net saving is practically the same 
for both types of heaters. However, the amount of surface 
corresponding to maximum saving is quite different for the two 
types. 

Fig. 11 also shows practically equal net saving, and about the 
same relation between extent of surface as Fig. 10. 

Fig. 12, however, shows a considerably less saving for the 
variable-element type than for the variable-height type. The 
reason has been given in the explanation of Fig. 8. The amount 
of surface indicated is practically the same for the two types. 
The similarity of the two curves indicates that when station 
capacity used by the fans is accounted for, a given amount of sur- 
face will yield practically the same net saving with either method 
of disposition of that surface. 


Atr-TEMPERATURE CONSIDERATION 


The foregoing analysis determines the extent of surface which 
yields maximum net saving, regardless of the air temperature ob- 
tained. Unfortunately the air temperature from a heater of 
the indicated size may not be suitable for the fuel-burning equip- 
ment to be used. 

For each type of equipment there is a maximum air temperature 
which experience, recommendation of the manufacturer, or 
judgment of the designer dictates should not be exceeded. The 
next consideration in the analysis should therefore be a con- 
parison of the relative net savings effected with various air 
temperatures. Such a comparison is shown in Figs. 13 and 14. 
In these figures the abscissas are air temperatures at 300,000 |! 
evaporation and the ordinates are net savings. In Fig. 13 net 
saving is compensated for cost and fan operation, while in Fig 
14 net saving is further compensated for plant capacity reserved 


for fans at peak load. Assuming that marginal plant capacit) ; 3 


is worth $70 per kilowatt, Fig. 14 should be used for consideration 


It is to be noted that the savings effected by the variable | 3 
height type of heater exceed those effected by the variable num- | 


ber of elements for any air temperature except in a very smal § 


range at about 420 deg. fahr. At 413 deg. the curves cross be J 
cause the heaters are identical. The curve for variable number 3 


of elements has a sharp nub with steep sides, and its shape i 


dicates that this method of varying heater size is very uneconom! “a 
cal except near the point where its cross-section approximal® | % 
that obtained by varying length to give the same surface. |! bit 


the surface were varied by changing the width of plate, the cros* 


section or flow area would be varied and the characteristic wou!’ i 


be the same as obtained by varying the number of element's 


From the foregoing consideration it appears that for © give! k 4 


installation there is a definite flow area or cross-section whit 1 
gives best results regardless of the air temperature required, 20! 7 
that for the installation used for this problem 154 elemet 
4 ft. 6 in. wide give the proper flow area. £ 
Having now eliminated all other variables, it remains 00 


to determine the length of plate required to give the maximu® 


air temperature permissible. Fig. 15 is drawn for this purp® . 
taking the data from Table 1, lines 2 and 12. oe 
From this figure it is seen that if stokers are to be used and 39 


deg. is considered the maximum allowable air temperature * 7) 


maximum rating, plates 8 ft. 6 in. long are required. If pulv 
ized fuel is to be used and 500-deg. air is desired, plates 18 & I 
long are required. Air at a temperature higher than 500 d# 
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FUELS AND STEAM POWER 


TABLE 1 ECONOMIC SET-UP FOR PLATE-TYPE PREHEATER 
(154 elements, 1 in. gas space, */« in. air space, plates 4 ft. 6 in. wide with varying length) 


180,000 Ib. evaporation: 
4 Temperature of gas out, deg. 610 473 434 
300,000 Ib. evaporation: 
180,000 Ib. evaporation: 
15 Lb. coal as fired per hour....... 18,250 17,420 17,200 
17. Value of fuel saved per year by heater, dollars ......... 0 5,400 6,7 
18 Capitalized value of fuel saved per year, 0 41,550 51,650 
Fans at 180,000 lb. evaporation: 
19 Induced draft: 
20 Draft loss through heater, inches of water 0.00 0.30 0.32 
21 Draft loss through boiler, inches of water . 1.30 1.30 1.30 
22 Draft loss through ducts, etc., inches of 0.20 0.20 0.20 
23 Draft loss, total, inches of water. 1.50 1.80 1.82 
24 Draft from stack, 1.39 1.17 1.11 
30 Shaft hp., total above boiler alone......... 0.00 15.4 16.8 
31 Fuel cost per year to operate fans, above boiler alone . “ hoses 0 166 181 
32 Capitalized value of fuel to operate fans, dollars... 0 1,278 1,392 
Fans at 300,000 Ib. evaporation: 
33 Induced draft: 
34 Draft loss through heater, inches of water... 0.00 1.27 1.34 
35 Draft loss through boiler, inches of water... .. 3.10 3.10 3.10 
36 Draft loss through ducts, etc., inches of water . — 0.60 0.60 0.60 
37 Draft loss, total, inches of water.......... pie. shee 3.70 4.97 5.04 
39 Draft from fan, inches of water .. 3.58 3.72 
40 Cu. ft. per min. (C.F.M.)...... 227,000 200,500 191,200 
41 Shaft hp., induced draft... .. 137 206 204 
42 Shaft hp., forced draft..... ; 0 24 25 
44 Shaft hp., above boiler alone............. 0 93 92 
45 Value of plant capacity used by fans on peak, “dollars 0 6,510 6,440 
RECAPITULATION: 
46 Capitalized value of fuel saved per year, dollars......... 0 41,550 51,650 
47 Cost of heater delivered and erected, dollars............ 0 10,000 15,000 
45 Capitalized saving compensated for investment, dollars... esieee 0 31,550 36,650 
49 Capitalized value of fuel te operate fans, i NNR 0 1,278 1,392 
50 Capitalized saving compensated for investment and power cost, dollars. 0 30,272 35,258 
ol Value of plant capacity used by fans on peak, dollars. én 0 6,510 6,440 
2 Capitalized saving compensated for investment, power cost, and plant capacity, dollars. 0 23,762 28,818 


is not economical for the conditions of this problem, as shown 
by Figs. 13 and 14. 

In calculating savings, credit has been given only for regener- 
ated heat, and nothing has been allowed for reduced combustible 
in the refuse or decreased excess air. While the author concedes 
the probability that preheated air tends to reduce these losses, 
additional comparative tests will be necessary to establish the 
amount of improvement corresponding to a given degree of 
preheat with stokers and pulverized fuel. 


Errecr or Fuet Cost anp Use Factor upon Size or HEATER 


It is interesting to note the effect of fuel cost and use factor 
upon optimum heater size. Fig. 7 shows that if the flow area of 
the heater is properly suited to the air and gas quantities to be 
handled, fuel saving compensated for investment cost only will 
indicate the same surface for optimum conditions as results from 
further compensation for fan power and plant capacity. There- 
-_ net saving as compensated for cost only may be used in this 
study, 

In Fig. 16 curve P is net saving for various surfaces and $6 
coal. Maximum net saving occurs at 35,000 sq. ft. Similar 
curves are shown for coal costs from $2 to $5. Curve Q is the 
locus of maximum net savings for the several P-curves. The 
flatness of the P-curves near the maximum points indicates that 
the surface may be varied over a considerable range without 
materially affecting the net saving. For example, if design is 
based upon $3 coal, a 28,000-sq. ft. heater is indicated. If coal 


cost subsequently rises to $6, a 35,000-sq. ft. heater is justified, 
but the 28,000-sq. ft. heater will yield a net saving within 1'/; per 
cent of that resulting from 35,000 sq. ft. 

Fig. 17 shows a similar study for various use factors. Curve 
R shows the net saving for various surfaces and 8000 hr. use at 
180,000 lb. per hr. evaporation. Similar curves are given for 
2000, 4000, and 6000 hr. use. Curve § is the locus of the maxima 
of the R-curves. If surface is selected for 6000 hr. use, a 25,000- 
sq. ft. heater is indicated. If the actual use were 4000 hr. an 
18,000-sq. ft. heater would be indicated, but the 25,000-sq. ft. 
heater would effect a net saving only 5 per cent less than the 
25,000-sq. ft. 

Thus, while a definite amount of surface is indicated as the 
most economical, there is a considerable margin over which the 
surface may be varied without materially affecting the net saving. 


OPERATING CHARACTERISTICS OF PLATE HEATER 


Let it be assumed that the maximum air temperature permis- 
sible with the fuel-burning equipment to be used is 475 deg. 
fahr. 

From Fig. 15 for a 154-element heater, it is observed that 16-ft. 
plates will give this temperature. From Table 1 it is seen that 
the 16-ft. plate corresponds to 20,000 sq. ft. of surface. This is 
the proper size of plate heater to use. 

Fig. 18 shows for various rates of evaporation, the gas and air 
temperatures, efficiency with and without preheater, and corre- 
sponding fuel saving due to the use of preheated air. 
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3 In the economic studies, forecast values for fuel cost, use 
factor, and efficiency without preheated air should be approxi- 
mated. These are the factors which determine the amount of 
fuel used per year without preheat, and upon which fuel savings 
with preheat are to be based. However, a variation in these 
factors of considerable magnitude will not materially affect the 
optimum surface corresponding to maximum net saving. 

4 The foregoing general conclusions apply to plate, tubular, 
or regenerative preheaters. 


SUMMARY OF CONCLUSIONS 


1 The maximum extent of surface which should be used for a 
given set of conditions may be limited by either of two factors: 
a Maximum allowable air temperature 
b Economic limit beyond which additional surface results 
in decreased net saving. 


| 


> 


Length of Plate, Ft 


20 30 400 500 « 
Maximum Temperature of Air Leaving Preheater, Deg. Fahr 


Fie. 15 Lenetu or PLrate ReQuirReD To Give DestrED MAXIMUM 
Arr TEMPERATURE 
(154 elements, 4 ft. 6 in. wide, */, in. air space, 1 in. gas space.) 


60 
locus of Optimum Surface for @ 
Yarious Fve/ Costs 


> 
2 


hovsands of Dollars 


000 Lb Evaporated per Hour 


Saving, 


Fic. 18 OpreratinG CHARACTERISTICS OF 20,000-Sq. Fr. 


ProposED METHOD FOR SELECTION OF A PREHEATER 


A general method which the author proposes for the guidance of 
prospective purchasers of preheaters is as follows: 

1 Determine the maximum permissible air temperature for 
the fuel-burning equipment to be used. 

2 Submit to the manufacturers of the types of preheaters to 


Surface, 1000 Sq Ft 


Fic. 16 Errect or Cost upon Optimum SuRFACE 


100 T T T be considered the following data: 
locus of Optimum Surtace 
ra for — Use factors" a Maximum allowable air temperature 
| vor cast b Relation between rate of evaporation and 
| 8000 hr t 
cot | | mperature 
2 Fuel analysis and excess-air data, or weight of gas and 
6000 hr | air for various ratings 
2 4 | | 3 Request from the bidder proposals for a heater which wil 
A a | Lana give the specified maximum air temperature at maximum rating, 
5 20 7 at a or as near that temperature as the nearest standard size will 
w 
_— permit. Also two or three alternative proposals for less heating 
0 0 surface. Each proposal to contain the following essential 
Surface. 1000Sa Ft information: 
Fic. 17. Errect or Use Factor upon Optimum SuRFACE a Price, delivered and erected 


b Final gas and air temperatures at various ratings 

c Draft loss in air and gas passages at various rating 

d Drawings showing physical dimensions and location and 
size of gas and air connections. 


2 There is a definite relation between the quantity of air and 
gases to be handled and the flow area in the heater. This relation 
determines the gross cross-sectional dimensions of the heater 
passages. The length of the passages should then be propor- 
tioned so as to provide the extent of surface dictated by maxi- 4 Make an economic set-up similar to Table 1, and plot 4s” 
mum allowable temperature or economic limit of surface. Figs. 7 and 14. The results of this study will indicate the 
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FUELS AND STEAM POWER 


TABLE 2 ECONOMIC SET-UP FOR PLATE-TYPE PREHEATER 


(1 in, gas space, */, in. air space, plates 4 ft. 6 in. X 12 ft., varying number of elements) 


180,000 Ib. evaporation: 
300,000 Ib. evaporation: 
180,000 lb. evaporation: 
Fans at 180,000 Ib. evaporation: 
119 Induced draft: 
131 Fuel cost per year to operate fans, above boiler alone, dollars. ...............0.060 000000000 0s 0 313 181 136 114 
Fans at 300,000 Ib. evaporation: 
133 Induced draft: 
142 Shaft hp., forced draft ...............- 0 49 25 13 8 
145 Value of plant capacity used by fans on ‘peak, 14,910 6,440 3,510 2,030 
RECAPITULATION: 
148 Capitalized saving compensated for investment, 0 40,750 36,650 34,650 30,400 
150 Capitalized saving compensated for investment and power cost, ’ dollars igededuatbetbatede soos 0 38,340 35,258 33,605 29,522 
151 Value of plant capacity used by fans on peak, dollars..................sseeeecsccssccececcees 0 14,910 6,440 3,570 2,030 
152 Capitalized saving compensated for investment, power cost, and plant capacity, dollars.......... 0 23,430 28,818 30,035 27. 492 


relative merits of the several types considered, and in case the 
optimum surface is less than that corresponding to specified 
maximum temperature, this fact will be indicated by a maxi- 
mum value of the individual curves. The set-up which effects 
the greatest net saving is the choice. 

5 Space requirements, maintenance, ease of cleaning and re- 


180,000 « 1040 * 100 
12,660 81.04 
B.t.u. added per lb. steam = total heat of superheated steam minus 


heat of liquid at feedwater temperature. 
Item 16. Cost of fuel per year 


= 18,250 


Item 15 X assumed duration at average load X cost of fuel per ton 


pair, etc. should be considered and evaluated where possible. 2000 
V—EXPLANATION OF ITEMS IN TABLES 1 AND 2 oo X X 900 


(Items in Table 1 are numbered 1 to 52; similar items in Table 2 are 
numerically 100 larger, i.e., 101 to 152.) 


Items 3 to 12, Inclusive. Obtained from manufacturers. Based 
upon ratio: 


Weight of air through heater m 
Weight of gas through heater 


0.66 


Item 18. Wet-flue-gas loss = 
Lb. wet flue gas per Ib. coal X sp. ht. X (Item 4— Item 5) X 100 


Calorific value per lb. coal 


The specific heat of wet flue gas may be taken as 0.25 in the range 
of air-preheater studies. Coal as fired or dry may be used. 
Item 14. Relative efficiency 

= 100 — (Item 13 + other losses) 

Other losses in this case are assumed to total 3.5 per cent. This 
i8 an unusu: illy low value, but, as shown in the text, it is not the ac- 
tual but the relative values of efficiency that are important. Item 13 
Provides the proper differences. 

Item 15. Pounds coal as fired per hour 


~ Lb. water evap. per hr. X B.t.u. added per Ib. steam X 100 
Calorific value per Ib. coal X Item 14 


2000 


Item 17. Difference in Item 16 without and with preheaters. 
Item 18. Item 17 capitalized at 13 per cent = Item 17 + 0.13. 
Item 24. Draft from stack. Effective height of stack above heater 
assumed at 200 ft. 
Efficiency of stack = 80 per cent 
Height 


5.2 


Available draft = X (density of air at 70 deg. 


— density of gases at stack temperature) X 0.80 
Item 25. Draft from fan = Item 23 — Item 24. 
Lb. wet flue gases per hr. to fan 


60 X specific density of wet flue gas 


Item 26. Cu. ft. per min. = 
230,000 
60 X 0.0387 
Item 27. Shaft hp., induced-draft fan, 
0.000158 X Item 26 X Item 25 - 0.000158 xX 99,200 X 0.11 
a static efficiency of fan 0.55 
= 3.1 hp. 


= 99,200 
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(See note under Item 28.) 
Item 28. Shaft hp., forced-draft fan, 


a 0.000158 X c.f.m. through fan X Item 7 
static efficiency of fan 


0.000158 X 31,700 X 3.6 
0.62 


Note. This item does not show the actual horsepower on the 
foreced-draft fan, but the additional power required to overcome the 
resistance of the air preheater. If the resistance of stoker fuel bed 
(if used), ducts, ete., were added to Item 7, then each entry for Item 
28 would be increased by the same amount, the differentials being 
unaffected. In order to minimize labor, the short cut used here is 
recommended. 

In the case of the induced-draft fan, the foregoing method cannot 
be used. The reduction of flue-gas temperature by the air heater re- 
duces the volume of gas to be handled by the fan, and the power re- 
quired is reduced proportionately. Less power is therefore required 
to overcome the draft loss of the boiler, even though that draft loss is 
unaffected. Thus, if natural draft is not relied upon, cases occur in 
which the saving in power due to this cause exceeds the additional 
power required to overcome the draft loss of the heater; and in that 
case the fan power with heater would actually be less than required 
without the heater. 

However, when the natural draft is used, either with or without a 
fan, the stack will produce less draft with a heater than would be 


= 2.9 


produced without a heater, because of the reduced gas temperature. ° 


Both of the foregoing effects must be accounted for; consequently 
the boiler draft loss is entered as Item 21, and Items 27 and 41 are 
actual fan shaft hp. required. 

By this method an entirely different set of values are obtained for 
Items 27 and 29, than would result from power required to overcome 
the draft loss of the heater alone as was done in the case of the forced 
draft fan. 

Item 31. Fuel cost per year to operate fans, above boiler alone 
= Item 29 X assumed duration at average load X operating cost 

per kw-hr. (a) from main unit 

= 15.4 X 5400 X 0.002 = $166 + 

(a) For motor-driven auxiliaries, 1 hp-hr. at the auxiliary shaft 
requires approximately 1 kw-hr. from the main unit, including the 
incidental losses in the driving motor, service wiring, and transformers. 

The fuel cost per kw-hr. is $0.0016, based upon coal at $2.35 per 
net ton, delivered to preparation plant. Additional maintenance, 
etc. indicate $0.002 per kw-hr. as the cost of fuel and operating items. 

Fixed charges are not included here, as they are a function of the 
power required at maximum rating. 

Item 32. Capitalized value of fuel to operate fans = Item 31 capi- 

talized at 13 per cent. 

Items 34 to 44, inclusive, are the same as Items 20 to 30, inclusive, 
except that they are based upon maximum operating rate instead 
of normal. 

Item 45. Value of plant capacity used on peak = Item 44 X $70. 
See third paragraph under heading, Outline of the General Eco- 
nomic Problem. Section 3. 

Item 46 = Item 18 brought forward. 

Item 47. Cost of heater. For estimating purposes the cost of plate 
heaters may be taken at $1 per sq. ft. delivered and erected. This 
unit cost is practically constant regardless of the size of the heater 
(Where union labor is involved, the unit cost may be somewhat 


higher than $1 per sq. ft.) 
Item 48 = Item 46 — Item 47. 
Item 49 = Item 32 brought forward. 
Item 50 = Item 40 — Item 49. 
Item 51 = Item 45 brought forward. 
Item 2 = Item 50 — Item 51. 


Discussion 


W. J. WoxntenserG.* This paper brings out in an admirable 
way a method of dealing with engineering problems in which 
the influence of variation of conditions on the energy balance 
and distribution may be combined with the resulting effect on 
the economics of the situation. 

It may be of interest to note how such problems have been 
dealt with in some of the more advanced courses in power at 

3 Associate Professor of Mechanical Engineering, Sheffield Scientific 
School, Yale University, New Haven, Conn. Mem. A.S.M.E. 


Yale. The method of attack has been similar to the above, 
but in most cases it has been applied to a determination of the 
most economical extent of economizer rather than air-preheater 
surface. 

In general it may be stated that there is a set of proportions 
which will prove most economical in any engineering structure. 
The discovery of this particular set of proportions is predicated 
first on the ascertainment of the economic unit. 

In this case, whether rightly or wrongly, it has been assured 
that the steam-generating plant may be taken as an economic 
unit. This implies that variations in proportions of the steam- 
generating plant will not appreciably alter the cost of operation 
in the system outside of this part of the plant. 

The economic factor is that expression which in general terms 
expresses in some way the cost of operation of the economic 
unit. It includes terms whose magnitudes are fixed when the 
physical proportions and load conditions are fixed and whose 
values change when any one of these conditions is altered. 

For a steam-generating unit an economic factor may be 
expressed as follows: ' 


or 


in which 
R_ = cost of burning fuel, dollars per ton, as fired 


@, = net heat supplied for power or other purposes by the 
steam-generating equipment, B.t.u. per hr. 


N- = hours per year of operation at each load 
V = calorific value of the fuel, B.t.u. per lb. 
E, = efficiency of total heating surface, furnace and grate 
E, = net efficiency of steam-generating plant at each load 


q = fuel chargeable to auxiliaries, lb. per hr. 

B =coal chargeable per year to standby, starting up, 
shutting down, dusting tubes, blowing down the boilers, 
etc., lb. 

Z = cost of labor per year 

X., Xa, X- = erected cost respectively of steam-generating 

equipment, boiler-room auxiliaries, and other 
structures involved 

= fixed charges plus maintenance respectively 

on steam-generating equipment, boiler-room 
auxiliaries, and other structures involved. 


Zs, La, Le 


The most economical set of proportions is obviously that which 
yields the lowest value for the factor J. Some of the above 
factors such as labor and fixed charges on building may not be 
affected by the variations considered and would therefore no 
need to apply. 

It may be more convenient in certain instances to state the 
economic factor in terms of the influence exercised by a variation 
of one of the proportions or dimensions. Thus 
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in which 


Q. = heat saving effected by additional heat-absorbing } 


surface, B.t.u. per hr. 
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Ep = efficiency of given boiler and grate. It is to be 
noted that EZ, does not include the additional 
surface. 

X’.2’. = additional fixed charges plus maintenance on 


draft-producing equipment due to additional 
surface 


133 


Ib. of steam per hr. The gas temperature leaving the boiler 
under these conditions is 600 deg. fahr. with 35 per cent excess 
air when burning an eastern bituminous coal having a calorific 
value of 14,000 B.t.u. 

It should perhaps be noted that the assumed rate of driving 
the boiler itself will have a bearing on the best ultimate pro- 


X’.2’. = additional fixed charges plus maintenance on portions. Such conditions must in general, be determined from 
surrounding structure because of additional surface __ practical operating desiderata. 
xX. = complete cost of additional surface in place Finally, it may be said that the limitations imposed by available 
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(Fig. 19, Economizer A; Fig. 20, Economizer B, Gas Velocity Twice noe for 3 aed A; Fig. 21, Economizer C, Gas Velocity Three Times That for 
tconomizer A. 


Ie = fixed charges and maintenance on additional 
surface in place 

I’ = saving in dollars per year by operation of addi- 
tional surface. 


In this case the most economical proportions are obviously those 
yielding a maximum J’. The item of labor has been considered 
to be a constant as the above factor is set up for 7’. The curves 
plotted between such factors as J and J’ and some dimension of 
the unit under consideration are known as economic characteris- 
tics, and show at a glance what is involved economically when 
the proportions of the unit are altered. 

In proportioning steam generators the gas velocity will, as the 
author has shown, have an important bearing on the most econom- 
ical set of proportions. As another example of this let us inspect 
the curves in Figs. 19 to 21. These show the results for a set of 
economizers and were worked out for cost conditions as they 
existed in 1922. They are thus not applicable today as far as 
actual costs are concerned, but do illustrate the influence of gas 
velocity on best proportions. 

In Fig. 20 the gas velocity is twice that shown in Fig. 19, 
and in Fig. 21 is four times that shown in Fig. 19. It is to be 
noted that at 100 per cent capacity factor the net saving in 
dollars per year is, for 5000 sq. ft. of economizer surface, something 
over $8000 in Fig. 21, as against $5000 in Fig. 20 and $4000 in 
Fig. 19. Also, as the gas velocity is increased the economic 
limit occurs at a much greater surface. This is particularly 
noticeable for the smaller use factor of 50 per cent. 


The boiler proper, in this case, had 10,000 sq. ft. of surface, 


operated at 250 Ib. pressure, 600 deg. fahr. total steam temperature, 
and 200 deg. fahr. feedwater temperature, and delivered 82,000 


16 = 
14 
2 
vam 
Sig 
> 
V4 ay 
TY 
75 PERC | 
z 
2 2 
CLR C, 
= 
> 
3 
2 
4 
6 
0 


5 10 15 
Air-Preheater Surface Installed, Thousands of Sa, Ft 


Fig. 22 Economica, Ark-PREHEATER SuRFACE AT VARYING Ca- 
pacity Factors 


4 
4 
rs, 
ng 
om 
‘ 
ich 
ove 
be 
not 
the 
tion 
‘ a 
: 


134 


equipment for furnishing draft still play an important part in 
the economic proportioning of steam generators. For instance, 
in arrangement C (Fig. 21) the draft losses become very large 
and hence from this point of view it is impossible to take full 
advantage of the opportunities otherwise offered. 

Fig. 22 shows the results of a similar study in which the econo- 
mizer is replaced by an air preheater of the plate type. It has 
been assumed that the surface costs one dollar per square foot 
and that the coal is burned in the pulverized form with 20 per 
cent of excess air. The gas and air velocities have been taken 
at 1000 ft. per min. Otherwise the steam-boiler conditions 
are exactly as outlined for the economizers in Figs. 19, 20, and 
21. 

STATEMENT OF A PROBLEM AND SOLUTION 


The following problem and its solution are included to illus- 
trate the method used in determining the economic characteris- 
tics of economizer surface. The method is equally applicable 
to the problem of the air preheater. 

Steam Conditions. Pressure, 300 lb. per sq. in. abs.; total 
temperature, 650 deg. fahr.; feedwater temperature, 210 deg. 
fahr. The load curve of Fig. 23 shows the expected demand 


for steam. 
Fuel. The fuel is a Pennsylvania run-of-mine bituminous 
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coal with the following composition by weight: C = 0.76; 


H = 0.0526; O = 0.0881; N = 0.0146; S = 0.0139; ash = 
0.0508; free moisture = 0.0200. The heating value is 13,750 
B.t.u. per lb. as received. It is burned with 40 per cent excess 
air and with a radiation and unaccounted-for loss of 2.5 per cent. 

The coal is pulverized. For grinding and feeding, 20 kw. 
per ton will be needed, and for the drier exhauster, 2 kw. per 
ton. Fifteen per cent of the total air required for combustion 
passes through the burners with a draft loss of 15 in. of water. 
The remaining air passes into the furnace with a draft loss of 
0.5 in. of water. 

TABLE 3 BOILER DATA 
Escaping-gas temperatures, deg. fahr. 


Steam 20% excess 30% excess 40% excess Draft loss, 
per hr., Ib. air air air in. water 
50,000 455 460 465 0.05 
100,000 505 520 540 0.20 
150,000 590 610 640 0.60 


Steam-Generating Units. The boilers have a heating surface 
of 15,000 sq. ft. each and are 12 sections wide. 


gas temperatures and draft losses are given in Table 3. 
The economizers are to be made of sections 
If the tubes 


Economizers. 
containing twenty-one 3'/,-in. tubes per section. 


The escaping- 
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are 14 ft. long, the heating surface per section will be 250 sq. ft., 
which amounts to 3000 sq. ft. for one section deep across the 
width of the boiler. 

From test data the following relation is determined for the 
draft loss h of economizer in inches of water: 


\* 
= 0.02 | —— —— XN........... 
h ( x (1] 


in which 

G’ = Ib. of gases per hr. per section wide of economizer 

T = mean absolute temperature of gases in economizer, deg. 

fahr. 

N = number of sections in depth of economizer. 

Fans. For the forced- and induced-draft fans a static effi- 
ciency of 60 per cent is assumed. The power to drive fans may 
be computed from the relation: 


5.2h V 
Horsepower at fan shaft = ————-......... 2 
E; 33,000 
in which 

h = static head against which the fan must work, in. of water 

V = capacity of fans, cu. ft. per min. 

E; = static efficiency of the fan. 

Boiler-Feed Pumps. It is assumed that there is a frictional 
head of 25 lb. against which the boiler-feed pumps must work in 
addition to the difference in pressure head between open heater 
and entrance to economizers or boilers, and that the efficiency 


of the pumps is 55 per cent. Centrifugal pumps are assumed. 
The power to drive feed pumps may be computed from the 
relation: 
HW 


Horsepower at pump shaft = E, 33,000 


in which 

H total head against which the pump works, ft. 

W = water handled by pump, lb. per min. 

E, efficiency of the pump. 

Driving Units for Auciliaries. For steam-driven units 4 
supply of dry and saturated steam at 300 Ib. and a steam 
consumption of 35 lb. per hp-hr. are assumed. An efficiency 
of 80 per cent is assumed for electric-driven units. Both dc. 
and a.c. units are considered, and the one which, by virtue of its 
characteristics, 1s best adapted, is selected. 

Stacks. All stacks for the plant under consideration are to be 
250 ft. high. This requirement is to be set by law in case con- 
sidered. The following data apply to the stacks: 


Maximum outside temperature, 100 deg. fahr. 

Maximum inside diameter of stack, 20 ft. 

Maximum velocity of gases in stack, 2500 ft. per min. 

Draft loss due to friction in stack, 15 per cent of available 
head 

Draft loss in flues and breeching; 15 per cent of available 
head. 


Divisions of Load. An inspection of the load curve shows: 


1 That there is a continuous demand for steam at the rate 


of 300,000 Ib. per hr. 
2 That an additional 200,000 lb. is required approximately 


12 hr. per day 
3 That the maximum peak is 800,000 Ib. per hr. 
There may be seasonable and storm-peak variations for some 
cases which will not be considered. 
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Adaptation of Units. For the first section of the load, boilers 
and economizers should obviously be used. For the second 
section probably only boilers, but operated at such a rate as to 
obtain high efficiencies will be needed. For the third or peak 
load (because of its short duration), boilers should be driven 
at high rates. 

To determine the heat-absorbing surfaces and auxiliary equip- 
ment required for the continuous load, it is assumed that a heat 
balance will exist even if all auxiliaries are steam driven. Under 
these conditions only the heat equivalent of the work dene 
by steam drives will be chargeable to auxiliaries. It is further 
assumed that the boilers will be operated at a rate of 75,000 Ib. 
of steam per hr. 


EconoMICAL EXTENT OF ECONOMIZER SURFACE 


Method of Solution. An accurate solution of this problem is 
greatly simplified by first evaluating two important characteristic 
curves: A, the relation between escaping-gas temperature and 
flue-gas weight per pound steam; and B, the relation between 
escaping-gas temperature and combined efficiency—both for a 
given heat absorption or steam load. 

These characteristics may obviously be determined inde- 
pendently of the particular boiler equipment involved if the 
combustion and steaming conditions are known. The heat- 
balance method is used in evaluating both curves, whence for a 
given steam load a single series (one heat balance for each 
escaping-gas temperature) of heat-balance values based on the 
combustion conditions yields sufficient data to plot both curves. 
An outline of the procedure and a solution of the problem based 
on the above data are given in the following 23 steps: 

1 Temperature Limits. The lowest possible escaping-gas 
temperature with 210 deg. feedwater is above 210 deg. fahr. 
A temperature much above 600 deg. fahr. will certainly not be 
economical under any ordinary conditions. Points on the curve 
may be evaluated between those limits. Three points are suffi- 
cient. The heat-balance values may thus be taken at 200, 400, 
and 600 deg. fahr. 

2 At each temperature there is determined 

(2) The principal heat losses 
(b) The combined efficiency, Z, of heat absorption 
(c) The total gas weight per lb. of steam generated. 

(2) The principal heat losses are computed by means of 
well-known formulas and the data previously given, and the 
results are found in Table 4. 

(b) The combined efficiency E of heat absorption is computed 
from the results of (a) and is also tabulated in Table 4. 


TABLE 4 HEAT BALANCE AT VARIOUS GAS TEMPERATURES 
Exit-gas temperatures, deg. fahr......... 200 400 600 
Principal heat losses, B.t.u. perlb. Mois- 

Moisture formed in burning H 522 565 608 
Dry chimney gases......... ai 498 1265 2030 
Radiation and unaccounted for... .. 343.5 343.5 343.5 
Lotal losses, B.t.u. per Ib....... 1385.8 2197.6 3007 .4 
Calorific value of fuel, B.t.u. per Ib. 13,750 13,750 13,750 
teat absorbed by water, B.t.u. per Ib.... 12,364.2  11,542.4 10,742.6 
Combined efficiency, E, of heat absorp- 


(c) From the ultimate analysis of the coal, the air required 
forthe complete combustion of one pound of coal is 10.29 lb.; 


TABLE 5 POUNDS OF GAS PER POUND OF STEAM 


Exit-gas temperatures, deg. fahr...... 200 400 600 
eat to form steam at 300 Ib., 650 deg. 
be, from 210-deg. feedwater, 

ciency of heat absorption E, per 

Cant 89.9 84.0 78.2 
alorific value of fuel, B.t.u. per lb... 13,750 13,750 13,750 
= absorbed per pound of coal, 

Po. 12,364 .2 11,542.4 10,742.6 

— of steam per pound of coal... 10.6 9.92 9.24 
unds of gas per pound of steam... . 1.45 1.55 1. 67 
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with 40 per cent excess air this becomes 14.39; so that the total 
weight of gases per pound of coal burned is 14.39 + (1 — 0.05) or 
15.34 lb. The pounds of gas per pound of steam are now com- 
puted as in Table 5. 

3 Temperature-Weight Characteristics. 
Table 5, Fig. 24 is constructed. 

4 Temperature-Efficiency Characteristics. 
of Table 5, Fig. 25 is constructed. 

5 Combined Efficiency of Boiler and Economizer. Assuming 
escaping-gas temperatures (exit of economizer) of 220, 300, and 


From the data of 


From the data 
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Fig. 25 TeMPpERATURE-EFFICIENCY CHARACTERISTICS 


400 deg. fahr., the combined efficiencies of boiler and econo- 
mizer E, are found from Fig. 25 to be as follows: at 220 deg., 
89.3 per cent; at 300 deg., 87 per cent; and at 400 deg., 84.1 
per cent. 

6 Combined Efficiency of Boiler Only. From manufacturers’ 
data such as is included in Table 3, an escaping-gas temperature 
of 500 deg. is determined when the unit supplies the given steam 
load without any economizer surface added to it. Then, by 
reference to Fig. 25, the boiler efficiency EZ» is found to be 81 
per cent. 

7 Fuel Saved by Addition of Economizer Surface. For the 
given steam generation, the pounds of fuel L. saved per hour 
by installation of economizer surface is— 
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in which 
Q = total heat absorption by water and steam, B.t.u. per hr. 
U = calorific value of fuel as fired 
E, and E, = efficiencies of boiler and economizer, respec- 
tively. 


This yields the following savings: 
720 lb. per hr. at 220 deg. fahr. 


530 lb. per hr. at 300 deg. fahr. 
280 lb. per hr. at 400 deg. fahr. 


8 Temperature of Escaping Gas When Economizer Is Attached. 
For the given steam generation with the economizer attached, 
the gas weight is lower than it would be should the boiler alone 
generate the steam from the same initial feedwater temperature. 
To find the temperature of gases escaping from the boiler for 
a given steam load when economizer is attached, it is therefore 
necessary to relate the total gas weight, pounds per hour, 
to the temperature of the gases escaping from the boiler. These 
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conditions thus involve the boiler performance, and hence evalua- 
tion of the curve now includes Table 3 in addition to the steam- 
ing and combustion conditions. The procedure is exactly one of 
finding the relation of the general curve Fig. 24 to the particular 
boiler under consideration. Thus at 50,000 lb. steam per hr. 
this boiler discharges the gases at 460 deg. fahr. The corre- 
sponding g is found from the curve for this escaping-gas tem- 
perature. The total gas weight, lb. per hr., for these conditions 


is thus 
Gi = m X 50,000 


For 100,000 Ib. steam at 520 deg. fahr. 
G, = 92 X 100,000 


gz now being taken from Fig. 24 for a temperature of 520 deg. 
fahr. Similarly, 
Gs; = gs x 150,000 


in which g; is taken for 610 deg. fahr. These values of G may 
now be plotted against the temperature of the gas escaping from 
the boiler as illustrated by Fig. 26. 

The curve may be used to determine the temperature of the 
gas escaping from the boiler when the economizer isin place. The 
flue-gas weight to be used for this determination is then found 
and temperature 7'., of the gases escaping from the boiler is ob- 
tained from Fig. 26. For the case under consideration these 
temperatures are: 

490 deg. fahr. for a temperature at economizer exit of 220 deg. 

fahr. 
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495 deg. fahr. for a temperature at economizer exit of 300 deg. 
fahr. 

500 deg. fahr. for a temperature at economizer exit of 400 deg. 
fahr. 


9 Feedwater Temperature Rise A@ in Economizer. Let T, = 
flue-gas temperature escaping from economizer; then 7T'., — 7, 
= At = gas temperature drop in economizer. A@ may then be 
found from the relation A@ = g X C, X At, in which C, = mean 
specific heat of flue gases. Any loss of heat from economizer 
walls would, of course, decrease A@ proportionately. This 
loss may usually be neglected. The values for the problem 
under consideration are found in Table 6. 


TABLE 6 FEEDWATER-TEMPERATURE RISE IN ECONOMIZER 


Ted Te At g Cp 6 Dm 
490 220 270 1.45 0.24 94.2 44.8 
495 300 195 1.49 0.24 69.8 152 
500 400 100 1.55 0.24 36.9 221 


10 Mean Temperature Difference, Dm. The mean tem- 
perature difference between flue gas and economizer surface for 
countercurrent flow is now computed. The values are recorded 
in Table 6. 

11 Area of Gas Flow per Section. This is 9 sq. ft. 

12 Gas Velocity. It is necessary to determine either the 
gas-velocity conditions from given mechanical arrangements 
or to provide arrangements to maintain a given assumed velocity 
condition. The former is the usual procedure. In this case 
the economizer is designed for velocities between 1000 and 2000 
ft. per min., the latter value being assumed in the solution under 
consideration. The exact mean velocity must be found after 
the exact arrangement has been determined upon. 

13 Coefficient of Heat Transfer. From curves plotted in 
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Fig. 27 by means of data in Table 7 the mean coefficients of heat 
transfer for conditions under items 10, 11, and 12 above are found. 


TABLE 7 
K K K 
D for 1000-ft. for 1500-ft. for 2000-ft. 
deg. fahr. velocity velocity velocity 

100 5.50 7.10 8.60 

5.70 7.37 8.93 
400 5.90 7.63 9.26 
800 6.10 7.90 9.60 


14 Economizer Surface. From the data now available the 
economizer surface and number of sections required on a basis 
of 250 sq. ft. per section are computed from the heat transfer 
formula SKDn = wC Ad, in which S is the surface in square 
feet, w the pounds of water heated, and C the specific heat of 
water. The results of the computation are shown in Table 8. 
The number of sections is designated by N in this table. 
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TABLE 8 ECONOMIZER-SURFACE CALCULATIONS 


Te Dm K 40 w c Ss N 

220 45 8.35 94.2 75,000 1 18,900 5 

300 69.8 5,000 1 3,920 15.65 
400 221 8.98 36.9 75,000 1 1,390 .57 
15 Draft Loss. The draft loss through the boiler alone with 


30 per cent excess air is found in Table 3. Correcting this for 
40 per cent excess air by the relation 


G.\* 
he. = hy | — 
»(£) 


values are computed for the conditions under consideration 
and may be found in Table 10. 

The draft loss in the economizer is now determined by means 
of Equation [1] and of Equation [2], in which, however, h 
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now represents the increase in draft loss imposed by the econo- 
mizer surface. Assume static efficiency Ey = 0.60. In the values 
for cases in which the stack furnishes sufficient draft, this item 
obviously drops out and hence makes unnecessary the computa- 
tion of items 10 and 12, and item 18 will be equal to item 7. 

; If in place of increased fan capacity the chimney is increased 
in height to overcome the extra draft loss in the economizer, 
the fixed charges plus maintenance on this additional structure 
must be charged against the fuel saving in computing item 15. 
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For the solution of Equation [1] it is necessary to know the 
width of the economizer in number of sections. This is found by 
dividing the total volume of gas flow per minute by the product 
of the gas velocity and the area of a single section. The results 
of the computation, using the characteristic equation for a per- 
fect gas, PV = MBT, to determine the volume, are given in 
Table 9. 


TABLE 9 ECONOMIZER WIDTH 


T M P V No. 

deg. fahr. Ib. per Ib. per cu, ft. A sect. 

abs. min. sq. ft. per min. sq.ft. wide 
680 53.34 1810 2118 31,000 15.5 2 
Inlet 760 53.34 1860 2118 35,700 17.9 2 
860 53.34 1935 2118 42,000 21.0 3 
950 53.34 1810 2118 43,300 21.6 3 
Outlet 955 53.34 1860 2118 44,700 22.4 3 
960 53.34 1935 2118 46,800 23.4 3 


The value of G’ can now be computed and a solution of Equa- 
tion [1] obtained. Data and results are in Table 10. 


TABLE 10 DRAFT LOSS IN ECONOMIZER AND DRAFT NECES.- 
SARY AT ECONOMIZER IN EXCESS OF CHIMNEY DRAFT 


Exit temperature, deg. fahr......... 220 300 400 
Mean temperature of gases, deg. fahr. 198 270 360 
Weight of gases per section wide, !b. 

Number of sections wide........... 3 3 < 
Draft in 100 ft. stack, in. water..... 0.206 0.316 0.432 
Losses in stack, in. water........... 0.154 0.214 0.324 


Loss in boiler, in. water............ .14 0.14 0.14 
Draft available at economizer, in. 
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Power required at fan shaft, hp..... 


16 Power for Draft. The heat equivalent in B.t.u. per hr. 
of increased power required to drive the induced-draft fan is 


See Table 11 for computed results. 

17 Fuel for Draft. The equivalent fuel in pounds per hour 
required for increased draft power* is computed from the 
formula 


For U and E. see item 7. See Table 11 for computed results. 
18 Net Fuel Saving. The net fuel saving because of econo- 
mizer surface L, is the difference of the fuel saving due to the 
economizer L, and the fuel required for draft Lv. L.— La = 
L,. See Table 11 for computed results. 
19 Yearly Fuel Saving. The net fuel saved by installation 
of economizer surface in pounds per year is 


in which J is the number of hours per year during which the 
plant is operated at given load conditions. See Table 11 for 
computed results. 

20 Cost of Fuel Saved. The money equivalent Y repre- 
sented by the saving in fuel per year is 


I 
——= 


Y = 
2000 


in which R is the cost per ton of burning the coal. R = $7.50 
per ton. See Table 11 for computed results. 

21 Charges. The fixed charges and maintenance on addi- 
tional economizer installation are as follows: 


4 For case considered, chimney 250 ft. high is required by law and 
hence not chargeable to economizers. Therefore draft equipment is 
only chargeable when it is necessary to install an induced-draft fan. 
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Economizer surface = $4.00 per sq. ft. installed 
Fan equipment assumed at $50.00 per hp. 
Fixed charges plus maintenance = 20 per cent of invest- 
ment. 
See Table 11 for computed results. 
TABLE 11 POWER AND FUEL FOR INCREASED DRAFT 


220 300 400 
Power for increased draft, hp... 102.1 29.9 5.2 
Heat equivalent of power, 

Fuel equivalent of power, La, 

21.27 6.39 2.84 
Net fuel saving, Ln, lb. per hr. 699 523 277 
Yearly fuel saving, J, Ib. per 

year: 

100 per cent load factor... .. 6,120,000 4,590,000 2,430,000 
75 per cent load factor... .. 4,530,000 3,442,500 3,322,500 
50 per cent load factor.... . 3,020,000 2,295,000 1,215,000 
25 per cent load factor.... . 1,510,000 1,147,000 1,107,500 

Cost of fuel saved, dollars per 
year: 

100 per cent load factor... .. 22,950 17,200 9,120 
75 per cent load factor... .. 17,214 12,900 6,840 
50 per cent load factor... .. 11,475 8,600 4,300 
25 per cent load factor.... . 5,738 4,300 2,280 

Fixed and maintenance 

charges, dollars per year... . 16,140 3,439 1,164 
Savings per year by instal- 

lation of economizer sur- 
face, dollars per year: 

100 per cent load factor... .. 6,810 13,760 7,965 
75 per cent load factor..... 1,074 9,460 5,676 
50 per cent load factor..... — 4,665 5,160 — 1,376 


25 per cent load factor 


Conclusions. From Fig. 29 it is seen that at a load factor of 
100 per cent, it is most economical to instal] 8000 sq. ft. of econo- 
mizer surface. ‘This is for a single steam-generating unit having 
a capacity of 75,000 lb. of steam per hr. Since the total steam 
demand is 300,000 lb. per hr., four 75,000-lb. units must be 
used, each with 8000 sq. ft. of economizer surface. 

In the curves of Fig. 29 the curve X-X determines the optimum 
economizer surface for different load factors. 


Howarp Burt.’ The author deserves great credit for his 


method of arriving at definite conclusions. He is so convinced 


that these methods are correct that he gives in detail calculations 


in Part V of his paper. This discussion is an endeavor to use 


the same data and methods in preparing curves on rotating 


continuous regenerative counterflow preheaters. 


With the rotating continuous regenerative counterflow pre- 
heater the recovery as well as the temperature of the air and 
gas can be changed by the following methods: Using standard- 
length, longer, or shorter heating elements, changing the pro- 
portions of the air and gas passages in a given heater, by passing 
air or gas or both, or changing the speed of the rotor. Investiga- 
tion has demonstrated that at maximum rating of the boiler 


the most efficient speed is 3 r.p.m. 


To obtain from 60 to 70 per cent recovery from the stack 
gases, the resistance should not exceed 1.25 in. The percentage 
of heat recovery drops off with the load, which is the opposite 
of the recuperative heater in which the heat recovery increases 


with the resistance. 


The author states that there is a definite relation between the 
quantity of air and gas to be handled and the flow area of the 
preheater. The relation determines the cross-sectional di- 
mensions of the heater passages. This is true of the regenera- 
tive preheater. There is only one size of preheater with proper 
height of heating elements that compensates for cost, fan power, 


and plant capacity reserved for fans for a given condition. 


With the above explanation, reference is now made to Fig. 
30. The author used one dollar a square foot delivered and 
erected as the price for plate preheaters, so if the costs of regenera- 


Sales Manager, Air Preheater Corporation, New York, N. Y. 


Mem. A.S.M.E. 
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tive preheaters, including delivery and erection but not including 
the cost of fans, are plotted as the abscissas, a comparison be- 
tween these two types of preheaters can be made. It was 
impossible to plot the abscissas as heating surface, for the same 
size of preheater was used at two different points on the curve 
with heating elements of different heights, and therefore the 
cost per square foot in each case would have been different. 

The light lines are the author’s curve, Fig. 7. The heavy 
lines are curves of regenerative air heaters using the author's 
data and method of calculation; the difference in the results 
being the difference in heat recovery, resistance, cost of equip- 
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ment, etc., as they were affected by the application of the re- 
generative preheater. 

It will be noted that the curves for the regenerative preheaters 
are plotted as straight lines. Points A and B are for the same 
size of preheaters with elements of different heights. Point C 
is for the two smaller preheaters with short elements. Point D 
is for two heaters smaller than those for point C, and is provided 
with a bypass. Point Z is for one heater only with bypass. 

There was no way of comparing the lengths of preheater ele- 
ments, as with the regenerative preheater the length of the 
elements are approximately 32 in., while the author uses plate 
heaters from 8 ft. 6 in. to 16 ft. long. 

Bypassing gas does not increase the overall efficiency of the 
preheater in the above case, but it does cut down the resistance. 
Should 180,000 Ib. of steam with 300,000 Ib. at peaks be sub- 
mitted, only information on preheaters as shown by points A 
and B would be calculated. The cross-sectional area of the other 
heaters shown on this curve is insufficient unless height of heating 
elements is lowered or a bypass is installed to reduce resistance. 
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Low recovery will pay for first cost only. The reason for using 
heaters of different sizes is to plot a curve against the author’s 
The curve for regenerative preheaters would flatten 
out after preheaters of larger size were used. 

Through an error no power cost was charged for driving the 


curve. 


rotor. One horsepower is required for starting torque; after 
the preheater has been operating, 0.5 hp. Tests have been 
conducted showing 0.2 hp. This omission will not affect the 
curve. 

In Fig. 31 the author’s curve of Fig. 14 is shown at the bot- 
tom, while the lines above it are for regenerative preheaters, 
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This curve is the relation between maximum air temperature 
and saving compensated for cost, fan power, and plant capacity 
reserved for fans. The saving is based on 180,000 lb. evapora- 
tion, but plant capacity reserved for fans is based on 3,000,000 
lb. evaporation. The method of calculating this curve for 
regenerative preheaters was that used by the author for Fig. 14. 

Part V of the author’s paper gives the ratio of air to gas as 0.66. 
From this it is evident that these curves were not plotted for 
stokers, for if this were the case, 100 per cent of the air for com- 
bustion would have to be considered as having passed through 
the preheater. With 0.66 as the ratio of air to gas some of this 
air will not be used through preheater but will be primary air, 
unless boiler settings are very leaky. For this reason if stokers 
were being considered a new set of curves would be necessary, 
changing the arrangement of air and gas passages and also 
changing the cross-sectional area of the preheaters. This would 
lower the air and stack temperatures, giving more recovery, 
and would change the curves. These curves are, as the author 
States, plotted on $2.35-coal. If higher-priced fuel were used, 
the curve for plate preheaters, of course, would reach a higher 
point, but the increased additional height for the regenerative 
preheater would be greatly increased and the differential be- 
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tween the highest point would be in greater proportion than as 
shown on this curve. 

The above statements do not affect the methods of determining 
the most economical preheater as outlined by the author, but they 
do emphasize that to compare two different types of preheater 
both must be based on the same amount of gas and air passing 
through the preheater. 

It will be noted that the plate-preheater curve flattens sooner 
than the curve for the regenerative preheater. Professor Trinks, 
in a paper delivered before the Iron and Steel Electrical Engi- 
neers, presented curves on recuperators of a given area based on 
temperature and length. These curves flattened out after 
the length reached a certain point. This is the same case for 
regenerative preheaters, but the curve flattens out at a much 
higher point—in fact, Fig. 31 in reality gives Professor Trinks’ 
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curve as it would actually appear if these curves were plotted 
with length of elements for the abscissas of the curve and tem- 
peratures of air as ordinates. Of course, the above statement 
is based on a given cross-sectional area through the preheater. 

Fig. 32 is for two regenerative preheaters of 91,400 sq. ft. of 
heating surface plotted against 20,000-sq. ft. plate-type pre- 
heaters and is for the same size of preheaters as referred to in 
Fig. 30. 

This curve shows a higher preheated-air temperature at an 
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evaporation of 300,000 lb., but is based on the same ratio of air 
to gas as the curve of Fig. 30 which is 0.66. The stack tem- 
perature is 775 deg. fahr. If stokers were used with 100 per 
cent of the air for combustion passing through the preheater, 
the temperature at this point would be 520 deg. fahr. There 
certainly is a 20-deg. drop between the preheater and the stoker 
windbox. Most underfeed-stoker manufacturers, the writer 
believes, would guarantee a temperature of 500 deg. If not, a 
bypass could be installed to lower these air temperatures to the 
desired point where lower heating elements could be used, as in 
the case of Fig. 30, point B. If 300,000 lb. evaporation were 
for long peaks, then the stack temperatures could be lowered by a 
higher boiler or by the installation of an integral economizer to 
reduce this stack temperature to 650 deg. All powdered-coal 
systems do not operate with this same air and gas ratio, some 
using 85 per cent and higher of air for combustion as secondary 
air. If the ratio of 0.66 were used, then it would be proper to 
increase this ratio by having more air pass through the pre- 
heater by either bleeding part of the air at 250 deg. for primary 
air or by bleeding preheated air and mixing this with cold air to 
obtain 250 deg. This would change the curves as given in this 
paper. Preheated-air temperatures within reasonable limits 
should have no effect on the furnace. Water walls can be 
designed to give any desired furnace temperature, and the same 
applies to well-designed air-cooled walls. Professor Trinks, 
in the paper previously referred to, stated that preheated air 
increased the furnace temperature from 1/1) to !/3; of the tempera- 
ture of preheated air minus the room temperature. This was 
for highly preheated air as is used in open-hearth practice. 
He stated that with low-temperature air one-half would possibly 
be the correct figure. There is no formula on this, and no way 
to obtain an accurate formula. The point the writer wishes 
to bring out is that the increase in the furnace temperature is 
not as great as that of the preheated air used. 

The author states that there is a definite amount of surface 
and arrangement thereof that will result in maximum net saving 
for a plate preheater. It is hoped that the additional curves 
shown have demonstrated that this is also the case with re- 
generative preheaters. 

Under the proposed method of selecting preheaters, the manu- 
facturer should know the percentage of air for combustion that 
will pass through the preheater, unless the pounds of air are given. 
A guaranteed price on the cost of a complete set of heating 
elements should be requested. This is essential, for we know 
that boiler tubes and economizer tubes have to be renewed and 
the time will come when heating elements will have to be re- 
newed. The cleaning and soot-blowing method should be 
investigated. 

With recuperative heaters soot and corrosion will reduce 
the heat transfer. With regenerative preheaters it is hard to 
detect a drop in air temperature or an increase in stack tem- 
perature by the deposit of soot or by corrosion, but soot and 
corrosion will increase the draft loss through them. 

In explanation of the leakage of air, refer to Fig. 3. The 
leakage would be 5 per cent for standard forced-draft and in- 
duced-draft conditions for this boiler. In the calculations 
for Figs. 30 and 31, 10 per cent has been used. The top chamber 
on the forced-draft side is under pressure while the induced- 
draft side is under suction. The rotor revolves, having en- 
trainment leakage. There is also a cross leakage of cold air into 
cold gases, which sweeps the entrained-gas leakage back into the 
cold-gas side of the preheater. This leakage does not affect 
the heat transfer but does affect fan horsepower. The rotor 
has a tendency to bend downward when under temperature, 
making cross leakage at bottom of heater negligible. At the 
bottom of the heater the entrainment leakage would be air 


instead of gas. If this entrainment leakage could be overcome, 
the increased efficiency of the preheater would be slight. This 
leakage is taken care of in the efficiency calculations of the pre- 
heater. The leakage of cold air into cold gases will lower the 
stack temperatures from 10 to 15 deg. less than is shown on 
the curves, as this was not taken into consideration when the 
curves were plotted. The B.t.u. returned to the furnace js 
the most important factor when considering a preheater. 

If a comparison is made of fans for forced and induced draft 
used with this preheater and the same fans used with the pre- 
heater for less recovery, it will show that the fan horsepower 
for a given boiler load will be as low or lower with this preheater 
due to the fact that the gas temperatures are lower. In con- 
sidering leakage from this preheater, only the fan horsepower 
should be considered. 

Test data in the National Electric Light Association reports 
show leakage on plate and tubular types of preheaters after they 
have been operating for a few months. In some cases this 
leakage affects the recovery in the heater. 

The writer agrees in part with the author in his statement 
that the size of the boiler is definitely fixed for a definite evayo- 
ration, stack temperature and definite CO. precentage. The 
Narragansett Electric Company purchased two boilers 20 tubes 
high for lower-recovery preheaters, and two boilers 18 tubes 
high for higher-recovery preheaters. The performance of the 
higher-recovery preheaters with the boiler 18 tubes high showed 
greater recovery than the lower-recovery preheater with the boiler 
20 tubes high. This does not affect the pounds of steam desired 
from these boilers, but the saving in the cheaper boiler with 
fewer tubes should certainly be credited to the preheater with 
the greater heat recovery. In this case the heat transfer through 
the last two tubes did not justify the extra investment for higher 
boiler when the recovery of the preheater was considered. In 
using blast-furnace gas, which is a fuel with a low flame tem- 
perature, it is considered good practice to operate the boilers 
at 175 per cent of rated capacity. With preheated air of high 
enough temperature, boilers have been operated at 275 per cent 
and 300 per cent of rating. Should not this increased evapora- 
tion be credited to preheaters? This same condition prevails 
when burning bagasse, hog refuse from sawmills, ete., or any 
fuel with a low flame temperature. When water walls are 
used with powdered coal, preheated air assists combustion and 
increases the efficiency of the boiler and furnace. If this is the 
case, this should be credited to the preheaters. Knowing that 
an installation will use preheated air on account of having water 
walls, some manufacturers will guarantee the overall efficiency 
without preheated air at a higher figure than they would 
otherwise if they found that preheated air was not being used. 
If curves for preheated air are plotted on this basis, the pre- 
heater will not show up as quite as good an investment as it 
would if the true efficiency with water walls and powdered coal, 
but without preheated air, were used. 

If in plants already operating at the limit of the capacity of 
the boiler and combustion equipment, air preheaters should be 
installed and the efficiency of the boiler thus increased, the 
combustion equipment would burn more coal, and if the furnace 
volume were of sufficient size, greater evaporation would result 
and this should be credited to the preheaters. This same 
reasoning would apply with economizers in some respects, but 
with a full-recovery preheater the stack temperatures would 
be lower and therefore the induced-draft fan requirement would 
not be as great. 


H. S. Corsy.* It is not to be expected that within the scope 
of one paper all related problems can be given thorough and 


¢ B. F. Sturtevant Co., New York, N. Y. 
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complete consideration, and this discussion is advanced with 
the view of opening some of these points to further and more 
complete consideration. 

In the first part of his paper the author traces the develop- 
ments in the boiler house which have led up to the commercial 
adoption of air preheaters. In substance, the statement is 
made that in the past economizers have played an important 
part in reducing the stack losses, but that now, with extraction 
from two or more stages, the value of the economizer is reduced 
to such an extent that in the majority of cases it can be elimi- 
nated, leaving the air heater supreme in the field for the re- 
cuperation of heat from the gases passing out of the boiler. 

Exception may be taken to this viewpoint if the problem is 
approached from another angle. An economic study of the air 
preheater alone should not be made in the selection of equip- 
ment for a new plant, but an economic study should be made 
of the complete chain of heat-absorbing mediums, the furnace 


water wall, boiler heating surface, counterflow or so-called 
economizer heating surface, and air-heater surface. In fact, 
the basis for such a study starts with the selection of the fuel- 
burning equipment and the determination of the maximum 
permissible furnace temperature. A study involving all these 
equipments will indicate that the economizer still has a distinct 


field of application, permitting the desired flexibility in the 
selection of the final air temperature, encroaching on the field 
of the boiler when high final air temperatures are required, and on 
the field of the air heater when the final air temperature is limited 
by the fuel-burning equipment selected. 

This is exemplified by the recent development of a boiler 
having a relatively small percentage of the total heating surface 
in free circulation, with the remainder in the form of counter- 
flow surface; also, in the installation of boilers equipped with 
steaming-type counterflow economizer surface, and the in- 
stallation, during the last few years, of a number of combined 
boiler, economizer, and air-heater installations in industrial 
and central stations, in many cases in connection with multi- 
bleeding and relatively high inlet water temperature at the 
economizer section. 

The reason for this is of course that all these heat-absorbing 
mediums, boiler, economizer, and air heater, have the same 
general characteristics and there is a limit to the extent of the 
heating surface of each that can be justified, so that an analysis 
from an economic standpoint is necessary to reveal the relative 
proportions of the boiler, economizer, and air heater that will 
offer the greatest return on the investment. The day of the 
economizer is not past; its possibilities are worthy of careful 
consideration. 

The author follows very closely the method of analysis used 
hy the Sturtevant Company in the determination of the proper 
size of economizer or air heater to offer to meet a given set of 
conditions. 

The method differs only in that the comparison is made on a 
capitalized basis instead of on the basis of net return on the in- 
vestment. The advantage of the latter method is that not only 
can curves corresponding to Figs. 7 to 17 be plotted, but they 
can be plotted in percentage of net return on the investment. 
The advantage of having the curve or tabulation in this form 
is that in approaching the maximum return the curve is very 
flat, and for a considerable increase in heating surface (or invest- 
ment) there is little or no return in dollars (see Fig. 7 curve D), 
and an actual decrease in percentage of earnings on the invest- 
ment. 

It is therefore an advantage to have a knowledge of the net 
return expressed in percentage for the several sizes of units 
under consideration. The selection can then be made based on 
that size of heater which will offer a reasonable return on the 
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additional investment over that required for the next smaller 
unit under consideration. 

As an example, using the figures in Table 1, the net return 
expressed in per cent for the several sizes of air heaters listed is 
as follows: 


Heating surface Net return 


sq. ft. per cent 
10,000 30.86 
15,000 24.90 
20,000 21.26 
25,000 16.90 


The net difference in investment for the heaters in each case 
is $5000, based on heating surface costing $1 per sq. ft. 
The net difference in return on the additional $5000 invest- 
ment in each case is as follows: 


Heating surface Net difference in return 


sq. ft. dollars per cent 
Between 10,000 to 15,000 647 12.99 
Between 15,000 to 20,000 519 10.4 
Between 20,000 to 25,000 10 (loss) 0.02 


For maximum return this checks the conclusion expressed in 
the paper, but viewed in this light it is a question whether a 
15,000-sq. ft. heater is not the better selection as the additional 
investment for an air heater of 20,000 sq. ft. will give a net 
return of but 10.4 per cent on the investment. 

A comparison on this basis can be made by a very slight change 
in the arrangement of the data in Table 1, the form of the change 
being outlined in Table 12. 


TABLE 12 ADDITIONS TO ITEMS OF TABLE 1 
ft) Surface, sq. ft.. Seen 10,000 15,000 20,000 25, 
17) Value offs fuel saved per y ear, dollars 5,400 6,700 7,900 8, 

(31) Fuel cost per year to operate fans, 

above boiler alone, dollars...... 166 181 200 
Fixed charges on air heaters (13. per 

Fixed charges on plant capacity, fans 

(13 per cent), dollars. . 848 836 848 
Total deductions from value of fuel 

saved per year, dollars............. 2,314 2,967 3,648 4,358 
Net saving per year, dollars.......... 3,086 3,733 4,252 4,242 
Net return on investment, per cent... . 30.86 24.9 21.26 
Difference in investment, dollars...... 5000 5 5000 
Difference in net return, dollars....... 647 519 —10 (loss) 
Net return on ae in investment, 

per cent.. 12.9 10.4 —0.02 (loss) 


R. A. Foresman.’ Under the heading “Outline of the General 
Economic Problem,’ the author explains how “net saving” 
may be determined. Three methods are given, but in none of 
them is the difference in the cost owing to the size and con- 
struction of the preheated-air ducts considered. In most cases 
this amounts to a considerable item in cost and should be in- 
cluded. 

We have successfully operated stokers up to 450 deg. fahr. 
No mechanical difficulties were encountered with the stoker and 
we have no reason to feel that any will be encountered at higher 
temperatures which future developments may justify. 

However, with some coals, the indications are that a change 
starts to take place in the physical characteristics of the fuel bed 
around 400 deg. fahr., becoming decidedly pronounced from 
500 to 550 deg. fahr. This change results in difficulty in handling 
the fuel bed satisfactorily in a mechanical manner. 

We feel that temperatures in excess of 400 deg. fahr. are not 
advisable until more is known concerning the reactions which 
take place in the fuel bed at the higher temperatures. 

Preheated air has little, if any, effect on stoker maintenance 
up to a point where the mechanical handling of the fuel bed 
starts to give trouble. When this trouble is encountered, high 
maintenance must be expected. 


7 Chief Engineer, Stoker Department, Westinghouse Elec. & Mfg. 
Co., South Philadelphia, Pa. Mem. A.S.M.E. 
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We believe that preheated air should be credited with approxi- 
mately 20 per cent reduction of the combustible in the ash. 
Paralleling the adoption of preheated air on a large scale, 
marked improvements were made in the construction and opera- 
tion of stokers with clinker grinders. Today, in regular opera- 
tion, 5 per cent combustible in the refuse is not uncommon. 


F. K. Howe...’ The paper emphasizes the desirability of 
having the air-preheater installation, with foreed- and induced- 
draft fans, considered as one problem and engineered by one 
organization with undivided responsibility. A firm specializing 
in one or more types of heaters and fans is able to recommend 
the combination which will show the lowest overall draft and 
air-friction losses with maximum heat recovery, besides being in a 
position to design a complete gas-flue and air-duct system from 
boiler to stack which will give minimum friction and heat losses. 

In the author’s third definition of net saving due to addition of 
air preheaters the capitalized net fuel saving is debited with the 
additional plant capacity at $70 per kw. required to take care 
of the forced- and induced-draft fans with air-heater installation. 

It is questionable whether this full charge of $70 per kw. of 
fan power can be justified. The author states in support of 
his argument that for slight changes in plant capacity the boiler 
and furnace investment remains substantially constant, the 
difference in capacity being made in the maximum capacity of the 
prime movers. Consequently, it would seem fair to reduce the 
marginal cost of a kilowatt to that of the prime mover only. 

Furthermore, it should not be lost sight of that there is an 
actual net increase in boiler capacity with the installation of 
air preheaters. The recapture of a certain number of heat 
units from the waste gases and their reintroduction into the 
stream of hot gases crossing the boiler tubes is bound to result 
in the absorption by the heating surface of more heat, and this is 
true even at high ratings. It has been pretty conclusively proved 
that preheating the air results in a reduced percentage of com- 
bustible left in the ash and causes a reduction in the time ele- 
ment for complete combustion, thus lowering the percentage 
of excess air required and reducing the weight of gases passing 
through the boiler. This reduces draft loss through the boiler 
and partly compensates for draft loss through the air heater. 

In view of these facts we think a pretty good case could be 
made out for crediting preheater investment with added peak 
capacity. The basic design for a power plant provides for a 
certain ratio between prime-mover capacity and steam-generator 
capacity. With preheaters included in the arrangement the 
amount of water-heating surface required for a given ratio of 
prime-mover to steam-generator capacity will be slightly less. 
This would seem to argue in favor of a credit to preheater in- 
vestment for this reduction in boiler heating surface. 

Under “Proposed Method of Selection of a Preheater,” the 
writer believes one all-important item has been omitted under 
“data to be submitted to the manufacturer,’’ namely, a layout 
showing clearly the space limitations and the location of gas 
flues and air ducts. 

If it is possible to secure fan quotation combined with the air- 
heater proposal, the preliminary drawings need only show gross 
space limitations, boiler-outlet location, and stack or main-flue 
location to enable the manufacturer properly to design his 
equipment. 

In the majority of actual installations, boiler data and general 
building arrangements are definitely determined before the pre- 
heaters and fans are decided upon, and the air heater and fan 
manufacturer should have the benefit of this information in 
making his recommendations. 

Very frequently the average heater and fan problem boils 


* Green Fuel Economizer Co., Beacon, N. Y. Mem. A.S.M.E. 
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itself down to solving space requirements, even in a new plant, 
and the heater design is then simply a matter of getting the 
maximum heating surface in the given space at the lowest cost. 

The author touches on the matter of space requirements 
under “Method of Selection,” but this point can bear some 
amplification. 

It cannot be too strongly emphasized that in all plant designs 
ample provision should be made for air heaters and fans, as we'll 
as other equipment, so that the true optimum air-heater surface 
selected along the lines which the author suggests may be in- 
stalled. 

In the same paragraph, maintenance, ease of cleaning, repairs, 
ete., are mentioned as additional criteria for the selection of a 
heater. We think the operators will stress these requirements. 
A heater and fan installation which is highly expensive to main- 
tain or which is likely to give trouble when pushed to the limit, 
or which wears out in comparatively brief time, or which operates 
continuously in a dirty condition, will certainly not realize the 
net savings figured in the paper. The purchaser of a preheater 
(and fans as well, for they really form a unit) must make sure 
that he is getting rugged, reliable, long-lived equipment, and that 
he can keep his heating surfaces reasonably clean and effective. 


H. G. In the author's analysis, certain as- 
sumptions have been made which may result in incorrect selec- 
tion of the proper size of air preheater, if applied to actual cases 
at hand. 

The author has taken the cost of air heaters as $1 per sq. ft. 
erected. Obviously, this cost does not include total or extra 
cost of foreed- and induced-draft fans and drives, duct work, 
heat-insulating covering, heater supports, additional building 
space, controls, wiring, and accessories which would not have 
been provided without air heaters. These items should be 
taken into consideration when comparing plants constructed 
with and without air heaters, and may bring the cost up to $3 
to $4 per sq. ft. 

The second item and one which places an unreasonable han«i- 
cap on an air-heater installation, is to charge the cost of the 
extra capacity to drive the foreced- and induced-draft fans on 
the peak at a price of $70 per kw. for each kilowatt capacity so 
required. It is logical to make some charge for this peak ca- 
pacity, but when we remember that the load factor or hours of 
use of this small increment of peak capacity will in the average 
central station probably not exceed 1 to 2 per cent, it is not 
proper to tie up expensive generating plant capacity for this 
peak. This peak capacity can be readily supplied at a much 
reduced cost, certainly not exceeding $25 per kw. by the installa- 
tion of steam turbines as auxiliary to the motor drive or by the 
installation of a small turbine-driven generator with a rather 
inefficient water rate and still show, even after figuring the 
extra fuel cost due to the operation of this turbine, a large 
balance in favor of this method. 

Plants located in low-priced-coal regions and with normal 
plant-load factors as a rule have difficulty in justifying the 
application of air preheaters solely on the basis of fuel saving. 
The Cahokia Station is an instance of this, and analysis of con- 
ditions there shows that a large investment advantage is ob- 
tained by getting a larger output from the boilers, thereby 
reducing the number of boilers on the order of 25 per cent and 
adding air preheaters with accessory equipment to obtain about 
the same fuel economy, taking credit for the large investment 
saving due to the boiler-plant reduction of about 25 per cent. 
Application of this line of attack to some problems may show 
interesting results. 


*® Mechanical Engineer, McClellan & Junkersfeld, Inc., New York, 
N.Y. Mem. A.S.M.E. 
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The author calls attention to the fact that preheated air with 
pulverized fuel is limited to a temperature of 250 deg. fahr. 
The unit-mill installation now operating in Cahokia is designed 
to use preheated air passing through the mill with the coal 
at temperatures of 300 to 325 deg. fahr. and experiments con- 
ducted prior to this indicated no trouble with temperatures 
up to 350 deg. fahr. The writer believes that temperatures well 
above this can be advantageously used if desired, particularly 
with unit mills and in cases where wet coal must be handled. 
The allowable temperature will vary with the different coals 
and must be worked out for each application. 

The application of air preheaters to boiler plants has many 
angles, and a detailed study and consideration of all factors 
involved, as applied to individual cases, is necessary to obtain 
the correct answer. 


F. 8. Cottines.” An installation of an air-water economizer 
similar to that referred to by the author, and possibly the one 
which he has in mind, was made by Sargent & Lundy in con- 
junction with the engineers of the American Gas & Electric Co., 
at the Stanton Plant of the Exeter Power Co., Pittston, Pa. 

This installation includes six B. & W. cross-drum standard 
boilers and two reheat boilers, but it will be sufficient for the 
present purpose to describe one standard boiler and its auxiliaries. 

The boiler has a heating surface of 17,692 sq. ft. contained in a 
lower deck of 3!/,-in. tubes, 8 tubes high, and 40 sections wide; 
and an upper deck of 2-in. tubes, 19 tubes high. The boiler is 
designed for a working drum pressure of 732 lb. gage, and the 
total temperature of the steam 1s raised by an interdeck con- 
vection-type superheater to 740 deg. fahr. 

All of the boilers are equipped with B. & W. forced-draft chain- 
grate stokers, and are designed to burn anthracite culm. 

The gases from the boiler outlet pass through two Ljung- 
strém air preheaters arranged in parallel, having a combined 
heating surface of 81,000 sq. ft., and thence to the induced-draft 
fan and the stack. The air for combustion is forced by the 
Ljungstrém fans through the preheaters, which under normal 
operating conditions it leaves at a temperature of about 410 
deg. fahr. and then passes through the air-water economizers 
where its temperature is reduced to the required value before 
it enters the stoker wind box. 

The history of this air-water economizer is as follows: 

At the time when the design of this station was being con- 
sidered, it happened that considerable trouble was being ex- 
perienced in different plants from the corrosive effects of acid 
soot deposited on the tubes of the economizers, and it was partly 
for this reason that it was decided to omit the standard type 
of economizer at the Stanton Plant. Another important reason 
was the fact that the possibilities of anthracite culm as a fuel 
under the conditions obtaining in a large power plant had not 
yet been fully developed, and it was therefore felt that a consider- 
able range in temperature of the air for combustion was very de- 
sirable. At the same time it was apparent that positive means 
of controlling the temperature within this range should be pro- 
vided, and it was finally decided to install in the hot-air duct 
between the preheater and the stoker a fin-tube heat exchanger, 
using boiler feedwater at a temperature of about 210 deg. fahr. 
48 a cooling medium for the heated air. A suitable arrangement 
of valves and piping was provided so that any or all of the water 
could be passed through the heat exchanger or bypassed. The 
advantages of this heat interchanger are, briefly, as follows: 

The air temperature to the stokers may be regulated without 
any increase in stack temperature and without any loss of heat, 
Which is simply transferred from the air to the feedwater. 


, ° Mechanical and Electrical Engineer, Sargent & Lundy, Inc., 
Chicago, Ill. Mem. A.S.M.E. 
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The fin-tube arrangement, similar to that of a generator air 
cooler, gives a high rate of heat transfer per lineal foot of tube, 
and therefore the apparatus is quite small compared to a stand- 
ard gas-water economizer designed for the same temperature 
range. 

The coal burned at Stanton contains a large percentage of 
very fine coal, or rather dust, and at the same time its character- 
istics are such that the thickness of the fuel bed on a chain-grate 
stoker should not exceed from 3'/; to 4 in. If the air ports 
in the stoker links are large enough to pass the required volume 
of high-temperature air at low velocity, there is a considerable 
loss due to siftings. If on the other hand the air ports are small 
enough to restrict the siftings to a negligible quantity, and high- 
temperature air is used, its velocity becomes high enough to 
blow holes through the fire and so produce a very irregular 
fuel bed. It is therefore necessary to compromise between 
these conditions by experimenting with different air temperatures 
until the best point seems to be reached, and the heat exchanger 
described above affords a flexible and economical method of 
doing so. 

The difficulties due to external corrosion in the gas-water 
economizer have since been almost entirely abated, and it is 
doubtful whether such an installation as that described would 
be justified when fuels of known characteristics are to be used 
under conventional conditions, but in the case described its 
experimental value has been very well demonstrated. 


G. C. Dantets.'! This paper does not stress the importance 
of comparing the cost of additional preheater surface with the 
cost of more economizer or boiler surface. Usually boiler 
surface, if obtained by adding tubes to the height, is more 
economical than preheater surface to accomplish the same 
result. A high boiler will also give a more uniform exit-gas 
temperature with a correspondingly more uniform air preheat 
with varying loads. The author has assumed that the boiler 
has been selected before consideration has been given to the 
preheater. It is necessary to consider the boiler and preheater 
together in arriving at the economical amount of surface for 
either boiler or preheater. 

The comparisons of costs of preheaters in this paper do not 
include the differences in building costs for supporting and housing 
the equipment nor the cost of breechings and air ducts. These 
costs materially affect the results and must be included to arrive 
at a fair comparison. 

No mention has been made of the necessity of keeping the gas 
temperature leaving the preheater high enough to prevent 
corrosion. 

The ratio of the weight of air to the preheater to the gas to the 
preheater is assumed by the author to be 0.66. It should be 
stated that this is not a general figure but probably fits the 
conditions of his problem. Where all of the air for combustion 
passes through the preheater a ratio of 0.80 to 0.82 should be 
used. In case the primary air for the unit system of pulverized 
fuel is not passed through the air preheater, a ratio of 0.60 to 
0.70 would be approximately correct. 

It should be noted that with the regenerative type of air 
preheater the leakage of air into the gas side of the preheater 
gives a temperature too low for the leaving flue gas, if used in 
calculating boiler efficiency. The heat recovery from this type 
of preheater should be calculated from the air temperature 
rise and from the quantity of air flowing from the preheater. 
For the purposes of comparison it is generally advisable to figure 
the heat recovery from all types of preheaters in the above 
manner. 

11 Mechanical Engineer, Commonwealth Engineering Corporation, 
Jackson, Mich. Mem. A.S.M.E. 
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While the author has made a very interesting comparison, 
it is a question whether an air preheater or other heat-recovery 
apparatus can be selected in the manner proposed. It would 
seem that it would be better to make a number of set-ups with 
varying amounts of boiler, economizer, and air-preheater surface, 
and make a detailed comparison of each based on the perform- 
ance and capital cost of the plant as a whole, considering 
both the turbine room and boiler room. The theoretical results 
obtained should be carefully considered as to reliability, accessi- 
bility, ease of cleaning, and repairing before a decision has been 
reached. 


Jer C. Harpiaa.'* It is the purpose of this discussion to 
present some points not given in the paper and to discuss the 
whole from another point of view. 

Rather than single out items which it may be necessary to add 
or change in order to operate when an air preheater is installed, 
such as plant capacity and boiler and furnace sizes, it is suggested 
that the difference in cost of the complete installations, without 
and with preheated air, be determined and this amount con- 
sidered with the value of the difference in fuel consumptions, 
which is shown by the heat balances for the two installations; 
without and with preheated air. 

Under the heading “Conditions Affecting the Selection of a 
Heater,”’ no mention was made of corrosion. Experience shows 
that the gases must be cooled to a temperature above the dew 
point in order to prevent corrosion of the heater. It is interesting 
in this connection to note that the temperature of the gas side 
of the metal in an economizer is practically the same as that 
of the water, whereas the mean temperature of the air and gas 
is practically that of the center of the metal separating them in 
an air preheater, and the temperature of the gas side of the 
metal is above this mean temperature. This is due to the 
relatively high rate of transfer from the metal to water, and the 
relatively low rate of transfer through the film of stationary air 
between the metal and the air in the preheater. 

In the determination of the best size of heater, a detailed 
study of the curve of load-hours per year will indicate in many 
cases that it is most economical to bypass part of the gas 
and air around the heater at peak points. Under these conditions 
it will prove in some cases most economical to install an addi- 
tional set of fans and motors in preference to operating one 
set of fans either with one or two motors. Provision can be made 
for installing additional air-heater surface at a later date when 
the load-hours per year have increased. 

In Table 1 the author has presented the conditions of opera- 
tion of four sizes of heaters, all having the same rate of transfer, 
and in Table 2 the conditions of operation of four sizes of heaters 
with varying rates of transfer (the larger the heater surface 
the less the rate of transfer). In both tables the spacing of 
the gas and air elements remains the same. Had the spacing 
been reduced, plates shorter than those given would have been 
used to accomplish the transfer of the same amount of heat. 

By varying either the spacing or length of plate, or by varying 
both from those in Table 1, the conditions of operation for heaters 
having a constant rate of transfer but different in value from that 
of the heaters shown in the table would have resulted. Curves 
plotted for the items shown in Table 1 would form a family of 
curves for each curve in Fig. 7. A study of these families of 
curves for different prices of coal and power would show the 
economical rate of transfer for each price of coal and power. 

Under the heading “Proposed Method of Selection of a Pre- 
heater,” the author arrives at the conclusion, “The set-up which 
effects the greatest net saving is the choice.’ There is an addi- 

12 Chief Engineer, Prat-Daniel Corporation, New York, N. Y. 
Mem. A.S.M.E. 


tional choice which we have found to be more logical in the 
majority of cases. This choice is the greatest net return upon 
investment and will not coincide with the author’s optimum 
point. 

If the figures given in Table 1 are used and it is assumed 
that the coefficient of transfer used for these heaters will give 
the most economical condition when power costs and plant- 
capacity charges have been deducted, a curve showing per- 
centage of return on investment plotted against surface will 
rise in the opposite direction from the author’s curve showing 
capitalized saving. This will rise rapidly from the large surfaces 
and gradually slope off until a practical peak is obtained. 

The difference in the two choices is even more apparent if 
there is a variation in the value of $1 per sq. ft. of heating 
surface used in the calculations. This value presumably in- 
cludes the requisite additional duct and steel support for the air 
preheater. The cost of this additional work will remain fairly 
constant, whether the heater be a large or a small one. In 
addition, the price of the air heater should be less per square 
foot for a large surface than for a small surface. If these two 
facts are taken into consideration the optimum point shown in 
the paper will coincide with an even larger surface, and in many 
cases, we believe, this surface would be so great that it would 
be unreasonable. For example, the optimum point shown in 
the article may indicate a return of 20 per cent on the invest- 
ment, whereas a preheater with a smaller surface may yield 40 
per cent, although this may be not as large a capitalized net 
saving. 

It is suggested that the following be added to the information 
given to the preheater manufacturer: 


1 The price of fuel 

2 Cost of power 

3 Rate of fixed charges 

4 The difference in cost between the two installations 
(not including cost of preheater), one without and the 
other with preheater, and 

5 The load-hours per vear that the station will operate. 


W. Dyrssen.'? The author has not taken credit in his 
calculation for all the savings which are possible with air heaters 
in connection with boilers. The writer would especially call 
attention to item 15 in Table 1. This reduction naturally 
decreases the total volume or weight of the waste gases in the 
same proportion, assuming the same combustion conditions, 
which it is, of course, proper to do. 

Item 26 in Table 1 shows, however, that the same weight of 
waste gases is assumed in all cases. If account had been taken 
of the reduction in waste gases due to less fuel consumption, 
the figure of 78,000 cu. ft. in the last column, for instance, would 
be about 72,300. This would, of course, also reduce the wet- 
flue-gas loss, shown in item 13, and the relative efficiency shown 
in item 14 would be increased. This higher efficiency would 
still further reduce the pounds of coal fired, shown in item 15, 
and the savings would be correspondingly higher. The effect 
of preheating the air is therefore cumulative and should be taken 
into consideration. 

The effect of a reduction in fuel and waste gases also affects 
the draft loss through the boiler in proportion to the square of the 
quantities. The draft loss in the boiler is shown in item 21 
to be 1.3 in., but it would instead be about 1.12 in. in the last 
column. This will reduce the draft required by the exhauster, 
and the cost of operating the exhauster will be correspondingly 
less, which adds to the gain obtained by the air heater. 

The writer believes that the tables corrected in this way will 


13 Chief Engineer, Blaw-Knox Co., Pittsburgh, Pa. 
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show more nearly the true savings possible with air heaters. 

The tables refer to a certain type of air heater which costs 
installed $1 per sq. ft., and the cost is proportional for any 
installation to the surface as shown in item 47. The author 
states that the economic problem is similar for the three general 
types of heaters, and he has used the plate type in the example. 

The conditions are, however, quite different for the heater 
manufactured by the company with which the writer is connected. 
The cost per square foot of heating surface in this heater de- 
creases very rapidly with an increase in heating surface for a 
particular boiler installation. For instance, the heater for the 
2000-hp. boiler which is considered by the author will cost about 
$13,000 with a heating surface of 20,000 sq. ft., about $16,000 
for 50,000 sq. ft., and $21,000 for 100,000 sq. ft., which correspond 
to costs per square foot of 65, 33, and 21 cents, respectively. 
The surface mentioned above is regenerative surface and in 
order to compare the efficiency of this type of heater with the 
plate type, the heating surface for the regenerative type should 
be half of the above. 

It can be seen from this that for a very small heating surface 
the plate heater is less expensive, but allowing a heating surface 
of about 14,000 sq. ft. the cost of the regenerative-type air heater 
is about the same as that of the plate heater. For larger ca- 


pacities the regenerative type is very much less in cost than the 
plate type, and it is possible to install a regenerative type of air 
heater with 100,000 sq. ft. of heating surface at a lower cost 
than a 25,000-sq. ft. plate heater. 

This, of course, influences the savings possible very much, 
and will make a regenerative type of heater a payable propo- 
sition where plate heaters could not be considered. 


Tae AurHor. In the preparation of this paper, it was ob- 
vious to the author that the subject could not be exhausted in 
one treatment. He therefore chose as his primary goal to present 
a generally applicable economic method of comparing various 
propositions and of determining the most suitable one. It was 
intended that if the method were unsuitable or embodied in- 
correct principles, the discussion would make those facts known. 
Should the method meet approval in its basic principles, it could 
then be adapted broadly to the selection of other forms of equip- 
ment. The method is not necessarily new, as it has, in its 
general aspects, been used by many others. It is possibly 
in a more complete form than that of prior presentations (in- 
cluding tables and sample calculations) and at the same time 
hot so complicated as to be unwieldy. This detail is valuable 
as a guide, since the possibility of misinterpretation of the results 
is reduced to a minimum. The importance of this fact is well 
demonstrated in subsequent remarks wherein it is shown that an 
alternate method recommended by a discusser (and a very 
commonly used method) is more likely to result in the poorest 
selection than in the best. 

The discussers did point out some limitations which were not 
altogether evident from the paper itself. The general principles, 
however, have stood the gaff of critical examinations, and may 
be used with the assurance that if the data for the specific con- 
ditions at hand are carefully applied, and the several limitations 
are not overlooked, the one best selection will result. 

Before answering the discussers in detail, three major points 
will be disposed of. 

1 _ Several discussers emphasize the point that a consideration 
of air preheaters alone is an incomplete study, and that econo- 
mizers alone, and combinations of economizers and preheaters, 
should be investigated. The author fully appreciated this fact 
at the outset, and in fact the first outline included those items. 
It became apparent, however, that such a broad treatment of 
the problem would be so unwieldy as to lose sight of the pri- 
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mary object, viz., the presentation of a method. The author 
therefore dwelt only with the consideration of preheaters. 
Professor Wohlenberg has presented a similar analysis of the econ- 
omizer problem. It now remains only for any one of the dis- 
cussers who were concerned over the absence of a treatment 
of the combination unit to combine the data and extend the study 
as they recommend. 

2 It was hoped that sufficient discussion would result to 
permit a definite conclusion regarding the monetary value of 
plant capacity reserved for auxiliaries during emergency peak 
load. The author adopted $70 per kw. as the value. Mr. 
Thielscher cut that value to about one-third. Mr. Howell 
thinks he could show that a credit should be made rather than a 
debit. Since a consensus cannot be established from these 
figures, it remains for each party to establish the value which 
he conscientiously believes to apply to his conditions. 

3 The possibility of using a bypass around the heater during 
high ratings was mentioned in the discussion. This is an im- 
portant point and was omitted from the data only to avoid 
excessive complication of the analysis. 

If air and gas bypasses are provided and used at high ratings, 
three important results are obtained: (a) The draft losses at 
high ratings are materially reduced, which minimizes the charge 
made for plant capacity; (6) the ratio of fan horsepower at 
maximum load to that at normal load is reduced (consequently 
the efficiency of the drive at normal load is increased, reflecting 
in greater net savings); (c) By lowering the air temperature at 
peak rating (by bypassing), a larger amount of surface may be 
justified, giving a higher air temperature at normal rating 
(this would result in a larger fuel saving and would throw the 
set-up nearer the peak point of the capitalized net saving curve). 

Professor Wohlenberg’s discussion constitutes a valuable addi- 
tion tothe paper. While his data are based upon economizers, the 
economic problem is the same. Instead of obtaining operating 
characteristics from manufacturers as the author did, he has 
started with the fundamentals of heat transfer and expressed 
each step by its mathematical representation. 

In the study of economizers his data are self-sufficient. In 
comparison with the author’s paper it is noteworthy that the 
general methods are the same, and that similar graphical con- 
clusions result. A comparison of his Figs. 19, 20, and 21 with 
the author’s Figs. 7, 16, and 17 witnesses the agreement between 
the two papers. 

Mr. Butt has applied the author’s method of analysis to 
another form of preheater. It is noted that his Figs. 30 and 31 
correspond to the author’s Figs. 7 and 13, respectively. Fig. 30 
would indicate that for a given investment his type of preheater 
would yield a greater net saving than the type used in the author’s 
data. Fig. 31 indicates that for a given air temperature and 
consequently a given fuel saving his type yields a greater net 
saving. Whether these relations would hold for another set 
of conditions can be determined only by plotting the curves for 
the propositions of the several bidders (properly compensated) 
Fig. 31 illustrates well the intended method of comparison. 
After the curves have been plotted, the economic choice is the 
one which has the highest ordinate at the maximum permissible 
air temperature. 

If bypasses are to be used, it would be better to plot against 
air temperature at normal rating. The selection can then be 
made corresponding to the maximum permissible air tempera- 
ture at normal rating, and destructive temperatures at higher 
ratings would be avoided by the use of the bypasses. Probably 
the best set-up would result from a compromise, permitting 
operation with maximum permissible recovery up to the highest 
rating used in daily operation (without bypassing). The bypass 
would then be used on unusual peak loads only. 
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Mr. Colby interprets the author’s paper to indicate that the 
use of economizers need not be considered in the design of a 
modern plant. This interpretation was not intended, and the 
author agrees with Mr. Colby that a thorough analysis should 
consider a combination of economizer and air preheater. This 
has already been referred to in the author’s closure. 

Mr. Colby recommends the use of the net return on various 
increments of surface instead of capitalized net saving. The 
author concurs in that the former method has the advantage 
of indicating the optimum surface with greater accuracy, al- 
though both methods if properly applied must give the same 
answer. For example: If the net returns in either of the last 
two lines of Mr. Colby’s tabulation be plotted against 12,500, 
17,500, and 22,500 sq. ft., respectively, it is found that the 
curve crosses the zero-net-return ordinate at 22,500 sq. ft., 
which checks with the peak of the author’s curve D, Fig. 7. 
Such a curve (net return) gives an evaluation of the relative 
returns from successive increments of surface, and constitutes 
a desirable addition to the author’s data, but care must be 
exercised that it is properly interpreted. It should be under- 
stood that “net return” is an absolute net or profit after all carrying 
charges have been deducted, and that it pays to add surface up to 
the point where the net return on the last increment is zero. 
In this connection the author considers the 10.4 per cent net 
return (profit) from the 5000-sq. ft. increment between 15,000 
sq. ft. and 20,000 sq. ft. to be a good money-making proposition, 
while Mr. Colby questions the wisdom of the investment. In- 
spection of curve D, Fig. 7, indicates that between 15,000 sq. 
ft. and 30,000 sq. ft. the curve is practically symmetrical about 
the peak point; hence the monetary loss resulting from a heater 
of 5000 sq. ft. less surface than the optimum size is just as great 
as the monetary loss from a heater 5000 sq. ft. larger than the 
optimum. If such factors as capacity-use factor, fuel cost, ete., 
have been so chosen as to represent the probable actual condi- 
tions, the proper selection is that indicated as the optimum 
size. A plant with the various pieces of equipment so selected 
will put more money into the company’s treasury than one in 
which selections are made below the optimum point, although 
the return on the investment will be lower. This statement 
may sound contradictory but the paradox is well illustrated in 
the following remarks. 

Mr. Hardigg also recommends the net-return-on-investment 
method of comparison, and since he states that his selection 
would not coincide with the author’s, some comments in addition 
to those just given are pertinent. 

He describes the curve of net return on various sizes of heaters 
as rising from a low value for the larger surfaces to a higher value 
for the smaller surfaces, reaching a “practical peak.” The data 
for such a curve are included in Mr. Colby’s discussion and are 
repeated here for convenience. 


Heating surface Net return, per cent 


sq. ft. On total surface On increment of surface 
10,000 30.86 12.9 

15,000 24.90 10. 04 

20,000 21.26 —0.02 

25,000 16.90 vee 


Truly, the smaller the heater the higher the net return. Fur- 
thermore, if heaters of 5000, 2000, and 1000 sq. ft. were con- 
sidered it would be found that the 1000-sq. ft. would yield the 
highest net return of all. This follows because the smaller the 
heater the higher the mean temperature difference, and conse- 
quently more work will be done per square foot. If the cost of $1 
per sq. ft. were true for a surface as small as 1000 sq. ft., then 
that heater must show a higher net return than any larger size. 
Thus, the “practical peak”’ of the net-return curve described by 
Mr. Hardigg theoretically occurs at zero surface. If his dis- 
cussion were applied literally he (a manufacturer's representa- 


tive) would be recommending no preheater at all. Obviously, 
however, this is not intended. He adds that the optimum 
selection (author's) may show a net return of 20 per cent on the 
investment, whereas a preheater with smaller surface may 
yield 40 per cent, although the latter may not show as large a 
capitalized net saving as the former; and he recommends the 
smaller heater. 

The fallacy of this argument is so pertinent that the author 
resorts to example for clarity. 

Suppose one could borrow $100,000 at 6 per cent interest. 
One possible enterprise for investment, A, promises a gross 
return of 20 per cent on $50,000, and another enterprise, B, 
16 per cent gross on $50,000; the net returns would be 14 and 
10 per cent, respectively. Would one borrow only $50,000 to 
invest in A and pass up a net profit of $5000 per year on invest- 
ment B just because A paid a higher rate of return than B? 
Certainly one would borrow $100,000 and make both invest- 
ments. Then why not install additional preheater surface up 
to the point where the last increment saves just enough fuel to 
cover the carrying charges on itself with no net loss, but with 
every square foot in front of it making a net profit after all carrying 
charges, including interest and amortization, have been paid? 
This point is that described by the author as the optimum point. 

The foregoing analysis determines the optimum selection from 
an economic standpoint. Of course, other factors, such as 
limiting air temperature or dewpoint of flue gases, may require 
that a smaller surface be used, but at a consequent sacrifice in net 
saving. 

Mr. Hardigg’s discussion, instead of disproving the author's 
method, serves to emphasize the trickery and danger of the 
net-return-on-investment method. It was because of the ease 
of misunderstanding this method that the author chose the one 
used in the paper, which he believes to be much simpler and 
certainly not so treacherous. 

Lord Kelvin’s law, developed in 1881 and used almost uni- 
versally to determine the economical size of electrical conductors, 
may be applied to the problem at hand. This law would de- 
scribe the peak point on the author’s curve D or the point in Mr. 
Colby’s data where the net return from the lost increment of 
surface is zero. 

The author greatly appreciates Mr. Foresman’s discussion and 
regrets that other manufacturers of fuel-burning equipment 
did not express their views concerning the effect of preheated air 
upon operation. 

Mr. Foresman feels justified in crediting preheated air with a 
reduction of 20 per cent of the combustible in the refuse. It is 
interesting to note the amount of fuel so saved in a hypothetical 
case. Assuming 12,700-B.t.u. coal, 10 per cent ash, and 8 per 
cent combustible in the refuse without preheated air, the loss 
would represent 1 per cent of the heat in the coal. With pre- 
heated air the loss would be about 0.8 per cent. Thus, pre- 
heated air would result in a saving of about 0.2 per cent. 

His criticism that the author did not consider the cost of pre- 
heated-air ducts is a valid one technically, but actually not of 
particular importance. This is because the cost of the duct 
system will be the same regardless of the size of heater, except 
that it may be dispensed with if no heater is used. If such 
cost had been considered, item 47 would be increased and item 
52 would be decreased by the same amount for each size of heater. 
Curve D, Fig. 7, would therefore be translated downward slightly, 
but the peak point would occur at the same surface as shown, 
and the comparison between the several sizes of heater would be 
unaffected. The comparison with no heater would be affected, 
and to make the analysis complete the cost of ducts and housing 
accommodations should be included as Mr. Foresman has sug- 
gested. 
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Mr. Thielscher points out that the author should have charged 
the air preheater with the cost of fans, etc., which would not be 
required if preheaters were omitted. Such a charge would be 
legitimate if the fans could be omitted, but in the example used 
for this study, induced-draft fans are absolutely essential as will 
be shown. The maximum evaporation rate of 300,000 lb. 
per hr. was fixed by other economic considerations. Note from 
items 37 and 4 that without air preheater or fan the stack must 
produce 3.7 in. of draft with 610-deg. gases. Such a stack 
would be 600 ft. high, which is obviously out of the question. 
Consequently an induced-draft fan would be required even if no 
preheater were used. Furthermore, since the fan draft for the 
20,000-sq. ft. heater at maximum rating bears the ratio 3.86 : 2.11 
to the fan draft without preheater, and the ratio of the re- 
spective volumes is 193,800 : 227,000, it follows that theoretically 
the width of the fan with preheater should be 20 per cent less 
than that of the fan without heater, and the tip speed should 
be 30 per cent higher. The increased tip speed could be obtained 
by 30 per cent greater diameter, but since the width should be 
decreased it is probable that better efficiency would be obtained 
by increasing speed rather than diameter. Thus, the physical 
dimensions and cost of the fan for use with a preheater 
might be even less than would be required if the heater were 
omitted. 

Thus, most of the items which Mr. Thielscher mentions as 
possibly amounting to $3 to $4 per sq. ft., are fixed for the case at 
hand. It is well, however, to have his word of caution in the 
discussion as a reminder in cases where his point might apply. 

Mr. Thielscher’s suggested alternative of using small turbines 
to supplement motor drives during peak loads is interesting 
and worthy of some consideration. 

It is not apparent to the author, however, that the suggested 
method of producing this power with an inefficient turbo-genera- 
tor would be more economical than taking the power from the 
station auxiliary bus. Since such a unit would have a higher 
water rate than the main unit, it follows that it would tie up 
more boiler-room capacity, and so far as installation cost is 
concerned, surely a given amount of additional capacity can be 
installed more cheaply in the main unit than in a house generator. 

Mr. Daniel's explanation that the 0.66 ratio of air to gas is lower 
than a general figure is a pertinent point. In the case at hand 
it was considered that the primary air for pulverized-coal burners 
would not pass through the preheater. 

Mr. Daniels and Mr. Hardigg suggest an important point, 
viz., that of keeping the flue gases above their dewpoint in 
order to prevent corrosion. The dewpoint of flue gases under, 
ordinary conditions is around 100 deg. fahr. and may be some- 
what higher by virtue of the evaporation of water sprayed into 
the clinker pit or overfeed section of an underfeed stoker. Theo- 
retically, with 70-deg. air it should be possible to cool the flue 
gases down to around 130 deg. fahr. before the plate would 
reach a temperature which would cause condensation. How- 
ever, if the entering-air temperature drops to 0 deg. fahr. the 
gas temperature must be above 200 deg. fahr. in order to keep 
the plate above the dewpoint. The foregoing remarks are 
theoretical and assume normal operating conditions. If the 
distribution of air and gas is not uniform throughout the heater, 
local cooling in some spots may exceed the average and some 
initial condensation may occur. This condensation will catch 
and hold some soot, resulting in a further unbalancing of distri- 
bution. Thus a vicious cycle is started which may result in a 
plugged section of the heater where corrosion may progress 
rapidly, while the average flue-gas temperature may be such as 
to indicate a safe margin above the dewpoint. 

Mr. Dyrssen points out an apparent oversight in the author’s 
method, in that it does not take into account the cumulative 
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effect of fuel saving with preheated air, and he states that the 
savings with preheated air should be higher than those shown 
in the table, but such is not the case. The wet-flue-gas loss 
(item 13) indicates the portion of heat in each pound of coal 
which is lost in the wet flue gas resulting from its combustion. 
This loss is a function of (a) the quantity of flue gas per pound 
of coal, which is dependent upon CO, and independent of the 
presence of, or size of, the air preheater; (b) B.t.u. absorbed 
by each pound of water evaporated, and calorific value of fuel, 
both of which are obviously constant, and (c) the difference 
between the temperature at which the gases leave the equip- 
ment and that at which the air and fuel enter the equipment 
(item 4 — item 5). The latter (c) is the only factor which is af- 
fected by the size of the air preheater. Therefore, item 13 does 
express the proper relation between the flue-gas losses for the five 
columns of the table. 

Then, since the author, for reasons explained, did not credit 
preheated air with decreased combustible in the refuse, and since 
the radiation loss, if varied at all, should be somewhat higher 
with preheated air because the number of B.t.u. radiated from 
the equipment per hour would be the same (or slightly greater) 
while the pounds of fuel burned would decrease because of higher 
efficiency, and therefore the per cent loss due to radiation would 
increase, and further since the moisture losses are a fixed per- 
centage of the heat in each pound of fuel burned, therefore it 
follows that the relative efficiencies for the several set-ups are 
affected only by the variation in wet-flue-gas loss, and item 14 is 
correct. Bear in mind that so far the consideration has been 
in the nature of a heat balance on one pound of fuel, regardless 
of the rate of burning fuel. 

The weight of coal required per hour (item 15) and the de- 
pendent items 16, 17, and 18, are a function of the relative 
efficiency, item 15, and are on the correct basis, and the cumula- 
tive effect explained by Mr. Dyrssen has been inherently taken 
care of in this method of calculation. 

The volume of gases to be handled by the fan (item 26) 
is dependent upon the rate of burning fuel, item 15, and it also is 
correct. 

Mr. Dyrssen’s next point, that the draft loss through all the 
heat-absorbing equipment was not reduced to correspond to the 
reduced quantities of gas flowing, is a proper criticism. The 
rate of burning fuel, and consequently the quantity of flue gases, 
are 7 per cent smaller in the last column than in the first. The 
draft losses, then, should be reduced 13.5 per cent, and item 
23 in the last column should be 1.61 instead of 1.86. 

The effect of the foregoing correction as applied to Fig. 7 
would be to increase the divergence of curves B and C and that 
of curves C and D by 13.5 per cent at the outer extremities. 
While this difference would not be noticeable on the chart, and 
therefore would not affect the conclusions, the author is glad 
to have the technical error pointed out by Mr. Dyrssen. 

Mr. Dyrssen states that the author’s assumption that the 
cost of plate-type preheaters increases directly with the size 
is not a representative characteristic of some other types. The 
author purposely considered only one type of heater in demon- 
strating the method of analysis, in order to render the paper 
absolutely non-commercial. Examination of the prices of a 
series of plate preheaters indicates that the cost of that type 
is a direct function of size. While other types may have other 
price characteristics, the author repeats the original statement, 
viz.: that the economic problem, i.e., the method of compensating 
various bid prices for efficiency and draft requirements, is the 
same. When curves as in Fig. 7 are prepared, based upon the 
actual propositions of bidders, and are superimposed, a true 
economic Comparison will result, regardless of the price char- 
acteristics of the several types compared. 
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Economics of Dry-Quenching Coke by the 
Sulzer Process 


By A. M. BEEBEE,! ROCHESTER, N. Y. 


An installation of the Sulzer process of dry-quenching coke at the 
plant of the Rochester Gas and Electric Corporation is described in 
this paper. Results of operation are shown for average conditions, 
and no attempt has been made to select unusual results. The plant 
is compared with other plants employing other systems as to effi- 
ciency, ease of operation, quality of product, labor requirements, 
etc., and great flexibility and ease of control are disclosed. 


HE meat packer has often bragged that he has made use of 

everything except the squeal when calling attention to the 

overall efficiency of his processes and the successful utili- 
zation of wastes. 

The gas industry, particularly the coal-gas process, with the 
installation of waste-heat boilers and the recovery of sulphur, 
in addition to the usual by-products of a coking plant, has grad- 
ually approached the utilization acme of our friend the meat 
packer, not only in that all wastes are put to useful work, but 
also in that, except in the case of continuous vertical retorts, 
we too had a “squeal’’ which was not recovered, namely, the 
sensible heat of the hot coke. 

It is only natural, therefore, that effort to utilize this should 
have been made. The patent files are cluttered with many 
schemes to that end, some of which have been successful, while 
others have not been so fortunate. 

The author’s company, after studying the subject, purchased a 
plant of the Sulzer type, the first in this country. 

Since such a plant was entirely new to the American coking 
industry, considerable interest was aroused, and as a result many 
investigations have been made and considerable thought given 
to its operation since it was first started in late September, 1926. 

For those who may be interested in the details of the effect 
and benefits of dry quenching on the coke produced and the 
details of construction and operation, reference is made to the 
paper given before The Eastern States Blast Furnace and Coke 
Oven Association in March, 1926, and published in The Gas 
Age-Record of March 19, 1927. 

For those who may be interested in the various intangible 
benefits aside from the steam production as well as the advan- 
tages of this process, reference is made to the paper given before 
The Canadian Gas Association last June and reported in detail 
in the August, 1927, issue of the Gas Journal of Canada. 

The Sulzer dry quencher consists of a plant the object of which 
is to transform the sensible heat of the hot coke into high-pres- 
sure steam for power purposes by circulating inert gases through 
a container full of the coke to be cooled and then passing the 
hot gases through a boiler to be cooled with resultant generation 
of steam, the cooled gases then being forced by a fan back to 
the coke container again to repeat the cycle. 

In this paper the author will endeavor to confine himself to 
the economics of the process, assuming a 1000-tons-a-day coke 
plant, and basing his various assumptions on the results of 
operation which he knows are being realized at his company’s 
plant in Rochester. It is a policy of the company not to give 
out figures which are the result of test runs when everything 


1 Superintendent, Gas Manufacturing Department, Rochester 
Gas and Electric Corp., Rochester, N. Y. 

Presented at the First National Meeting of the A.S:M.E. Fuels 
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is operated at maximum condition, but rather the figures which 
experience has shown can be realized from normal every-day 
operation. The assumptions in this paper are of this type. 
Because of the newness of this process the company has been 
carrying out a most careful investigation of the details of its 
operation and feels that the figures given can be relied up 
as utmost care has been exercised, particularly in determining 
the amount of steam produced. 

As might be expected in the case of a plant the first of its kind 
in this country, there are several features which we known can 
be improved upon, particularly with regard to the personne! 


Fig. 1 Stipe Evevation oF Sutzer Dry-QuENCHING PLANT AT 
RocHESTER 
(Containers, boilers, fans, and motors are in duplicate.) 


required for operation, and in the set-up given here some of 
these improvements in design as far as operating labor is con- 
cerned are assumed for the reason that they are so self-evident 
that their use is warranted. As a result it is believed that the 
figures given below will closely approximate the actual econo 
mies that would result from such a plant. 

There are numerous other improvements which it is felt could 
be made in the design of another plant to improve results. In the 
results which follow, however, no increase in steam production 
has been assumed, but the author keenly feels that this would be 
possible in the event a vertical waste-heat boiler were used in- 
stead of a horizontal fire-tube boiler of the type installed at the 
Rochester plant. In this suggested design, the base of the 
boiler could be used as an economizer for preheating the 
feedwater prior to entering the circulating circuit of the boiler. 
The inert gases used in the circulation in this process, because 
of their very nature, are bone dry, and hence corrosion trouble 
usually present in a boiler of this type would appear to be absent. 
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The gases could be cooled as low as it is possible to cool them with- 
out any fear of the results of condensation, and it would therefore 
seem that greater steam production would result. Any improve- 
ment due to this assumption is not made in the figures given 
below as it is felt best to report only actual operating results which 
it is known can be duplicated, and allow for future design to 
prove its improvement. A vertical boiler should be more suitable 
from an operating point of view as regards handling of dust 
deposits, etc., although at present it must be admitted that 
troubles of this nature have been conspicuous by their absence. 

Operating results which from the company’s experience thus 
far at least are known to be capable of realization from normal 
daily operation are as follows: 


1 Operating Results 
Temperature of coke fed to dry quencher, 1800 deg. fahr. 
Temperature of feedwater, 180 deg. fahr. 
Temperature of outlet coke, 350 to 400 deg. fahr. 
Pressure of steam, 140 lb. per sq. in. 
Actual steam produced per 1000 Ib. coke cooled, 430 lb. 
Fan kw-hr. requirements per ton of coke cooled daily, 2.14. 
Skip hoist, kw-hr. requirements per ton of coke cooled daily, 
0.14. 


It is interesting to see under these conditions how efficient this 
apparatus appears to be. The specific heat of coke, as is also 
the case with several other properties of coke, is a peculiar 
quality. It is a function of the temperature, percentage of ash, 
and amount of breeze contained therein. The thermal capacity 
of coke is not a direct function of temperature but is greater 
the higher the temperature. Some very exhaustive work on 
this subject by Dr. Debrunner in Zurich in 1924 shows under 
conditions similar to those under which the coke is made at the 
Rochester plant the following mean specific heat from 20 deg. 
cent.: 

1800 deg. fahr. = 982.2 deg. cent. = 0.362 
400 deg. fahr. = 204.4 deg. cent. = 0.232 
(1800 X 0.362) — (400 X 0.232) = 558.8 B.t.u. per lb. coke cooled 
available between temperatures shown. 


B.t.u. in steam at 140 lb. per sq. in. = 1194 

B.t.u. in feedwater, 180 — 32 = 148 
1046 B.t.u. re- 
covered per Ib. 
steam. 


1046 B.t.u. X 0.430 Ib. steam per lb. coke = 449.8 B.t.u. recovered 
in steam per Ib. coke. 
449.8 


558.8 


= 80.4 per cent efficiency, neglecting heat in outlet coke. 


If we consider the heat in the outlet coke the recovery becomes 
as follows: 


651.6 B.t.u. per lb. coke fed to dry quencher. 
449.8 


651.6 


= 69 per cent heat recovery, including heat in outlet coke. 


2 Repairs. In the accounting system of the author’s com- 
pany entirely separate accounts are set up for this plant so that 
it is felt that a very accurate record of repair costs is available. 
During the past six months the total repairs for labor and material 
to the boilers, and all auxiliaries thereto, the fans and their 
drive equipment, the skip hoist and its drive, have averaged 
$19.55 per day or 3.5 cents per ton of coke throughout. This 
figure may be high or it may be low. The figures include two 
periods of repair when the plant was dropped for overhauling. 
It does not, however, include any very major repairs. On the 
other hand, it does include considerable expense due to fixing up 


equipment which was not properly designed in the first place, 
which is always to be expected whenever a plant is built for the 
first time. Furthermore, the last complete internal inspection 
when the plant had been in operation some nine months showed 
it to be in a very fine condition, so that major repairs, the author 
feels, are not going to be much of an item. Possible scouring 
action on the boiler-head tube sheet, and particularly the fan 
blades, due to the abrasiveness of coke dust carried with the 
circulation gases, had been anticipated. The author personally 
saw the tube sheet and the fan and was most agreeably sur- 
prised. The dust catchers in the system, which consist of box- 
like chambers fitted with baffles for reducing the velocity of the 
gases, appear to have solved this difficulty and what dust does 
get by only apparently serves to keep the heating surfaces in a 
remarkably clean condition, as the heating surfaces have never 
had to be touched and are clean as can be. Therefore, a repair 
item of 3.5 cents per ton is felt to be a reasonably safe figure to 
use, and the company feels they are conservative when they use 
4.0 cents. 

3 Labor of Operation. At present two men operate the plant. 
There is no doubt that a future plant of proper design can be 
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Fie. 2. Section ToroveH Matin EvemMents oF THE Dry-QUENCH- 
InG Unit, SHowine By ARROWS THE CLOSED CIRCULATION OF 
Inert GASES 


(Coke at 1800 deg. is cooled to 350 deg. before withdrawal, the dissipated 
heat being used in the double boiler to produce steam. In the diagram, A 
is the water seal at the coke entrance; B, baffles; C, boiler cross-connection; 

D, dust catcher; E, coke removal; F, the fan, and M, the motor.) 


handled by one man. In fact, this operator can be the same 
operator necessary now in coke-oven plants to operate the coke 
wharf. Since the dry quencher discharges directly to the wharf 
this operator should be able to operate either system if proper 
design is made. In the set-up, however, assuming one operator 
per shift, a rate of 75 cents per hour is assumed. This rate 
may be high in some districts, although the author’s company 
has used it as it is the lowest rate in the plant for shift labor. 
The operation can easily be handled by an intelligent laborer, 
and correction to whatever rate is paid in any assumed location 
can easily be made. 

4 Fized Charges. Fixed charges are not necessarily a direct 
function of size of unit, but as there is no other gage to go by 
one is compelled in these figures to make such an assumption. 
The total cost including foundations and all auxiliaries in the 
Rochester Gas and Electric Corporation plant amounts to 
$393.00 per ton of daily coke throughput. Whether a larger 
plant would cost proportionally more the author questions, but 
for lack of better data it is used in the set-up. Any reduction 
here in fixed charges would make the dry quencher that much 
more attractive. In the set up under discussion 16 per cent has 
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been used to cover fixed charges, which include interest on money, 
taxes, insurance, amortization, etc. 


Economic Set-Up 
Assuming a coke plant producing 1000 tons of coke per day 


(1) Cost of plant, fixed charges: 
1000 X $393.00 = $393,000 
393,000 at 16% _ 


365 
(2) Power requirements per day for fans: 
1000 X 2.14 = 2140 kw-hr. at 1 cent...... 21.40 
(3) Power requirements for hoist: 
1000 X 0.14 = 140 kw-hr. at 1 cent... : 1.40 
(4) Operating labor: 
24 hours at 75 cents.... 18.00 
(5) Repairs: 
1000 X 4cents.......... 40.00 
Total daily operating cost................ $ 252.80 


Total steam made per day, 480 X 2 X 1000 = 860,000 lb. 


It is probable that such a plant would be made in entirely sepa- 
rate units, 3 or 4 in number. Under such a condition, in all 
probability not all would be down for repairs at the same time; 
that is, one would be down while the others continued to operate. 
However, in all probability each would be down a total of 2 
weeks throughout the year for overhauling and repair. Ex- 
perience indicates that this would be ample. Under such a 
condition a reduction in the steam made of 4 per cent is ad- 
visable to figure in order to get at probable actual costs over a 
period of a year. 


860,000 < 0.96 = 826,000 lb. steam per day average 


252.80 
= 30.4 cents per 1000 lb., cost of steam made. 


826 
Assume that the steam is worth 50c per 1000 lb. 
Cost of steam (exclusive of fixed charges)....... 80.80 


Assume taxes, insurance, amortization, etc., 
at 10 per cent, 39,300/365 =...............- 107 . 60 


Net earnings per day...................$224.60 


224.60 365 
393,000 


It is hoped that the above data have been worth while. An 
endeavor has been made to paint this picture in just as true a light 
as the author knows, based on actual experience, and there has 
been an effort to be conservative rather than too optimistic in 
calculations. The plant has been in operation a little over a year, 


= 20.8 per cent on money invested. 
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and as more experience is gained the figures may warrant chang- 
ing. 

Generally speaking, the operation of the plant has been found 
to be very simple and most flexible. The operating details 
and other benefits aside from steam production have already 
been covered in papers previously referred to which are available 
to any one interested. The economics as given above, plus the 
intangible benefits of dry quenching of coke, have made the 
company very well pleased with the plant, which is always a 
satisfaction when pioneering into a new field, and only too fre- 
quently are not the case. 


Discussion 


E. H. Wurrtock.? Some statement from Mr. Beebee as to 
the velocity of the gases through the system at any point should 
prove of value. It would also be interesting to know something 
of the power requirements of the circulating fans, and if they 
must be stopped during charging operations. 


Wms. Mirrenporr.? The writer would inquire as to the analy- 
sis of the gases entering the chamber and before passing into 
the boiler. 


H. W. Brooks.‘ In the steel industry there has been a trend 
toward fire-tube boilers, on account of their lower fixed charges. 
Apparently, from Mr. Beebee’s paper, he feels that a two-drum 
water-tube boiler would represent best practice. Perhaps fur- 
ther comment may be had on this subject. 


Tue AvutHor. Colonel Whitlock has raised the question of 
gas velocity. This amounts to 23,000 cu. ft. per min. through 
the system. 

The power requirements of the circulating fans, also men- 
tioned, amount to 2.14 kw-hr. per ton of coke cooled. 

The analysis of the gases entering the chamber before passing 
into the boiler, about which Mr. Mittendorf inquired, is as 
follows: 


CO:... . 7.0 per cent 
. 8.0 per cent 


Replying to Mr. Brooks, it would seem that to be efficient 
with the low heat head available and to insure absolute tightness 
against air leaks, the fire-tube boiler would be best. It is not 
intended to create the impression that the water-tube boiler 
would be more suitable. 


2 Commissioner of Smoke Inspection, Cleveland, Ohio. Mem. 
A.S.M.E. 

3 Consulting Engineer, Cincinnati, Ohio. Mem. A.S.M.E. 

4 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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The Preparation of Coal with Special 
Reference to Quality 


Causes of Impurities in Coal—Attempts of Coal Operators to Deliver a Clean Product— 
Description of Cleaning Plant Employing Air as Cleaner 
By WILLIAM BEURY,! ALGOMA, W. VA. 


is usually taken in the mining and preparation of coal to 

insure its high quality. The intense competition which 
is the natural consequence of the well-known, overdeveloped, 
and overmanned condition of the coal business has forced opera- 
tors to mine and sell the best coal possible. 

If operating in a seam of low-quality coal, they face a pri- 
mary handicap which forces them to exert unusual care to pro- 
duce a coal of high-enough grade to compare favorably with 
that of their more fortunate neighbors. Even in districts where 
the coal is naturally of the highest grade, the well-established 
producers have developed their trade by careful mining and good 
preparation. 

The coal operator obviously has no control over the natural 
quality of the coal itself. Its inherent ash and sulphur content 
and its B.t.u. value are fixed by nature. But mixed with the 
coal in the ground are layers of rock, slate, low-grade coal, sul- 
phur, and other incombustible matter that must either be kept 
out of the coal when it is mined or separated from it afterward. 
When the coal is shot down these binders, partings, or inter- 
stratified layers are likely to mix with the coal and also such 
roof and floor rock as may be lessened by the shot. This inter- 
mixing of the good coal of the seam with the slate and poor coal 
must be prevented to insure the highest possible quality. If 
this is successfully done the ash and sulphur content will be at a 
minimum and the full combustible content and B.t.u. value of 
the coal will be realized. 

Various methods of mining are adopted to accomplish this 
purpose. In some cases the mining machine cuts its slice out 
of the seam in the undesirable material, which is then thrown 
away. Frequently a small layer of coal is left either against 
the roof or the floor and deliberately sacrificed in order to pre- 
vent the adjacent rock from breaking up with the coal. 

After adopting the mining method which will in itself insure 
the best results, a large measure of the responsibility is on the 
shoulders of the miner. His placing of the drill holes for his 
shots and proper loading and shooting have a bearing on the 
quality of the product. He also picks out from the coal such 
pieces of slate as are unavoidably shot down. Thus quality of 
coal is almost invariably improved by imposing rigid discipline 
upon the miners and forcing them to use correct methods. 


fix PUBLIC in general does not realize how much care 


PREPARATION 


Regardless of all efforts used to mine clean coal, it is im- 

possible to prevent a small amount of rock from being loaded 
with the coal. Formerly the public was forced to accept coal 
in that condition, but recent practice requires that it be still 
further purified. 
. Preparation at the tipple includes the screening of the coal 
into lump, egg, nut, pea and slack, and sometimes other sizes, 
the removal of the waste from the various sizes, and careful 
loading into railroad cars to prevent breakage. 


ees Superintendent, Algoma Coal & Coke Co., Algoma, 
Va. 


Presented at the First National Meeting of the A.S.M.E. Fuels 
Ivision, St. Louis, Mo., October 10 to 13, 1927. 
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After screening into the proper sizes the most general method 
for cleaning the coal is to spread it out on a picking table and 
remove the foreign matter by hand picking. This method is 
perfectly satisfactory on the larger sizes as the rock is plainly 
visible and is easily removed, but on the smaller sizes it is both 
expensive and inadequate. 

Some mechanical means is therefore usually adopted to clean 
these sizes. Most of the coal-cleaning devices on the market 
depend for their operation on the difference in specific gravity 
between coal and the various kinds of waste matter mixed with 
it. The fact that coal is lighter than the refuse makes it possible 
to settle the latter to the bottom of an agitated bed and by various 
means remove it. For centuries this principle has been utilized, 
and until quite recently the separating medium was water. 
Coal washeries have thus become an important addition to 
mining equipment, and because they are expensive to build and 
operate they constitute the best evidence of the desire on the 
part of the coal operator to produce the best possible product. 

The principal objection to coal washeries is the fact that the 
cleaned coal carries a high percentage of moisture. This mois- 
ture, although not so troublesome as rock, is still inert and in- 
combustible, freezes in cold weather, and is otherwise objection- 
able. To overcome this, cleaning plants are now being built 
to use air as a separating medium, still making use of the dif- 
ference in specific gravity to accomplish the separation. 


DESCRIPTION OF A MODERN MINE AND PREPARATION PLANT 


A description of the methods and equipment in use at the 
Algoma mine may illustrate the care with which modern plants 
prepare coal for the market. 

There is greater uniformity in the character of the coal in the 
Pocahontas field than exists in any other coal field in the world. 
The seam is identified, however, by a parting, near the middle, 
varying from one to four or five inches, and in some cases by a 
heavy draw slate above the seam. The strongest competition 
among the operators has developed various methods of dispos- 
ing of these two impurities. 

At Algoma the mine cars are dumped into a hopper which 
feeds a Marcus picking-table screen. This is a horizontal screen 
which is reciprocated by a device which causes the coal to move 
ahead as it screens. It has been found that refuse can be more 
completely picked from coal if it is first sereened and the pickers’ 
attention confined to pieces of uniform size. The Marcus screen 
provides for this by permitting the lump coal to move down the 
main body of the screen, while directing the egg coal out to wings 
along the side. These two sizes are thus picked separately and 
delivered to loading booms provided with additional screens 
to remove the last vestige of fine coal. The loading booms are 
adjustable in height and lower the coal into railroad cars with a 
minimum of breakage. 

The coal below two inches in size, screened out on the Marcus 
screen, is elevated by a bucket elevator to a pneumatic cleaning 
plant. This first element of this cleaning plant is a series of small 
horizontal screens which screen the coal into a number of sizes. 
Each of these sizes is then delivered to an Arms air concentrator 
which consists of a sloping, perforated deck, on to which the coal 


j 
moe 
. 
ES 
| 
D 


152 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


is fed and through which air is forced by a centrifugal fan. The 
deck is provided with a series of riffles or baffles which retain the 
refuse after the stream has caused it to settle through the bed 
of coal. A reciprocating motion is given to the deck which 
causes the refuse to move along the riffles to the end while the 
coal flows over the top of the riffles to the side, thus accomplish- 
ing the separation. 

The refuse from the tables is accumulated in a conveyor and 
is discarded; the clean coal is accumulated by a separate con- 
veyor and is then delivered to the loading point; the nut coal, 
2 in. by 1 in. in size, being kept separate from the 1-in. slack 
and loaded as cleaned nut coal if desired. To insure the best 
possible cleaning a middlings product consisting of coal from 
that intermediate zone on the air concentrators between the 
refuse and the clean coal is returned to the feed of the cleaning 
plant and re-treated. 


Discussion 


J. C. Wirr.? It would be interesting to know if some means 
for grading out dust is required when wet washers are used, 
and if so, what method is employed. 


Wm. Mirrenpvorr.*’ The air-cleaning process is dependent 
upon the difference in specific gravity between the impurity and 
the coal. Perhaps some information can be given by the author 
as to the limitations of this system; that is, how narrow the 
difference in specific gravity between the impurity and the coal 
may become and yet be handled successfully by the cleaner. 
Also, what is the percentage of breakage in a cleaner of that 
type? Pocahontas coal, for instance, is rather friable, and the 
man buying it for steam purposes likes to have as clean a coal 


? Consulting Chemical Engineer, Chicago, Il]. Mem. A.S.M.E. 
3 Consulting Engineer, Cincinnati, Ohio. Mem. A.S.M.E. 


as he can get. It may be interesting in this connection to know 
what percentage of dust is collected over the table, and if there 
is a special market for this product. 


Tue AvtHor. Replying to Mr. Witt, the former practice 
when wet. washers were used was to wash all the coal, including 
the fines or dust. Lately it is found that usually the finer coa! 
does not receive the same benefit from washing or dry cleaning 
as the coarse coal. The fines are therefore usually screened out 
before cleaning, on ordinary high-speed screens. Some attempt 
has been made to separate this dust out in advance by air, but 
no successful practical applications of this principle have yet 
been made. 

Replying to Mr. Mittendorf, the author would point out that 
the fundamental sizing ratio upon which all air-cleaning plants 
are built is the 2:1 ratio. This usually is sufficient to remove 
the principal impurities from the coal. Refuse with a specitic 
gravity of 1.70 or greater can be almost completely eliminated 
by this method, and the bony coals of intermediate specific 
gravity are removed from coal which is lighter than 1.40 specific 
gravity. 

It is difficult to estimate a percentage of breakage due to the 
air table owing to the fact that a large amount of this breakage 
is due to the chutes and other accessories, the design of which 
plays an important part in the amount of the breakage. With 
carefully designed chutes there is no reason for the air table 
to cause any more breakage than another machine owing to 
the fact that the coal is acted upon by the table for so short a 
time that the breakage is small. With ideal conditions the 
breakage would approximate 10 per cent. 

The amount of dust that is collected varies with the frial lity 
of the coal treated and the amount of original moisture. [ su- 
ally the amount of dust collected varies from 1 per cent tv 2 
per cent of the coal handled in such a cleaning plant. 
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Railway Smoke Abatement 


By J. B. IRWIN,! CHICAGO, ILL. 


The purpose of this paper is to acquaint engineers in general 
with the efforts of the railroads to abate the smoke nuisance, and to 
offset the impression often gained that locomotives in municipal 
areas are the chief offenders as spreaders of smoke and grime. It 
is shown that railways in general are ever watchful that they may 
not become unduly offensive, and some of the plans adopted to 
check smoking are enumerated. It is shown that the engine crews 
can do much to remedy conditions, and officials are warned as to 
their manner of approaching the possible offenders. The pride of 
the crew must be appealed to rather than to set rules to be obeyed 
under threat of punishment. Direct steaming of locomotives from 
a central boiler seems to be working out satisfactorily in several in- 
stances, and an estimate of results to be expected from a plant under 
process of construction at the Chicago Avenue and Halsted Street 
Terminal of the Chicago and Northwestern Railway in Chicago, IIl., 
is appended. 


HE proportion of objectionable smoke in municipal areas 

contributed by the railways is a debatable question. Cer- 

tainly the railways are not the chief offenders, and no other 
large industry is exerting a more systematic or more intelligent 
effort to abate smoke, although they are often the chief targets 
for municipal ‘‘drives’’ against this nuisance. The fact that the 
responsibility in the case of the railways can be laid at the door 
of large corporate interests renders them particularly susceptible 
to legislative penalties for smoke violations and has caused railway 
managers the greatest concern. 

On the other hand, no large industry confronted with this 
problem has developed a keener appreciation of the intimate 
relation between smoke abatement and fuel economy. When 
fuel economy first became an organized effort on nearly all rail- 
roads, elimination of black smoke was the criterion of maximum 
fuel efficiency, and while it is now understood that there are 
many other important factors, particularly in respect to train 
operation, which may detract from fuel economy without a visible 
smoke indication, still no road that is indifferent to black smoke 
can be regarded as an efficient fuel user. 

This constructive relation between smoke abatement and fuel 
economy is now not only recognized by the railways that operate 
in practically all large American cities, but in many of these cities 
the authorities who deal with the details of this problem have 
shown an equally constructive interest in promoting economy 
coincident with smoke abatement. These city officials not 
only enjoy the satisfaction of having promoted a saving in fuel 
incidental to the abatement of smoke, but realize that this is 
becoming a more and more important incentive toward a vol- 
untary solution of the problem with which they have to deal. 

The problem of railway smoke abatement originates in three 
principal sources as follows: First, the smoke from locomotives 
in active service; second, the smoke caused by locomotives being 
fired up or held with banked fires at terminals; third, the smoke 
emitted from the stacks of stationary power plants operated by 
the railways. 

From a civie standpoint there is no distinction between smoke 
as produced by locomotives in service or standing at terminals. 
One is no less objectionable than the other, but the combined 
effect of a large number of locomotives concentrated at a terminal, 
particularly where the neighboring section is smoke conscious, 


‘ Chief Smoke Inspector of the Chicago and Northwestern Railway. 
Presented at the First National Meeting of the A.S.M.E. Fuels 
Division, St. Louis, Mo., October 10 to 13, 1927. 
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may focus more attention on the terminal as a smoke’ source. 
From the standpoint of the railroad, however, the technical prob- 
lem of smoke abatement at terminals and on locomotives in ser- 
vice is fundamentally different. 

For this reason, individual consideration will be given to the 
locomotive terminal and to locomotives in service in connection 
with the subject of this paper. On the other hand, there is 
nothing peculiar to the railways in the design and operation of 
stationary power plants from the standpoint of smoke abate- 
ment except that owing to their isolated requirements these plants 
are generally small in size and often deficient in modern equip- 
ment. However, this is a situation that is being corrected as 
rapidly as practicable, and as this phase of the smoke-abatement 
problem is adequately dealt with in industrial subjects under 
consideration, it will not be discussed in this paper. 

Turning first to the subject cf smoke abatement on locomotives 
in service, it may be noted that the governing factors in the order 
of their importance are: 


1 Method of firing and running the locomotive 
2 Design of locomotive and appurtenances 
3 Character of fuel. 


When a locomotive is in service, no factor has so important an 
influence over the control of smoke as the manner in which it is 
fired by the fireman and operated by the engineman. The 
locomotive can be perfectly designed and equipped, but if im- 
properly fired, large quantities of objectionable smoke and gas 
may be omitted even if a low-volatile fuel is burned. The same 
is noticeably true of fuel oil, which with suitable equipment and 
ordinary care is practically smokeless, but with the least care- 
lessness on the part of the fireman will cause an immense amount 
of dense smoke. Responsibility for proper firing is not wholly 
chargeable to the fireman as an indifferent or poorly trained 
engineman can easily discourage or discount the best efforts of a 
good fireman. 

Responsibility for proper handling of the locomotive is clearly 
up to the railroad company since this can always be accom- 
plished by competent instruction on the engine deck and by 
administering sufficient discipline to insure continued observance 
of these instructions. Where city officials feel compelled to 
take such discipline into their own hands as in the arrest of 
engine crews who are observed violating the smoke ordinance, 
as in Washington, D. C., it must be construed as an over-zealous 
effort on their part or as an admission of weakness on the part 
of the railroads. Neither condition is conducive to a spirit of 
cooperation between civic and railway authorities essential to 
a satisfactory solution of this problem. 

It may be observed in this connection that discipline by arrest 
is one of the early steps to which municipalities have recourse in 
initiating a smoke-prevention drive and that the severity and ex- 
tent of discipline tends to diminish as the movement progresses 
until all concerned become imbued with the spirit of the movement 
and regard smoke abatement not so much as an arbitrary ex- 
action by politically empowered authorities as one of the reason- 
able duties which they are employed to perform. 

Where discipline is still required to insure results that are 
satisfactory to the city, such measures might more properly be 
administered by the railroad in the form of short suspensions 
without pay. Statistics recently compiled by the city of Cin- 
cinnati show that the roads which employ some such modified 
form of discipline had considerably fewer violations than were 


ver’ 
4 
. 
hy 
ah 
ty 
a 
1 og 
q 
= 
» 
ore 
| 
| 
5 
Bab 


& 

we 


154 


committed by roads that merely censored the enginemen or only 
only attempted to offer some excuse to the city authorities that 
would shield the enginemen. On the other hand, it is believed 
that equally good results are being secured in the city of Chicago 
without recourse to discipline, and the author of this paper 
would like to believe that this may be accepted as an indication 
that we have progressed to where our municipal requirements 
are understood and regarded by nearly all railway employees 
as an every-day duty. 


Outside parking positions 


locomotive 
engine house 


Turn table 
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Three-way valve 


as well as the instruction of enginemen in the observance of these 
methods can only be accomplished on the engine deck by fuel 
supervisors who are capable of learning by first-hand experience 
and of teaching by example. 

To deal adequately with the design of locomotives and appur- 
tenances from the standpoint of smoke abatement would also 
involve more detail than could properly be presented in this 
paper. There are, however, certain features of universal im- 
portance that should be mentioned. 


fire igniting positjons. 


Out bound > locomotive tracks 


In bound” 
Fire dumping positions. 


Separator to segregate blown off 
water and steam from locomotives 


Locomotive 
blow-off main . ; Condenser to condlense blown 
to tilling water off steam from locomotives 
} main. and drain to filling water 


live steam main. 


Stationary boilers. 


reservoir 
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filling wate 
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Variations in the character of fuel, the design of motive power, 
and the conditions under which it is operated, all affect firing 
methods to such an extent that without dealing with this phase 
of the subject in greater detail than permissible in this paper, 
it might be misleading to describe the best method of firing a 
locomotive to prevent smoke. The method employed by one 
railroad in the city of Chicago with a certain preparation of 
Illinois coal might not prove equally successful on another road 
in the same city, operating a different type of motive power 
and burning a different preparation of coal. Variations of the 
conditions found in other cities may prove an even more effec- 
tive barrier to a uniform or standard method of firing to prevent 
smoke. This, in turn, emphasizes the extreme importance of 
more individual study of conditions and the development of 
methods calculated to secure the best results under given con- 
ditions. Suffice it to say that development of the best methods 


Fie. 1 Diagram or Aa Typicat Firetess Locomotive TerMINAL Direct STeaAMING ARRANGEMENT 


filling water. 


The introduction of air over the fire bed through combustion 
tubes in the side of the firebox and the use of a brick arch above 
the fire bed are both essential to controlling smoke at the stack. 
The construction of the locomotive determines the position and 
manner of applying the arch. All steam jets employed in the 
combustion tubes should be in working order and properly cet- 
tered to obtain the most effective results. No service require 
ment is more exacting from the standpoint of proper locomotive 
maintenance than smoke abatement. 

Locomotives must not only be properly maintained but should 
be suitably drafted with respect to the character of fuel burned, 
to insure the best results. Here again no universal rule can be 
submitted, but competent guidance is found in the cumulative 
experience of many railroads that have devoted careful study 
to this problem for a considerable period. The most notable 
investigation of this subject on record was that conducted by 
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the Pennsylvania Railroad some years ago. This was based upon 
exhaustive tests in the Altoona plant, and was made the basis of 
specifications for drafting and maintaining a typical locomotive 
in such a way as to prevent smoke so far as this could be con- 
trolled by the design and condition of the locomotive. These 
specifications afford the most reliable published guide on this 
subject to which the railways can refer, and may be obtained 
either from the Pennsylvania Railroad or may be found in the 
1916 Proceedings of the Smoke Prevention Association. 
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STATION IN FrrELEss LocomMoTivE TERMINAL 


The third feature referred to as a controlling factor in the 
abatement of smoke on locomotives in service is the character of 
fuel burned. On coal-burning locomotives, the use of anthracite 
as still practiced on some Eastern railroads would offer an imme- 
diate solution to this problem, if it were not for the prohibitive 
cost and limited supply of this fuel. It is claimed that insistence 
upon the use of semi-bituminous coal or coke, or certain per- 
centages of these fuels, in certain localities has proved an effective 
means of smoke abatement on locomotives in service; but, 
except in such special instances as above referred to, the use of 
any special fuel adds materially to the railway’s fuel bill, not only 
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in the premium paid for such fuel but in the extra cost of storing, 
distributing, and handling a special grade of fuel. 
Insistence upon any measures toward smoke abatement that 


Fie. 3 InTeR1IOR View OF ENGINEHOUSE AT LOCOMOTIVE TERMINAL 
Equiprep For Direct STEAMING 


tend to increase substantially the annual fuel bill are not justified 
until it has been conclusively shown that satisfactory results 
cannot be otherwise obtained. This is particularly true in respect 
to special fuels where satisfactory results might be obtained 
with fuel drawn from the regular source of supply if the proper 
method of handling this fuel were better understood and ob- 
served. Responsibility for obtaining the best results from the 
most available source of fuel supply is, of course, up to the 
railways, although municipal authorities can and should co- 
operate with the railways in developing improved methods of 
handling the regular fuel supply before insisting upon the use of 
some special, higher-priced fuel. 

In this connection, the publicity that was given to the use 
of special fuel mixtures by one railroad in an eastern city is 
recalled. It was reported that locomotives were being operated 
under the most severe service conditions with a mixture of semi- 
bituminous and high-volatile coals without making any smoke 
whatever and motion pictures were exhibited to substantiate 
these results. At the same time, however, it is known that 
another large railroad in the same territory continued the ex- 
clusive use of high-volatile coal from its regular source of supply 
with equally satisfactory results from the standpoint of smoke 
abatement as determined by the number of smoke violations 
recorded, the results on this road being attributed to skilful 
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handling of the regular fuel supply in accordance with methods 
developed from a careful study of the particular problem involved. 

The problem of smoke abatement at locomotive terminals 
presents a technique radically different from that required to 
control the emission of smoke from locomotives in service. 
Speaking generally of this problem, the following may be quoted 
from a report contributed to the 1927 Proceedings of the Smoke 
Prevention Association by a Committee on Smoke Prevention at 
Locomotive Terminals, of which the author of this paper is a 
member: 


Under the best conditions obtainable in ordinary practice at loco- 
motive terminals of the usual design, there are times when the com- 
bined effect of a number of locomotives will produce a very objection- 
able cloud of smoke. This condition is particularly noticeable where 
the terminal is located in a valley or where the prevailing direction of 
wind tends to mass the smoke from a group of locomotives. The 
use of stack blowers and steam combustion jets in the side of the 
firebox tend to thin the smoke, but this use of steam is wasteful, and 
condenses in cold weather, sometimes causing an objectionable cloud 
or fog to drift over adjacent streets. 

Among conditions that aggravate the smoke nuisance at locomo- 
tive terminals may be mentioned the class of labor to which locomo- 
tives are entrusted at the terminal and the difficulty of supervising 
their methods of handling motive power while at the terminal. The 
stress of preparing a large number of locomotives for service during 
the rush period of the day often necessitates building fires some 
hours in advance of the time that the locomotives leave the terminal, 
and at other terminals where operating conditions require a large 
number of locomotives being turned in a few hours it is now neces- 
sary to hold these locomotives under steam with banked fires. 

The first comprehensive scheme for smoke abatement at a large 
locomotive terminal was the installation of smoke ducts throughout 
the enginehouse leading to a smoke washer at the Englewood loco- 
motive terminal of the New York Central R. R. This equipment 
was described with considerable details in the 1915 Annual Proceed- 
ings of the Smoke Prevention Association. At that time the operat- 
ing cost of this apparatus was reported to be approximately $60 
per day with no compensating saving in fuel. This equipment was 
effective only while the locomotive with fires stood directly under 
the smoke jack in the enginehouse and some smoke escaped while 
locomotives backed out of the house or stood in the adjacent tracks 
awaiting movement. 

More recently, the direct steaming system has been proposed as a 
practical means of smoke abatement at locomotive terminals. The 
essential features of this system include a supply of hot filling water 
at atmospheric pressure and stationary boilers of sufficient capacity 
to fill and steam locomotives to a working pressure without a fire 
on the grate, also to hold locomotives under steam for any length of 
time before lighting the fire. It has been found in tests of this 
system conducted by the Grand Trunk Western R. R. at Battle 
Creek, Michigan, where the first direct steaming system was in- 
stalled, that a filling water temperature of not less than 180 deg. 
fahr. is required for the proper operation of this system and that 
the maximum steam flow while locomotives are being filled and 
steamed to a working pressure without fire on the grates approxi- 
mates 200 boiler horsepower. The average steam consumption 
required to hold a locomotive under steam continually without a 
fire on the grates is about 10 boiler horsepower per hour so that 
there is a considerable fuel saving in this method over the amount 
of coal that would otherwise be burned on the grates. 

During the past year several comprehensive projects for complete 
smoke abatement at large locomotive terminals have been under- 
taken and are now well under way. The plans include the installa- 
tion of a very complete smoke collecting and washing system through- 
out the Pennsylvania R. R. engine terminal at 55th Street, Chicago. 
This installation represents an investment of approximately $240,000 
and provides for 47 down-draft intakes, 14 of which are in the round- 
house circle and 33 on the fire-cleaning and parking tracks. Each 
of these intakes is designed to fit over the locomotive stack and draw 
the smoke and gases into a tunnel 4!/2 by 4!/2 ft. square from which 
the smoke and gases are delivered to the washers by two Bailey fans, 
each driven by a 130-hp. motor. 

Another project now under way in Chicago is the installation of 
a direct steaming system to serve all of the 23 stalls in the Grand 
Trunk Western R. R. enginehouse at a cost of approximately $110,000, 
including new stationary boilers being installed for this purpose. 
When complete, all smoke jacks in this enginehouse will be removed 
and the locomotives operated in and out of the house without fires 
on the grates. The fires will not be ignited in locomotives until 


immediately prior to departure, as above noted, and the heat from the 
surrounding firebox sheets will dry out the fuel bed so that it can 
be ignited very quickly and will begin to build up steam within a 
few minutes after being lighted. This also insures the departure of 
the locomotive with a clean fire. It is expected that this installation 
of the direct steaming system will be placed.in service not later 
than November 1 of the current year. 

At the present time, the Big Four (C. C. C. & St. L.) Railway is 
building a modern 29-stall enginehouse and terminal near the western 
boundary of Cincinnati in a location between the Ohio River and a 
hill rising to the north on which there is some residential develoj)- 
ment. This enginehouse, which will be completed this fall, is to be 
equipped throughout with the direct steaming system, the station- 
ary boiler plant having been equipped for that purpose with four 
400-hp. Heine water-tube boilers. 

The largest single smoke-abatement project under way at the 
present time is that of the Chicago and Northwestern Railway at 
Chicago Avenue and Halsted Street, Chicago, where the direct 
steaming system is being installed to serve as many as 72 locomotives 
at one time. This will represent a total expenditure of approxi- 
mately $250,000, which includes the construction of a power plant 
of 2000 boiler horsepower capacity. 


Some further insight into the technical details and interest ing 
possibilities of the direct steaming system may be obtained from 
Figs. 1, 2, and 3, and Tables 1 and 2, presenting an analysis of the 
operating results anticipated from the installation of this system 
at the Chicago Avenue Locomotive Terminal of the Chicago & 
Northwestern Railway. This is taken from a survey con- 
ducted by the engineers for this project, from which it will be 
noted that an annual fuel saving of $68,000 is estimated in ad- 
dition to complete elimination of all smoke and gas from loco- 
motives being fired up or standing under steam at the terminal. 


Discussion 


Ex.tiorr H. Wuiritock.?. The writer is pleased to note Mr. 
Irwin’s belief that disciplinary measures to correct individual 
violations should be handled by the railroads themselves. 

Several of the roads running into Cleveland employ this 
method, and it seems to produce better results than if the smoke- 
abatement department of the city undertook the task In 
Cleveland the railroads have cooperated with the city for a 
number of years. 

Upon taking over the work of the Smoke Inspection Depart- 
ment, the writer found that already there was an organization 
of railroads entering the city, including some of the smaller 
industrial corporations’ railroads, which met once a month 
in the Smoke Commissioner’s office at the City Hall to discuss 
the details of the operation of their individual roads during the 
previous month. They also discussed among themselves the 
small, practical minor changes which resulted in better com- 
bustion. 

The men who attend these meetings are master meclianics, 
traveling firemen, the local superintendents of the divisions, 
all of whom are men who actually have to deal with the me- 
chanical features, as well as the operation of the personnel. 
To illustrate the value of such a system: A discussion «s 
whether the brick arch should us should not extend to the flue 
sheet was taken up, the opinions of the representatives of several 
roads heard of the discussion and the matter carried through 
to a finish. Now every road has the arches in their locomotives 
extend to the flue sheet and there is now no more trouble with 
the lower flues clogging up with cinders than existed before. 

In Cleveland records are kept showing the percentages of smoke 
of each class month by month, so that each road knows exactly 
what was done the previous month. At the end of the year 
these are averaged to find out whether or not the years work 


2 Commissioner of Smoke Inspection, Cleveland, Ohio. Mem. 
A.S.M.E. 
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TABLE 1 SUMMARY OF ESTIMATED FUEL AND LABOR 
SAVINGS OF DIRECT STEAMING SYSTEM 
(Chicago Avenue Engine Terminal, C. & N. W. R. R.) 
Present Cost Net 
cost per with direct saving per 
year 


Fuel for holding locomotives under steam $72,610 
Fuel for steaming up locomotives . 5 
Fue! for heating passenger coaches 

Labor for firing stationary boilers 

Labor for unloading boiler coal... . 

Labor for building locomotive fires 


$121,839 $53,293 


TABLE 2 
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minals, there seems to be no reason why all of the terminals 
should not be taken up seriously and a real effort made to solve 
their smoke problems. 


J. C. Novan.* It should prove valuable if Mr. Irwin would 
comment further on methods of handling engine crews: ‘that is, 
how smoke abatement methods are best taught. An appeal to a 
man’s professional pride, education, propaganda, seem to be 
very much better than any attempt to discipline the men. 


ESTIMATED STATIONARY BOILER LOAD, HP., FOR DIRECT STEAMING LOCOMOTIVES AND HEATING COACHES 


(Chicago Avenue Terminal, C. & N. W. R. R.) 
EsTiIMATED BorLeR Loap DurinGc AssumED 10 Days PER YEAR OF ZERO WEATHER 


AM. 
Locomotives under steam—outside . . 
Locomotives under steam— inside . 
Locomotives filling simultaneously 
Heating coaches 

Radiation and miscellaneous losses 


Locomotives under steam—outside............ 
Locomotives under steam—inside.... 
Locomotives filling simultaneously . 

Heating coaches 

Radiation and miscellaneous losses 


3-4 
200 
720 
175 


4-5 


2469 1989 


Borter Loap DurinG AssuMEpD 100 Days Per YEAR OF AVERAGE WINTER WEATHER 


Locomotives under steam—outside .. . 90 90 
Locomotives under steam—inside .... 480 
Locomotives filling simultaneously . . 175 
Heating oe 0 
Radiation and miscellaneous losses . 149 


P.M, 


Locomotives under steam—outside . . . 
Locomotives under steam—inside ... 
Locomotives filling simultaneously . . 
Heating coaches 

Radiation and miscellaneous losses . 


1110 
460 
350 350 359 
700 700 700 


578 572 566 


1110 
460 


1110 
460 


EsTImaTep Bor.eR Loap DurING AssuMED 255 Days 
AM 


Locomotives under steam* 4 
Locomotives filling simultaneously . : 1 
Radiation and miscellaneous losses 1 


05 
75 
1 


6 


P.M, 


Locomotives under steam*........ 
Locomotives filling simultaneously . 
Radiation and miscellaneous losses . 


1035 
350 


ate 


1020 1005 


Total 1626 


_. 


1662 1644 


2556 


300 
509 

0 
700 
390 


1800 


1872 


669 


* Assume 15 b.hp required per hour for each locomotive under direct steaming during average sprinz, summer and fall weather. 


has improved over the previous year. For instance, taking the 
1925 figures of 100 per cent, we have found that the improvement 
in 1926 amounted to 26 per cent. Those figures are directly 
comparable, because they are all calculated in exactly the 
Same way. 

This year we are still showing an improvement. Now, once 
in a while some local condition tends to set us back a little. 
During the past three months one road has slipped backward 
So that it shows a worse record than at any time during the past 
three years. That is going to upset our figures a little bit, but 
it will not affect the year’s results greatly. It means, however, 
that we must specialize on that particular road, find out where 
the trouble is, and get it corrected. 

_Mr. Irwin has mentioned, at some length, the roundhouse 
Situation. That in Cleveland is one of our worst bugbears, 
and it is being taken up seriously at these monthly meetings. 

It has been said that 40 per cent of the total coal used by rail- 
roads is used at the terminals. We know that the operation of 
locomotives under smokeless conditions has conserved a great deal 
of fuel; now, if 40 per cent of the total fuel is used at the ter- 


Discipline is usually misrepresented after it is applied. 
how may one proceed to best advantage with terminal crews 
to obtain maximum results in turning locomotives? 


L. G. Puant.* It seems that something further might be said 
about the percentage of coal or fuel burned at terminals. It 
is not likely that many will disagree with the 40 per cent esti- 
mate, but for railroads as a whole, 20 per cent would seem to be 
a closer estimate. There are certain railroads, however, under 
certain operating conditions, where 40 per cent would not be 
out of line. For instance, the representative of a certain Eastern 
railroad recently said that quite a number of their large loco- 
motives are being held under steam continuously for 30 days, 
and are actually operated between terminals hardly more than 
an average of eight hours per day. 

Referring to the Chicago and Northwestern Railroad: Prac- 
tically all of the surburban power of this line is turned at the 


3 Fuel Engineer, Missouri Pacific Railroad, Houston, Texas. 
4 President, Railway Engineering Equipment Co., Railway Ex- 
change, Chicago, IIl. 
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Chicago Avenue terminal. The engines come in in the morning 
around seven, eight, and nine o’clock, and while at night there are 
as few as 18 engines at the terminal, there will be as high as 
72 locomotives at this terminal by noon. Most of those engines 
start their afternoon runs between three and five o’clock. Some 
of them will make a single run out to their suburban territory; 
others will make a round trip. It would seem that 40 per cent 
of the coal actually used by those engines is burned at the 
Chicago Avenue terminal, or at outlying terminals. Possibly 
50 per cent would be a better estimate. It is hardly safe to 
take a single figure as representing the average percentage of 
fuel burned by locomotives at all terminals since this varies so 
much with particular operating conditions. 


C. J. Evans.’ Mr. Plant’s statement that the railroads use 
40 per cent of the total fuel consumed in terminals may be true, 
but with the efforts that railroads all over the country are making 
now to save fuel it is not the writer’s opinion that this amount 
is used. It is not estimated that the M. K. & T. uses more than 
10 or 12 per cent, at the most, and not more than 8 per cent in 
some cases in freight service. More than that is used in passenger 
service, because the engines are fired up long before they are 
needed. 

Great progress in smoke elimination has accompanied the 
efforts at fuel economy, because they go hand-in-hand. A 
reduction in consumption year by year is positive evidence that 
less smoke has been made. In Kansas City there has been 
quite an agitation during the past year to reduce the amount 
of smoke made, and it has met with quite a bit of success. 

There are 13 railroads running into Kansas City, and each one 
of these railroads sends a representative for one day every two 
weeks to check operations and inspect, along with the chairman 
of the Black Smoke Abatement Committee for the railroads. 
This inspector is instructed to report every offender, no matter 
whose locomotive it is, and, if possible, to talk with the crew. 
This method has proved so successful that one month showed 
but 26 reports of black smoke. 

The direct-steaming plant has many advantages. For in- 
stance, if an engine must be turned in a hurry, it is possible to 
work on it until 15 minutes before it is run out of the house, 
because it has been demonstrated that an engine can be steamed 
up in 14'/. minutes to working pressure, from an empty boiler. 

Also, very important, the roundhouse becomes a decent plant 
for workmen to be in; no dust or dirt of any kind. In one case 
the neighbors were about to raise an objection to the city council 
against havng a roundhouse located in their midst because of 
the noise and smoke they anticipated. Later one of the citizens 
made this remark: “I wonder when they are going to start that 
roundhouse up?” It had then been operating about a month, 
and the neighbors had heard no noise nor seen any smoke. 


Ws. G. Curisty.* During the past year the Citizens Smoke 
Abatement League made a smoke survey of St. Louis. A 
number of observations and readings were made on railroad 


5 Missouri, Kansas and Texas Railroad, Parsons, Kan. 
6 Executive Secretary, Citizens Smoke Abatement League, St. 
Louis, Mo. Mem. A.S.M.E. 


smoke, and it has been found that the density of smoke from 
roundhouses is much higher than it is from locomotives in 
operation or standing still. Roundhouse smoke is quite a 
problem in St. Louis. 

It is interesting to note what the railroads in St. Louis are 
doing. In the average industrial city, according to the records 
of the Bureau of Mines and other authorities on smoke abate- 
ment, the railroads make about 18 per cent of the smoke. The 
survey in St. Louis shows that the railroads make only 8 per 
cent of the smoke. 

It would be very helpful if other classes of fuel users could 
get organized like the railroads for smoke abatement, with their 
system of supervision and discipline. 


F. W. Gratiot.’ It is not quite clear from Mr. Irwin’s paper 
whether or not steam connections will be installed on the out- 
bound tracks. In some roundhouses where there is insufficient 
space it is necessary to take some engines in and take others out, 
and this cannot very well be accomplished without putting a 
fire in them, unless there is some provision for outside connec- 
tions. 


Tue Avutuor. Economy, competition, and good service 
demand that the railroads, like any other modern industrial 
organization, employ up-to-date practices and design of equip- 
ment, regardless of pressure of other outside influences. 

This, with adequate education and supervision of the men 
in the “field,” makes a combination that goes hand in hand 
with fuel conservation and smoke prevention. Therefore, 
in dealing with municipal smoke-prevention organizations 
it becomes a matter of cooperation with them rather than one 
of recourse to the law and its penalty, as in reality in most 
cases the law is being reasonably enforced in the application of 
the above measures. 

The engine-terminal situation in cities is a delicate problem. 
Even the emission of clear gases from a roundhouse in a built-up 
district is a source of annoyance and complaint, and it is the 
more difficult to handle because of the shifting conditions of 
labor to which it is necessary to assign the work of building 
and maintaining locomotive fires. 

It was not intended that disciplinary measures in the case of 
engine crews violating smoke ordinances should prevail over 
other measures. The idea to have been conveyed was that 
discipline should be resorted to in extreme and numerous cases 
only when the other means, mentioned by Mr. Nolan, obviously 
have failed. The terminal crews handling locomotives to be 
turned (presumably hostlers are indicated) should have the 
benefit of the same instruction and education, and should be 
supervised in the same manner as road crews. 

Answering Mr. Gratiot’s comment, it would be perfectly 
feasible to install direct steaming connections on outbound 
tracks, even at some distance from the power plant. It will 
be noted that at the Chicago Avenue, Chicago, terminal of 
the Chicago and Northwestern Railway, 37 such outside con- 
nections are provided for locomotives held without fires outside 
the roundhouse. 


7 Missouri Pacific Railroad, St. Louis, Mo. 
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The Measurement of Atmospheric Pollution, 
Visible and Invisible 


By GEORGE T. MOORE,! ST. LOUIS, MO. 


HILE the ultimate solution of the problem of how cities 
W-« to acquire a smokeless atmosphere must depend 

upon the cooperation of the mechanical engineer with 
the fuel specialist, it is highly important that during the pre- 
liminary stages of any investigation, as accurate an idea as pos- 
sible be obtained of the amount of pollution either normally or 
abnormally present in the air. 

Until comparatively recently all efforts to determine the 
amount of pollution in the atmosphere have been confined to 
measuring more or less crudely the amount of solid matter in the 
air, no attention whatsoever being paid to the gases or acids 
which may be formed through the incomplete combustion of 
coal. Even at the present day one of the standard methods is 
the so-called “‘soot-fall’”’ study, in which the soot is collected in 
suitable containers and after being filtered and weighed is heated 
to ignition, and the loss in weight, which represents the com- 
bustible material, is reported as soot. This weight of soot is 
calculated in tons per square mile per annum, and by this means 
figures are obtained which can be compared with the results 
secured at different localities in the same city or in different cities. 
Obviously such a method is subject to a high percentage of error 
and can only measure the soot that is heavy enough to be de- 
posited by its own weight from the air. Crude as this method is, 
it does give a certain basis for estimating the amount of solid 
matter in the air, and it is customary in any smoke survey to 
resort to it if for no other reason than to be able to note any im- 
provement which may occur from year to year. But the ob- 
jections to the “soot-fall’’ way of determining anything like the 
total amount of atmospheric pollution are obvious. 


Tue Owens Avromatic Arr FILTER 


Thanks to the activities of the Advisory Committee on Atmos- 
pherie Pollution in Great Britain, there has been devised a much 
more satisfactory means of obtaining accurate information 
concerning the amount of solids in the air. A notable achieve- 
ment is an instrument for determining the amount of solid im- 
purity in the air at any time by drawing a measured volume of 
air through a small circular area of filter paper. This machine 
was designed and constructed by the Honorable Secretary of the 
Committee, Dr. J. 8. Owens, and is now commonly known as the 
Owens automatic air filter. It takes about ten minutes 
'o complete the filtration of one charge of air, which is exactly 
two liters. The instrument renews automatically the quantity 
of air to be filtered, and a new circle is exposed on the filter 
paper as soon as one charge is disposed of. Thus from four to 
five samples of air per hour can be analyzed and a permanent 
record of impurities obtained for every fifteen or twenty minutes 
throughout the twenty-four hours for an entire year or longer. 
The advantage of being able to definitely compare conditions 
Which occur at the same day and hour a year previous, or at any 
other desired time, is of great value in any smoke survey. 

By means of a carefully prepared color scale the individual 
records made by the air filter can be matched up, and a fairly 
accurate idea obtained of the amount (in milligrams) of suspended 
matter contained in two liters of air. 

of Missouri Botanical Garden. 
, » Mo., October 10 to 13, 1927. 
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One rather surprising result from the use of the Owens air filter 
was to demonstrate that doors and windows do nothing to keep 
out the finely divided particles that are carried by the air. At 
first it was naturally supposed that in order to get a proper sample 
the machine would have to be set up out of doors, but experience 
has shown that air in a closed room is just as dirty as that out 
of doors. 

Tue Jet Dust CounTER 


Still another method of measuring air pollution which has 
the advantage of being portable is by means of the so-called 
“jet dust counter,’’ also devised by Dr. Owens. This method 
depends upon the well-known fact that when air containing finely 
suspended particles and a sufficient amount of water vapor has its 
pressure suddenly reduced, there is a fall of temperature and 
moisture condenses on the dust. If these moisture-covered 
particles come in contact with a glass surface, the moisture evap- 
orates and the dust particles adhere to the glass and can be 
counted. 

The jet-dust-counter apparatus consists of a tube or chamber 
lined with blotting paper which is wet with water. A small air 
pump of known capacity per stroke is attached at right angles to 
the bottom of the tube. This end of the tube is blocked by a 
metal plate containing a narrow slit and is arranged so that a 
clean cover glass just fits, and when the pump is operated the 
particles contained in a given volume of air are deposited upon 
the cover glass where they adhere and can then be examined and 
counted under the microscope. 


” 


MEASUREMENT OF ACIDITY OF THE AIR 


It has long been recognized that carbon alone is not the cause 
of all the damage produced by smoke. In regions where large 
quantities of bituminous coal are burned there is certain to be 
a considerable amount of sulphur volatilized, and this readily 
oxidizes to sulphurous and sulphuric acid. Much of the destruc- 
tive action from excessive amounts of smoke is due to these as well 
as certain other organic acids. While it is true that the finely 
divided carbon acts as a carrier for the volatilized sulphur and the 
quantity of carbon in the air is a general indication of the possible 
amount of destructive acids present, this in no way furnishes an 
accurate measure of the acidity of the air, and other means must 
be used for determining this. Dr. Owens and others connected 
with the Committee on Atmospheric Pollution of the Meteoro- 
logical Office of Great Britain have been the pioneers in this work. 
At first experiments were made with a special tintometer for the 
estimation of acid by the use of an absorption tube containing the 
indicator solution. Ultimately, however, an apparatus was de- 
vised depending on electrical conductivity combined with elec- 
trical dust precipitation, and this at the present time constitutes 
one of the most accurate and satisfactory means of determining 
the quantity of acid present at any given time in the air. Briefly, 
this apparatus consists of a small covered silica dish in which 
a few cubic centimeters of conductivity water are placed. The 
dish has inlet and outlet tubes, and a wire passing through the 
cover makes contact with the water. Air is drawn through a 
space above the water, and by regulating the rate it deposits all 
its dust in the water. The water is then heated and its con- 
ductivity measured by means of a special form of electrode. The 
sensitiveness of this apparatus is almost unbelievable. For 
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example, a small piece of soot accidentally falling into the water 
altered the resistance from 7800 ohms to 2700 ohms, and this in 
afewseconds. Simply touching the surface of the water with the 
finger for an instant will sometimes reduce the response as much 
as one-half. In addition to precipitating suspended matter, the 
apparatus has proved to be effective for determining gaseous acids. 

Apparently the best method yet devised for determining the 
amount of sulphur dioxide in the air is the starch-iodine method 
described in the report of the Selby Smelter Commission, Bureau 
of Mines Bulletin 98, Department of the Interior. Certain 
modifications of the method of sampling devised by the Depart- 
ment of Agricultural Research, American Smelting and Re- 
fining Company, have greatly increased the delicacy of the test, 
since much larger samples of air can be taken. It is the author’s 
understanding that the American Smelting and Refining Com- 
pany is now able to take continuous samples of air, each of two 
minutes’ duration, or by aspirating through one solution indefi- 
nitely it is possible to draw as many liters of air through the appa- 
ratus as desired, thereby making it possible to determine sulphur 
dioxide in one part in one hundred million if necessary. 


DETECTING THE PRESENCE OF PATHOGENIC ORGANISMS IN 
AIR 


While not directly connected with the smoke problem, the ques- 
tion of the number and kind of desease germs which may be 
present in city air is of course an important aspect of atmospheric 
pollution. Bacteriological and sanitary engineers have called 
attention to the possibility of polluting air by the scattering of 
fine particles of mucus and saliva in coughing, loud speaking, 
and sneezing. There seems to be no question that pathogenic 
organisms from infected persons enter the air and may by this 
means be subsequently transmitted to other individuals. Actual 
experiments in closed rooms show that harmless bacteria intro- 
duced into the mouth can be recovered after a half-hour of loud 
speaking at a distance of forty feet in front of and twelve feet be- 
hind the speaker. 

Some years ago Mr. Nolte, working in the laboratories at the 
Missouri Botanical Garden, succeeded in identifying the most 
characteristic salivary organism and in devising means of iso- 
lating it from the air. A glass tube containing a layer of very 
fine sand was connected with a rubber bulb in such a manner 
that when pressure was applied and a pinchcock opened the air 
contained in the bulb was expelled through an exhaust without 
disturbing the sand in the filter. Upon releasing the pinchcock 
and afterward the bulb, 300 cu. cm. of air was drawn through 
the sand at each operation of the bulb. The whole apparatus was 
inconspicuous and when wrapped in paper attracted no attention 
so that samples of air could be taken in street cars, public build- 
ings, etc., without attracting attention. After returning to the 
laboratory the sand from the filter was poured into a flask con- 
taining sterile distilled water and the contents thoroughly 
shaken. Aliquot portions were plated on nutrient agar, and 
after incubation the number of colonies and nature of the organism 
could be determined. Thus as a result of this work the presence 
in the air of the most characteristic salivary organism can be 
determined, and this can be used as an index of the possible pres- 
ence of pathogenic organisms in precisely the same way that 
Bacillus coli is used as an indication of the possibility of the 
presence of disease germs from sewage in drinking water. 

While progress is slow and the whole problem of smoke abate- 
ment is necessarily complicated by various economic consider- 
ations, the fact remains that public opinion is gradually being 
aroused. Cities in this country are before long going to insist 

that all unnecessary and preventable pollution of the atmosphere 
be eliminated, just as they now demand that the domestic water 
supply be protected. Any and every method which can be de- 


vised to measure the amount of harmful matter in the air should 
be resorted to, since it is only from information acquired in this 


way that the proper remedies may be applied. 


Discussion 


L. R. ANpREw.? In connection with the measuring of atmos- 
pheric pollution by means of the Owens jet dust counter, which 
deposits the dust particles on a glass slide where they may be 
counted as has been described by the author, a map (Fig. 1) 
showing the results of a traverse of the city of St. Louis and 
vicinity made with the Owens dust counter will be of interest. 

The microscope slides from which these counts were made 
were taken on the morning of March 18, 1927, between the hours 
of 7 a.m. and noon, and beginning at the northwestern part of 
the city and traversing the city on a route as shown and ending 
at a point some 12 miles out in the country. 

The conditions were very favorable for securing a fairly 
representative slide at each locality as the wind was light, the 
velocity being about 7 miles per hour from the northeast. The 
temperature during the morning averaged close to 58 deg. fahr. 

The maximum number of particles per cubic centimeter was 
5424, which was secured in the neighborhood of Jefferson and 
Franklin Ave. At 8th and Locust the count showed only 2473 
particles per cubic centimeter. The maximum figure found is 
approximately ten times the count found in the country and 
five times that found in Webster Groves, a suburb of St. Louis. 
In this count no attempt was made to differentiate between 
dust and soot. 

This method of measuring pollution of the atmosphere by 
dust or soot could be of considerable value in checking up the 
progress of a smoke-abatement campaign. 


E. B. Lancensera.* There has been so much said about this 
dust count, and so much criticism about the dust count in the 
City of St. Louis, that it would seem that it is time to separate 
the soot count from the dust count. 

It is an unfair criticism of any city to make an air-pollution 
count without isolating the soot particles or the dust particles. 


Exuiorr H. Wurrtock.* We are just now making a soot-fall 
test in Cleveland. At an outlying station in a residential 
district, the total deposit was collected and then analyzed, first 
by ether extract, to get the tarry matter, then the fixed carbon, 
then the ash, and then the iron oxide in the ash. The results 
for this station showed 2'/, per cent of ether extract, 13 per cent 
of fixed carbon, and a total ash of 85 per cent. Of that ash 97 
per cent was iron oxide. At a downtown station in the neighbor- 
hood of three large blast-furnace plants, we found 2 per cent 
of ether extract, 21 per cent of fixed carbon, 76.5 per cent ash, 
and 32 per cent iron oxide. 


Georce A. Orrox. The writer would offer a word about the 
accuracy of these dust-recording methods, and particularly 
to criticize attempts to get any accurate figures on the dust 2 
the air. 

Accuracy of sampling is no better today than it was fifty 
years ago. It depends on the man who does the sampling and 
the material he tries to sample, and any sample which 1s small 
in size is notoriously inadequate. 


2 Assistant to Victor J. Azbe, consulting Engineer, St. Louis, Mo. 
Jun. A.S.M.E. 

3’ Langenberg Mfg. Co., St. Louis. 

‘Commissioner of Smoke Inspection, Cleveland, Ohio. Men. 
A.S.M.E. 
* Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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The Owens machine, using a liter or two of air, can determine 
only the amount of dust in that particular amount of air, not in 
the general content of the atmosphere of our cities. The larger 
the amount from which the sample is taken, the more accurate 
the count will be. The writer personally would reject, in his 
own work in air sampling, any sample that did not contain at 
least 100 cu. ft. and preferably 1000 cu. ft. A one-liter sample 
ean never give anything of value. 

Experience has led the writer to believe that the sugar filter, 
with exhauster and a meter, is 


taking continuous samples of air over large areas or of large 
volume. Perhaps the author will offer additional information. 


Tue Avutuor. This is a matter of the size of the water tank. 
With duplicate machines, one of which will contain enough 
water to last 24 hours, continuous samples can be taken over 
24 hours duration. It depends on the speed, of course, at which 
the water runs, and cutting in the other machine while the 
second machine is filling. 


the most accurate, because of 
the larger samples. He would 
not, however, say that it is 
accurate, because the largest 
samples he has been able to 
take are of about 1000 cu. ft., 
and this is not very great when 
the amount of air surrounding 
the city of St. Louis, for in- 
stance, is considered. 

The advantage of the filter 
which uses 100 to 1000 cu. ft. 
of air is that everything is caught 
on a bed of sugar. The sugar 
is dissolved in water and what 
is left is caught on a piece of 
filter paper of known analysis 
A chemical analysis 


and weight. 


Clayton 
of this residue can be made and 
there is a sufficient amount to be 
weighed. It can be separated 
into silica, iron or steel, and car- 
bon. 
When the New York subways 
were first built, there was an in- 
vestigation of the amount of steel 
ground from the rails and car °1070 
wheels. From that we turned 
to an investigation of the air 
around the stations in New York, 
in the rooms, on the roofs, and in Webster 
Groyes 


the streets, and many thousands 
of determinations with samples 
ranging from 100 to 1000 cu. ft. 
were made. 


0/196 


We tried to get averages, and 
while these averages agreed in a 
general way with some of the 
figures that come from Europe, 
we learned enough to know that 
dust in the atmosphere is more 
or less sporadic, that it depends 
on the traffic, and that it cannot 
be determined by color. Color 


586 SW oF 


determines the soot particles, 
but does not determine dust. 
Dust may be white and have 
no effect on the color scale. 

It is hoped that some day we may have an apparatus which 


Ps sire these results accurately, but the writer is a little doubt- 
Wi OT It. 


Fie. 1 


Joux C. McCape.* No doubt many engineers will be inter- 


ested to know if the Owen automatic air filter is adaptable to 


i, Research Engineer, City of Detroit, City Hall, Detroit Mich. 
em. A.S.M_E 
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Dust ConTENT OF ATMOSPHERE OF St. Louts, Mo., Marcu 18, 1927 
(Particles per cu. cm. counted under 1000 magnification. 


N. E. wind, 7 mi. per hr. Temperature, 68 deg. fahr.) 

We all realize that any sampling method is inaccurate; as a 
mattter of fact, any statistical method is inaccurate. So far as 
the Owen air filter is concerned, the facts that it is automatic, 
that it does not depend upon the personal activity of any indi- 
vidual, and that it can take a continuous sample of air for 24 
hours are in its favor. It gives comparative results, and com- 
parative rather than gross results are what we are interested in. 

The author quite agrees with Mr. Orrok who points out the 
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impossibility of getting from a liter or two liters a sample of air 
which is representative of the air of St. Louis. It should be 
remembered, however, that any sample which can be obtained 
from the atmosphere of a city is comparatively very small. 
The Owens machine will permanently record over one hundred 
samples of air in 24 hours, a thing no other practical method 
will do. It is a well-recognized fact that a number of small 
samples, averaged, will give fairer and more accurate results 
than a single large sample, no matter how large it may be. 
The author feels that some method similar to the Owens ma- 
chine, while by no means perfect, is a very distinct advance 
over the soot-fall method or other methods which have been used. 
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Now, so far as the jet counter is concerned, the author be- 
lieves that a very proper criticism has been made against it, 
because of its inability to discriminate between soot and other 
dust. Our experience has been that it is very, very diffi- 
cult to tell, under the microscope, what is dust and what is 
soot. 

We had occasion to carry on some investigations concerning 
hay fever. It seemed the most natural thing in the world to 
go out with a dust machine and pick up pollen, but we could 
not recognize pollen under the microscope under these conditions, 
and I do not see how it is possible to discriminate between soot 
and street dust. 
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Smoke-Abatement Methods Used in Cleveland 


By ELLIOTT H. WHITLOC 


land is probably characteristic of that of most smoke de- 
partments, and some facts may be gathered from a brief 
study of the past. 

After the adoption of an ordinance by the City Council, the 
Department of Smoke Abatement was organized about July, 1900, 
under the direction of Prof. C. H. Benjamin, who was then 
professor of Mechanical Engineering at Case School of Applied 
Science. Professor Benjamin gave only part of his time to the 
work of the department, but was able to organize it efficiently 
as is shown by the figures given in his first report, submitted 
in July, 1901. During that year he reported 114 mechanical 
stokers installed, 14 down-draft furnaces, and 44 automatic 
smoke preventers. It is also interesting to note that he reported 
the reading of 57 chimneys from a given point in September, 
1900, with an average for the day of 10.4 per cent of smoke, and 
similar observations made on the same chimneys in June, 1901, 
averaging only 5.4 per cent of smoke. 

The successor of Professor Benjamin remained at the head of 
the department for eight years, or to 1910, from which time to the 
present the terms of the various incumbents have been short, 
running as follows: 2 years, 3 years, 1 year, 2 years, 4 years, 8 
months, 1'/, years, 1'/, years, and 1'/2 years to the present writ- 
ing. The appropriations for the operation of the department 
also show a lack of continuity in the work, in that the amount of 
money used in 1922 was less than half that in 1921. 

0. P. Hood, Chief Mechanical Engineer, U. S. Bureau of 
Mines, has emphasized and elaborated on the necessity for a 
continuing policy in smoke-abatement work if permanent results 
are to be hoped for. In one of his articles he compares the han- 
dling of the smoke departments of our cities with that of other city 
departments, such as the water, sewer, and police, all of which 
have well-defined programs projected over a number of years. 
He says in one instance, “One characteristic of a successful smoke. 
abatement movement is continuous, never-ending pressure.” 

The conditions in Cleveland today with regard to the smoke 
huisance are not at all what might have been expected had the 
policy established by Professor Benjamin been carried out from 
the start to the present time. 


on history of the Smoke Department of the city of Cleve- 


ORDINANCES 


It is quite amusing to read the ordinances on smoke abatement 
from several different cities and note the different angles from 
which those framing the ordinances have attacked the problem. 
One noticeable ambiguity which is still allowed to continue in 
many ordinances is the use of the words “dense smoke,” with 
absolutely no definition of the meaning of the words. This 
condition obtained in the Cleveland ordinances until about a year 
ago, when they were changed to define the meaning of the words 
by specific reference to the Ringelmann Chart. These charts are 
well known and are published and distributed (free of cost) by 
the U. 8. Bureau of Mines. It is quite evident that the Court— 
at least in Cleveland—accepts this definition of smoke, since in 
hot one instance has the department prosecuted an offender with- 
out receiving a conviction accompanied by a fine, and in no case 
has the fine been remitted by the Court. 

Many ordinances, including the present Cleveland ordinances, 
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are ambiguous in defining the scope of equipment intended to 
come under control of the department. In attempting to 
qualify certain features of certain sections of the code, the mean- 
ing of the original section becomes involved and is thereby sus- 
ceptible of more than one interpretation. For example: It has 
long been the custom in Cleveland to require no permit for any 
furnaces of a capacity less than 1200 sq. ft. of steam radiation. 
It seems to the author that this is a misinterpretation, since the 
limitation applies only to a type of furnace of a given size and 
should not be considered as a limitation on the size of the plant. 
Other ambiguities occur in many ordinances which no doubt 
will be rewritten in due course as our experience becomes more 
extensive. It will be very helpful, too, if there can be pre- 
pared and recorded with the ordinances certain physical rela- 
tions, such as maximum size of boiler to be allowed with hand- 
fired grates, setting heights for boiler both hand-fired and stoker- 
fired (these may vary in different sections of our country due to 
the different kinds of fuel in use), limiting or excluding the in- 
stalling or use of certain types of equipment which are impossible 
or difficult to operate without making smoke, etc. Some such 
published data would assist materially the engineer, the archi- 
tect, the owner, and the smoke department. The suggested 
“Standard Ordinance” proposed by the A.S.M.E. is a good 
start in the right direction, but it will probably have to be modi- 
fied or expanded somewhat for local conditions. 


EQUIPMENT 


Time, temperature, turbulence—if these three elements, or any 
one of them, are overlooked or slighted in the design of com- 
bustion equipment, the ultimate owner or operator will be pe- 
nalized by having to pay an unnecessary tax for the imperfect 
combustion of hisfuel. Also the smoke department will have a 
potential offender on its hands. Too many times a piece of 
combustion apparatus is designed for use with a fuel of certain 
known characteristics, and later on is exploited commercially in 
a field where fuel of an entirely different composition is used. 
Hence inefficiency and smoke. 

Apparently the suggestion of imperfect combustion in the form 
of smoke brings to the minds of most people the vision of a power 
plant of moderate size. If such plants produced the most 
smoke it might be a comparatively easy matter for a smoke de- 
partment to prove to the owners the economy which can always 
be promised upon making one or more commonly known and 
accepted changes, with very moderate investment, which would 
eliminate the smoke. To prove that this is not mere verbiage, 
two of many such letters on file in the Cleveland Smoke Depart- 
ment are reproduced. 

We are very glad to report that since we completed the changes in 
our boiler arches in accordance with your suggestion, we have prac- 
tically eliminated all of our smoke. We are indeed grateful to you 
for your recommendations, for, as you know, when we are operating 
at full capacity, our boiler is well overloaded and as a result we have 
been obliged in the past to burn fuel oil along with our coal in order to 
keep up full steam pressure. Since the installation of the new arches 
we have been able to maintain a full head of steam and practically 
eliminate the use of oil. 

As we were using approximately 300 gallons of fuel oil per day 
before we changed our boiler arches, this saving will soon compensate 
for the extra expense involved in making the changes in our boiler. 


Another letter runs as follows: 


Replying to your letter of November 3, would advise you that we in- 
stalled during the first part of July one of the... .stokers, and we are 
pleased to give you the following experience with same. 
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For the month of August we averaged 4.3 tons of coal per day. 
Our previous average was 5 tons of coal per day. The coal used dur- 
ing August was 65 cents a ton less than the other grade of coal. 

The saving in the amount of coal and difference in price amounted 
to $6.30 per day. 

Our direct labor for fireman and engineer figured a saving of $1.95 
per day, making a total saving on each day operated of approximately 
$8.25. 

It is needless to say from the above figures that we are very well 
satisfied with the performance of the... .stoker, and also believe 
that it has eliminated the trouble we have had with your department 
due to excessive smoke. 


Other letters showing even more startling amounts of savings 
are on file. Such information soon convinced the Cleveland 
Smoke Department that smoke abatement should and could be 
“sold” to the smoke offenders on the basis of an economical 
investment on which generous returns might be expected, even 
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less smoke. Such varied conditions are no doubt responsible 
for the long delay in establishing definite rules that might be 
published and adopted for general use. 

Then, too, the fuels that can be obtained in the markets in 
different parts of our country, with their varying chemical com- 
positions and physical properties, still further complicate the 
problem. 

However, it is encouraging to note that there are some es- 
tablished requirements that can be applied in many cases, and 
progress has been made in recommendations that have been 
published and can be obtained by any who are interested in good 
combustion. Particular reference can be made to the progressive 
and excellent conditions agreed to by and between the boiler 
manufacturers and the stoker manufacturers as one piece of 
real constructive work along these lines. 


PER CENT 
TO MOISTURE IN COAL 0. 
CARBON IN AGW [Cast] CARBON ASN 
TO DRY FLUE GAS 12.80 


---TO_ MOISTURE FROM BURNING Ha} 442 


TO MOISTURE AIR 023 
RAD. AND FOR | 28 
TO CARBON IM SMOKE 232 


TO INCOMPLETE COMBUSTION _ 
TOTAL 1333 


HEAT EFFECTIVE FOR STEAMING _ 
TOTAL 


ONE SCOOPFUL OF Coal (20 LB) 
BURNED WITH ONLY 91.6% 0F 
AIR REQUIRED 


Fig. 1 


more generous returns than are customary on stocks or bonds 
which are so keenly sought for on the stock exchange, for it is 
seldom that stocks or bonds will amortize the principal invest- 
ment in a period of two years, which is a condition that can 
frequently be shown by improved combustion. 

The lack of sufficient oxygen to mix with the gases of the high- 
volatile bituminous coals used in Cleveland, and other places, 
is one cause of serious trouble and loss. This can be definitely 
figured for any assumed conditions, and Fig. 1 shows both in 
figures and graphically the loss due to 8 per cent too little air and 
the economy of 40 per cent excess air when burning coal with 
37.61 per cent of volatile matter. In the one case there is smoke, 
in the other a clear stack. In the one case there is a loss of 75 
cents per ton of coal, when the cost is $4.50 per ton, and in the 
other this 75 cents per ton is saved. 

In Fig. 1, the left-hand circle represents the combustion of one 
scoopful (20 lb.) of the coal selected, which is a coal purchased 
anywhere in the Ohio markets, when burned with 91.6 per cent 
of the required amount of air. The right-hand circle represents 
the same coal when burned with 40 per cent excess air, assuming 
that the conditions of the boiler plant are the same in both cases. 

But to come back again to the subject of equipment, there are 
so many general divisions with their attendant subdivisions that 
complications arise as soon as one attempts to establish any 
definite rules to be followed. For instance, ‘‘stationary”’ boilers 
may be. subdivided into classes as power, heating, processing; 
“‘portable”’ boilers into those for cranes, shovels, rollers; ‘‘marine’’ 
boilers into those for vessels—freight and passenger, tugs, scows, 
derricks; and “locomotives,” with their innumerable designs 
from obsolete to modern. In all these various subdivisions cus- 
tomary methods of setting and operation necessitate a special 
study of the problem in order to produce better combustion and 


Loss Due To Too Arr AND Savinc Due To Excess Air IN BurNING HiGH-VoLaTILe Bituminous 
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ONE SCOOPFUL OF COAL (2018) 
BURNED WITH 40% MORE AIR 
THAN REQUIRED 


In Cleveland it is required that all plans for new equipment tx 
presented to the Smoke Department for approval, and much 
constructive criticism has resulted in many changes for the 
better. During the last year and a half permits were issued for 
210 new cast-iron sectional heating boilers made by 16 differen’ 
manufacturers. In very many cases the architect had failed ' 
show a chimney of sufficient area and, what is perhaps stil! wor 
had indicated a chimney height entirely too low to produce prope! 
draft conditions. These defects are always checked and cor 
rected before the building permit is issued. Another peculist 
deficiency which is so often found on architects’ plans is thie entir 
omission of any means whereby air can enter the boiler room 
Why figure the volume and velocity of gases passing out of th 
chimney if the furnace room is to be hermetically sealed up § 
that no air can enter the furnace? In Cleveland it is necessay 
to provide an open fixed louver to the outside air equa! in ares 
to the area of the chimney. There were also installed during 
the last year and a half 136 steel and high-pressure boilers totaling 
about 20,500 hp. The checking of this work is comparative 
easy, as the system established brings the plans into the office 
and it has been necessary to take but a few cases into Court, wher 
fines were imposed in every case, to convince contractors that the 
department intended to regulate all new installations. 


The versatility of any smoke department is, however, pt to th 
most severe test in its attempt to “sell” its services and knowledg® | 
to the owner or manager of an already established smoky pls" 
in its endeavor to save that owner an appreciable amount © | 
money. All such owners are more or less skeptical, and 5° | 
are even so stubborn as to make it necessary (after a long “™ 
and much patience) to take them into Court on a charge ® 
violating the smoke ordinance before they will listen tv reas 

In Cleveland among the chief offenders are the old-style low 
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le setting and small combustion space, chiefly on h.r.t. boilers. diameter and length of the induction tube. It is hoped that these 
cS These may be changed in several ways—by using Dutch ovens, _ relations may be established over a practical range so that definite 
raising boiler, lowering grates, reversing arch back of bridge dimensions can be published to meet the varying conditions most 
i wall, using Chicago setting, etc. The internal-firebox type and commonly found where steam-air jets are recommended by the 
Scotch type require Dutch ovens. Over-fire air provided by Smoke Department. 
< steam-air jets is found very helpful and has been advised in many Coisininliat 
cases, and even in some cases with stokers, where the setting is senses 
z too low, these jets have proved very efficient. For the smaller sizes of heating plants the boiler manufacturers 
u specify in their catalogs, say, 12-in. X 12-in. or 18-in. X 
a 18-in. or 20-in. X 20-in. chimneys. The builder then orders 
ad from the supply yard, say, a 12-in. x 12-in. flue tile—but 
na what does he get? A tile with outside measurements of 12 in. 
* X 12 in. nominal which gives him 12 per cent less flue area than 
of necessary to handle the gases in case the boiler is to produce 
the heat required for the building. 

The next stock size of flue tile in the Cleveland market is 
rectangular in shape and about 22 per cent larger in open area 
than necessary. One wonders whether the tile makers are 
trying to force the builders to use certain sizes of tile or whether 

WIND DIRECTION CHART neither they nor the builders (and even the architects) have 
JAN. 1,1927 JULY 1, 1927 any conception of the real function of a chimney. 

It seems appropriate to suggest that the Department of 
= CITY a ~~ Commerce might very properly include some work on this 
subject in their program of standardization of commercial 
products. If such an organization would undertake this work 
it would save a great deal of time and would be acceptable 
to all smoke departments; if the various smoke departments 
undertake the task there is liable to be confusion among the 

various standards which they may adopt. 

Another astounding lack of uniformity in chimney sizes is 

) very evident when one compares the published net ratings of 
several cast-iron boiler manufacturers with their published re- 
quired areas and heights of chimney for similar loads. 

Of course the height of chimneys is a bone of contention be- 

Fic. 2 Cuart Ssowine Maxmeum Vetociry axp Dimecrion or tween the Smoke Department and the architect, owner, and 
¥s Wiyp aT CLEVELAND, OHIO, FOR THE First Six Montus oF 1927 contractor. In the Cleveland department the chimney size and 
ich 
th Of the general improvements made during the last year 
fo and a half we might enumerate the following: 
Stokers installed . 61 
* Oil burners installed 24 
| Blast-furnace gas adopted 9 
per Powdered coal adopted 5 
“or Induced-draft fans installed 2 
it Steam-air jets installed 67 
sine Special setting changes made 51 
5 Stacks raised in height. . 63 
” From fuel to purchased steam 59 
Sream-Air JETS 
we The author was unable to find in any publication any com- 
we prehensive data on the subject of air jets, even after con- 
se siderable investigation. This seemed rather strange since 
~ air jets have been the subject of many patents for years 
oe past. Since data were not available, two seniors in the me- 
- chanical course at Case School of Applied Science were pre- 
the vailed upon te take the investigation of such jets as the sub- Fic. 3 Roap Rotter Driven sy INTERNAL-ComBUSTION ENGINE 
/ Ject of their thesis, and they have obtained some very in- 
the 4 teresting data which it is hoped may lead to the design of a height are established and marked on the original plans sub- 
ie . _ Proper and efficient steam-air jet. mitted to the Building Department; the building inspectors 


materially increased when the steam nozzle is located about one _ partment as soon as discovered, and the work on the building is 
inch away from the outside end of the air induction tube. Avery stopped until the matter is adjusted. The smoke inspectors also 
marked decrease in efficiency and effectiveness is shown when the __ carry tickets for all new work under way in their respective dis- 
: axis of the steam flow does not exactly coincide with the axisof the _tricts, and they check from time to time the chimney sizes. 
= induction tube. There also seems to be a rather definite relation These tickets also serve as a check against any one installing a 
let ; between the steam pressure, the area of the steam nozzle, andthe _ boiler without a proper permit from the Smoke Department. 


q These tests show that the efficiency and velocity of the jet are watch carefully and report any discrepancies to the Smoke De- 
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The author ventures to offer the following as a truism: If ten 
stacks in an adjacent area are all accustomed to smoke, the 
general public notice the condition in a general way. Now when 
nine of these stacks are improved and stop smoking, the one 
remaining offender attracts much more notice and unfavorable 
comment from the same general public. In other words, the 
more nearly the Smoke Department in any city accomplishes 
smoke abatement, the more patience, self control, and forbear- 
ance the members of the department must have. 


INSTRUMENTS 


How many people in any city can tell in comprehensive lan- 
guage just what a chimney is for, how it functions, and how its 
effectiveness can be measured? How many know that the steam 
output of a boiler can be accurately metered the same as gas, 
electricity or water? How many know that there are meters 
(both recording and indicating) to show the fireman whether 
he is using air enough to burn his coal or not? How many know 
that no matter how far down or out of sight of the top of his 
smoke stack the fireman may be, there is an instrument which 
will show him at all times the amount of smoke he is making? 
Engineers are supposed to know all these things and a few more, 
hence we must conclude that the evidence offered by the lack 
of such instruments in, say, 95 per cent of the boiler rooms of 
any city is prima facie evidence that the engineer is a very poor 
salesman. Of what use would a clock on the mantel be if it were 
lacking hands and face? The works are there, but who would 
know whether they were functioning or not? Is it not equally 
as ridiculous to install chimneys and boilers without some 
means of telling whether they are “keeping time’ or not? 
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Fie. 5 Firina Coat Unper BorLer or Raiiroap 
CRANE WITH STEAM-AIR JETS IN USE 


WIND 

Wind—velocity and direction—has much to do with the daily 
appearance of the atmosphere immediately above a city. While, 
as yet, we in Cleveland have had no time to seriously study the 
effects of wind on our problem, we are keeping the subject in 
mind and have roughly concluded that any day showing a wind 
velocity of less than 15 miles per hour will appear as a smoky day, 
regardless of the direction of the wind. Fig. 2 gives the direction 
and velocity of the wind for a six-months period at Cleveland 
as reported by the U. S. Weather Bureau. 


EDUCATION 


The more knowledge that is broadcast on the subject of com- 
bustion and firing, the better will be the conditions as to smoke 
abatement. For the past year and a half in Cleveland there has 
been conducted a night-school course for firemen which has been 
attended by more than a hundred students who have received 
valuable instruction, both by lecture courses and practical demon 
stration. 

One of the old, well-established colleges in the East has sensed 
the lack of well-informed combustion experts and is starting this 
fall an entirely novel course entitled “Fuel Engineering.” On 
being graduated from this course a degree of Master of Science! 
Fuel Engineering will be awarded. It would seem that such # 
course would be of inestimable value to any one expecting © 
take up combustion work or smoke-abatement work. 


Test 


The Health Council of Cleveland has started as of June |, 
1927, a so-called “soot-fall test,” and is collecting from t 


Fr 


166 
A 
: } 


FUELS AND STEAM POWER 


stations about the city data that will give the total deposit at each 
station; these deposits are then to be analyzed to determine their 
percentage content of ether extract (presumably tar), fixed car- 
bon, ash, and Fe,O;. Since there have been two previous tests 
of similar character made in Cleveland, one in 1920 and one in 
1924, it will be interesting as well as instructive to compare the 


results. Sufficient data are not yet available to warrant any 
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comparisons. It might be of interest, however, to state that the 
1924 test showed the heaviest deposit—in the down-town section— 
to be 2038 tons per square mile per year, while the lightest 
deposit—in a residential section—was 83 tons per square mile per 
year. 

Returning for a moment to various forms of equipment, we 
might mention the fact that at the request of the Smoke De- 
partment of Cleveland the Street Paving Department has 
changed the fuel for tar kettles, asphalt heaters, and such port- 
able equipment from wood and coal over to oil. Satisfactory 
results, with some economy and elimination of the objection- 
able smoke, are reported. 

Internal-combustion engines are being used on road rollers with 
satisfactory results, as shown by Fig. 3. 

The railroad crane, which usually causes considerable annoy- 
ance to smoke departments, can also be improved appreciably 
by the use of over-fire air in the form of steam-air jets, provided 
of course that the operator is conscientious in using them each 
time that he fires. Figs. 4 and 5 show the same crane with jets 
turned off and turned on. 


RAILROADS 


In the Cleveland district the railroads are cooperating very 
earnestly with the Smoke Department and have accomplished 
some very commendable results. A direct comparison between 
the year 1925 and 1926 is justified from the fact that the operations 
were carried on in the same manner and by the same inspectors. 
Taking the average results of the year 1925 as the base figure, 
those for 1926 show an improvement for the year of 26.2 per cent. 
The monthly results for each kind of service—passenger, freight, 
and switching—for the year 1926 were plotted and are shown by 
the curves of Fig. 6. It is quite evident that the freight service 
falls far short of the good results shown by the other two classes 
of service. These curves represent the combined averages of 
eight different railroads in the Cleveland district. A unique 
feature of the interest shown by the railroads in smoke-abate- 
ment work is the fact that on one day each month from twenty to 
thirty men from the eight roads meet in the office of the smoke 
commissioner to discuss the problem both as regards detail 
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violations as well as general methods and means for abating 
smoke. The results of experiments on one road are here dis- 
cussed and passed on to the other roads. The men who attend 
these meetings are the master mechanics, road foremen of en- 
gines, traveling firemen, assistant superintendents, superin- 
tendents of locomotive operation, general foremen, shop foremen, 
superintendents of fuel conservation, and smoke inspectors. 


MARINE 


Cleveland, together with a few other cities, has the additional 
problem of vessels on the lake front and river. Concentrated 
work in this line had not been started till the spring of 1927. A 
study of the conditions on the boats revealed the same general 
characteristic lack of appreciation on the part of the designers 
of the necessity for sufficient draft and air. The space about the 
boilers is usually so cramped that it is difficult to apply any addi- 
tional equipment in an endeavor toimprove combustion conditions. 
Improvement in the smoke condition has been effected in many 
cases by changing the firing methods, by alternating the time that 
the crews clean their fires, and by a more careful check by the 
engineer on watch. Some minor changes have been made, such 
as putting latches on the fire doors to hold them open to get over- 
fire air, arranging the ashpan doors so they may be conveniently 
operated, and running the engine exhaust into the stack to give 
induced draft. In one case the front was moved out from the 
boiler to allow over-fire air, and a reverse arch of firebrick was 
installed at the back end of the furnace flue. 

Fig. 7 shows a typical reverse arch (A) at the rear end of a 
Morison furnace such as was used in the case above cited. 

A few of the lake vessels have water-tube boilers, and two of 
these are stoker-fired. The latest stoker-fired water-tube boiler 
equipment is in a new vessel which was completed in July. We 
feel that we are just making a start on the marine work in Cleve- 
land, and have hopes that a more noticeable reduction of the 
smoke nuisance from vessels will be possible next year. 


CONCLUSION 


No attempt has been made to explain the detail routine of the 
work of the Cleveland Smoke Department other than to refer to 
one or two specific applications. A smoke department, above all 
things else, must have connected with it a competent technical- 
graduate engineer, well versed in combustion. No new fuel- 
burning equipment should be allowed to be installed without a 
permit from the smoke department. With these two conditions 
well established, any smoke department can well be expected to 
produce satisfactory results. 


Discussion 


Frank Sawrorp.? With regard to city ordinances on smoke 
abatement, there is no doubt that lack of uniformity and the 
difficulty of absolute definition and measurement of smoke 
constitute a weakness in the enforcement of these ordinances. 

By far the greater difficulty in enfercement, however, is the 
attitude of the operators of fuel-burning furnaces toward com- 
pliance with the law. It is believed that if all operators earnestly 
endeavored to comply with smoke ordinances the problem would 
be practically solved. 

For a city to promulgate a smoke ordinance making it a mis- 
demeanor to emit excessive smoke and creating a department 
to instruct operators in furnace construction, combustion, and 
firing, and showing this to be to the advantage of the operators, 
may be likened to the spectacle of parents who instruct their 
small boy to go to bed early, and then proceed to bribe him with 


? Mechanical and Electrical Engineer, Vancouver, B. C., Can. 
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a nickel to get his more or less reluctant compliance with the 
edict. 

Contrast this with the English system of smoke abatement 
whereby the city authorities assume no jurisdiction whatever as to 
how an operator shall construct or run his furnace so long as he 
complies with the law and does not make himself a nuisance in the 
community. This is on the assumption that if the operator 
possesses sufficient engineering ability to construct and operate 
a furnace he must necessarily have sufficient knowledge to operate 
it within the limits of the ordinances. 

As a basic principle of efficient civic government, smoke ordi- 
nances should be carefully drawn so as to enable compliance, 
then rigidly enforced, or removed from the statutes. 

With regard to the use of steam jets in furnaces, this is probably 
the oldest known method, and is no doubt effective in many 
cases. It is, however, a very wasteful method. It is relatively 
easy to operate a furnace smokelessly by applying sufficient 
air in the right place, whether with steam jets or otherwise, 
but to get smokeless combustion with high efficiency is not so 
easy. If, therefore, the efforts of the smoke inspectors as prac- 
ticed at Cleveland result in the abatement of smoke along with 
higher efficiencies, their accomplishment will be meritorious. 

In the paragraph on instruments, it would be interesting to 
know to what instrument the author refers, which will show the 
operator at all times the amount of smoke he is making. In 
this connection the paper on a “Smoke Density Meter’’* read 
at the Seattle Meeting of the A.S.M.E. might be of interest. 


H. K. Kucev.‘ Osborn Monnett made the statement in a 
paper about a year ago that the smoke department of a city 
should have an appropriation of $50,000 a year for every 1,000,000 
of population in order to do justice to the work. Cleveland, 
so far, has fallen considerably below that. The budget for 1926 
called for an expenditure of $23,711, and that for 1927 was $32,470. 
The population of Cleveland at present is estimated to be about 
1,000,000, so the appropriation is seen to be considerably below 
Mr. Monnett’s figure. Of the 1926 budget 50 per cent was 
spent for labor and 33 per cent for supervision. The area of 
Cleveland is approximately 70 square miles, and this was covered 
in 1926 by five stationary-plant inspectors and two railroad 
men. This year there were added two marine inspectors who 
will be used on heating plants in the winter. 

It is often said that the public needs to be aroused in order 
to get efficient smoke elimination. Cleveland is probably 4 
fair example of the average large city. There does not seem 
to be any loud demand for improvement or any particular praise 
for work accomplished. The department has several times 
had complaints registered about plants which had been cleaned 
up months before, thus proving that the public is not aware 
of what is taking place. 

One of the most annoying problems has been that of incinera- 
tors. Cleveland has no ordinance at present to cover them, 
and apparently one is needed. There are, of course, two type 
one using gas or other external fuel, the other using none. More 
study should be given to the use of incinerators. 

Hot-water heaters also are annoying smokers, because they 
are widely used in the warm months when windows and door 
are open. They are small, so that generally the fuel used is the 
same as that for the large boiler. It would probably be advis- 
able to allow only gas-fired heaters to be installed, and to have 


them connected to a separate flue. ’ 
Many of the so-called “smokeless boilers’”’ are problems. It 


* See Mechanical Engineering, vol. 49, no. 9, September, 1927, P: 


‘ Deputy Smoke Commissioner, Cleveland, Ohio. Mem. 4 
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is hoped that this winter many of them can be tested. If they 
are not smokeless with high-volatile coals they should either 
change their design or be barred. If only there were a clearing 
house for information of this kind, much duplication of effort 
could be avoided. 


GeorGE Fisuer.® Fitting the boiler to the fuel and the 
local conditions is very important. Nashville uses a fuel entirely 
different from all others, probably as distinct a fuel as that of 
oil or Iowa coal. We have a great deal of difficulty with the 
so-called updraft boilers of any type. The best types of stokers 
and furnaces of boiler are smokeless under most conditions; 
but there are conditions under which they will smoke with a 
high-volatile coal. The reverse is true of the poorest type of 
equipment, it may really be made smokeless under ideal condi- 
tions. But we must deal with actual and average conditions. 

Salesmen sometimes state that their equipment is smokeless 
and they will prove it to be so. They make it smokeless for a 
few minutes; but under average conditions it is not. 

The fireman of an apartment house or school building has 
other work to do, as a rule. Under actual conditions of the 
fireman's doing other work, he goes to the basement in a hurry 
to fire up the boiler. If the fire does not happen to be in the 
proper condition for stoking additional fuel, it will smoke. 


Homer R. Linn. The author has touched on a very im- 
portant point in the abatement of smoke over a large area, and 
that is the chimney. For nine years we tabulated all the trouble 
calls that came into our offices in all of the large cities, and we 
found that 76 per cent of them were due to bad chimneys. 

In Cleveland more has been done to solve the chimney prob- 
lem than in any other city in which we operate. They are 
asking that as much air be allowed to come into the basement 
as is expected to go out of the chimney. The writer prepared 
a set of specifications for chimneys for use among architects and 
tried to get them to incorporate them in their building specifi- 
cations, especially for houses. 

The writer really feels that many of the specifications are not 
drawn closely enough as regards the construction and testing of 
chimneys. Therefore, he has urged architects, engineers, and 
builders to use some form of chimney specification based on the 


*Smoke Inspector, Nashville, Tenn. Mem. A.S.M.E. 


* Engineer, Western Executive Office, American Radiator Co., 
Chicago, Ill. 
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“Standard Ordinance for Chimney Construction” recommended 
by the National Board of Fire Underwriters, using the third edi- 
tion which came out in 1927. It does not seem right to ask the 
heating contractor to guarantee the tightness or construction of 
a chimney. 


A. C. Siemon.’ The writer agrees with the author that our 
chimneys are responsible for a great amount of the smoke 
made. 

We in Asheville have adopted, unfortunately, tile flue linings. 
The size of the flue for the boiler or furnace is taken from the 
boiler or furnace handbook. The architect puts this size on 
his drawings and the builder uses one of these linings, which 
turns out to be 25 per cent too small in cross-sectional area, 
for the reason that these flue linings are measured on outside 
extremities rather than inside. Furthermore, the architect 
cuts down on the height of the chimney if he thinks it will spoil 
the appearance of the building. This reduces the capacity even 
more. The writer has been trying to get the architects to specify 
round flues and make them a size larger. This is because Ashe- 
ville, like many other cities located in the mountains, has an 
altitude which requires from five to ten per cent larger flues 
both in cross-sectional area and height. 

The fuel which is used in Asheville contains between 35 and 
40 per cent volatile matter, and this is given off within the first 
five to ten minutes of firing. Unless there is supplied enough 
air to mix with these gases, and unless the temperature in the 
furnace is sufficiently high, it is impossible to eliminate the smoke. 

It has been the writer’s experience that the so-called smoke- 
less boilers and furnaces, which give satisfactory smokeless 
results in a low altitude, will not prove smokeless in Asheville 
with the high-volatile soft coal. 


Tue Avutuor. Mr. Sawford mentions the author's reference 
to an instrument that will tell the operator at all times the amount 
of smoke his stack is emitting, and requests a description. Com- 
monly called a periscope, it is nothing more than a series of mir- 
rors placed so as to show the density of the smoke by actual 
observation. Sometimes the top of the stack is reflected in the 
mirrors, but more frequently a view of the cross-section of the 
breeching is observed by the use of an electric light on one side 
of the breeching and a mirror on the other. 


7 City Mechanical and Combustion Engineer. Asheville, N. C. 


Mem. A.S.M.E. 
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Organizing a Smoke-Abatement Campaign 


Technical Division of a City’s Engineers the First Essential in a Smoke-Abatement Campaign 
—Major Activities of Technical Division—Research-Publicity Work—-Smoke Surveys-— 


Fd Educational Work—Conduct of Campaign—Appalling Monetary Loss Caused by Smoke 
4 & By ERLE ORMSBY,! ST. LOUIS, MO. 
¥ SMOKE-ABATEMENT CAMPAIGN in a large city wi!l railroad locomotives, hotels, warehouses, office buildings, apart- 
be successful just in proportion as team work and cooper- — ments, and household heating plants. 


ation may be secured between all classes, businesses, or- 
ganizations, individuals, ete. It isan engineering program and it 
+ is therefore of vital importance that the engineers of the city be- 


TECHNICAL DIviIsION OF ENGINEERS THE First ESSENTIAL IN 4 
SMOKE-ABATEMENT PROGRAM 


come interested and donate a large amount of valuable time to 
the work. Furnace, boiler, and equipment manufacturers, fuel 
dealers, and producers must become interested and must work 
together for the common good. The power-plant owners, 
factory owners, and the clay-products plants must become 
interested in working out their problems in relation to smoke 
abatement so that the investment which may be required will be 
a profitable one in fuel conservation and more satisfactory oper- 


The first essential of a smoke-abatement program is to get the 
engineers of the city interested and organized into a technical 
division with sub-committees for each fuel-consuming class, led 
by the ablest men in each division. To the engineer there are no 
smoky fuels. It is merely a matter of the proper mixture of the 
oxygen in the air with the gases from the fuel at a reasonably high 
temperature. The volatile gas, which constitutes from 25 to 40) 
per cent of the smoky or high-volatile fuels, is rich in heat value, 


or ation. The owners of apartments, hotels, and large heating and as a matter of economy and fuel conservation should be 
hah plants, and the real-estate men who operate them must become burned efficiently to produce heat instead of smoke. That it can 
gill interested in keeping their equipment in order and training their he done has been proved, not only by engineers but by average 
, aoe janitors to reduce smoke and save fuel. Last, but not least,  ¢jtizens—women as well as men—in thousands of cases. The 


users of domestic furnaces can and must learn to burn their fuel 
smokelessly, and in so doing they will encourage manufac- 
turers to build and the people to buy more foolproof and more 


bs ae the operators of domestic furnaces must take an active and lively 
interest in the subject from the standpoint of fuel saving, cleanli- 
ness, better house heating, and civic pride. 


ee smokeless equipment. 


CooPERATION ESSENTIAL IN SMOKE ABATEMENT 


Cooperation is the magic watchword in smoke abatement, and 
the movement will be successful just in the proportion that uni- 
versal cooperation is secured. It is manifestly impossible to 
secure 100 per cent cooperation as there are always some people 
who are ready to say “It can’t be done,” and others who would 
rather propose some ideal solution which may become effective 
10 or 20 years from now than to cooperate in a general movement 
which will give us results immediately. We have found in 
St. Louis, however, that a large proportion, probably over 90 per 
cent, of the people are interested in smoke abatement, and willing 
to cooperate in a city-wide movement. Our demonstrators have 
found that all but two or three families in a block will readily 
learn how to fire their furnaces in an efficient and smokeless 
manner, and they are usually delighted with the results. The 
ideal plan is for the Smoke Abatement League to use their educa- 
tional campaign and demonstration methods for the 90 per cent 
who will cooperate, and turn over the 10 per cent who will not 
cooperate to the City Smoke Department, who will then talk to 
these people in the only language which they can understand, 
the language of force. 

it is not always possible to secure this cooperation with the 
city. It sometimes happens that the municipal officials are 
more interested in political preferment than they are in advanc- 
ing smoke abatement, and will not cooperate with the Citizens’ 
League for fear they will have to divide the credit for results 
secured. 

Smoke abatement is essentially an engineering program: a 
practical investigation into the complete and smokeless com- 
bustion of fuel, not only in the great central stations and power 
houses, but in industrial plants, clay-products plants, laundries, 


! President and General Manager, Donk Bros. Coal and Coke Co.; 
President, Citizens Smoke Abatement League of St. Louis. 

Presented at the First National Meeting of the A.S.M.E. Fuels 
Division, St. Louis, Mo., October 10 to 13, 1927. 


Modern civilization is a high-powered civilization. It is also a 
mechanical civilization, made possible by mechanical and elec- 
trical inventions and proficiency, and resulting in the massing of 
one-half of the population in the more densely populated urban 
centers where millions of tons of fuel are consumed in a compara- 
tively small area. The people of this country are accustomed to 
mechanical and electrical contrivances—the automobile, the 
radio, ete. They learn the principles of combustion as explained 
by a competent engineer in a surprisingly short time, and get 
most excellent results from their furnaces after a short demon- 
stration. 


ACTIVITIES OF THE TECHNICAL Division 


The technical division has five distinct lines of activity: First, 
to devise better methods of burning our fuels in our present equip- ; 
ment. People do not readily change from their present methods 
in any department of life, and the householder must first become 
interested in studying his own furnace in its relation to cleanliness, 
smoke abatement, and economy of fuel. When once he learns 
that there are ways of handling his furnace which will give him 4 
more satisfactory results, he becomes interested in the whole q 
problem and an active advocate of smoke abatement. Second, { 
to train instructors in these methods. It is necessary that [7% 
there should be a force of trained men going from house to house, 
and giving instructions in the handling of fuels and furnaces. 
The city should be divided into districts, each district in charge [7 
of a supervisor with a sufficient number of assistants so that the [77 
chimneys may be watched and the person responsible for the 
smoking chimney given proper instructions. If the party canne! 
be interested, the city smoke department should handle the case 
Third, to design better equipment for the efficient and smokeless 
combustion of fuels which are inclined to produce smoke. Th 
furnace and boiler manufacturers, like all other industries, pr (a 
duce what the people demand. The Smoke Abatement Leaglé [7 
must build up a demand for better and more smokeless heatig 9 
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equipment and must help the manufacturer to supply this demand 
with a not too expensive smokeless boiler or furnace. Fourth, 
to devise improvements which may be applied to present fur- 
naces to assist in procuring smokeless combustion. This is very 
important as it will be many years before all the heating plants 
in the city can be renewed with equipment built especially for 
smokeless combustion. The ready means of converting existing 
furnaces will be a large factor in smoke abatement. Fifth, to 
organize a power-plant subdivision to induce the various fac- 
tories, industries, power plants, large heating plants, etc. to 
install smokeless equipment and see that it is properly operated 
by competent men. It is of great value in these cases to have 
the well-designed smokeless plants written up for publication 
in the newspapers, together with the name of the owner, the en- 
gineer responsible for the work, ete. This will have the effect of 
making smoke abatement a matter of first consideration in the 
minds of engineers who design plants, which has not been true 
in the past, and will also enable the League to point offenders and 
people who contemplate building new plants to a list of eco- 
nomical and profitable furnace installations, where they may go 
and see for themselves what results are being obtained and make 
their own choice, both as to the type of equipment they desire 
to buy and the engineer whom they desire to employ. 


Researcu Work A Magor Activity OF THE TECHNICAL Division 


Research work should be one of the major activities of the 
technical division. In the cities where high-volatile bitu- 
minous coal is the principal fuel, there are several technical ques- 
tions remaining unsolved. In certain classes of equipment, such 
as small hot-water heaters, portable boilers such as are used in 
steam shovels and road equipment, vertical boilers and other types 
of equipment with very small combustion space, it is extremely 
difficult to burn high-volatile fuels without making smoke. 
There are also certain classes of service, such as heating in 
churches and also high-pressure boilers which are used for peak 
loads, where smoke troubles are often encountered. The techni- 
cal division must determine where the line can be drawn between 
the use of the coking method of firing on straight grates and a 
furnace requiring additional combustion facilities, such as drop 
arches. Much additional information is needed on the operation 
of domestic heating plants. The technical department should 
conduct research along such lines in an effort to solve these 
problems. 


Pusuiciry Work 


One of the most important phases of a smoke campaign is the 
publicity work. In most of our larger cities smoke abatement is 
very largely a problem in mass education. Much of this educa- 
tional work must be carried through by means of publicity, 
especially free newspaper publicity. A publicity division with an 
experienced man as chairman is recommended. In St. Louis 
we have found the best plan is to employ an experienced publicity 
man On a part-time basis. Almost every day during the smoky 
season of the year prepared articles are sent to each newspaper. 
It will usually be found that the newspapers are quite public 
spirited and will be glad to cooperate in a campaign of this 
nature. 

There should be no “soft pedaling” of the damage caused by 
smoke. The people must be thoroughly aroused to the tremen- 
dous losses from smoke, and this feature should be stressed from 
all angles. Not only the property damage and the losses from 
excessive laundry, cleaning bills, etc. but the tremendous waste 
of fuel should be emphasized. It will also be found that the 
deleterious effects of smoke on health appeal to the public, espe- 
cially its effects on the health of children. Some leading citi- 
zens will doubtless object to a program of this nature as they 
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fear it will have a bad effect on business and tend to drive indus- 
tries away from the city. Our experience has been that the 
people must be thoroughly aroused in order to get them in the 
right frame of mind for cooperation in the campaign. Along with 
this the public must be ‘‘sold’’ on the idea that smoke represents 
a waste and is preventable. Also people must be shown that 
smoke can be reduced. Almost every one is in favor of smoke 
abatement, but there are usually many skeptics who say that 
“it can’t be done.”” The issue should be kept before the public 
continuously, not only in the newspapers, but with all other 
forms of publicity which finances will permit. 
Smoke Surveys—Wuat THEY SHOULD INCLUDE 

One of the first things to do in launching a comprehensive 
smoke campaign is to make a smoke survey of the territory. The 
bulk of the first year’s activities may well be devoted to this 
work. When an engineer attacks any sort of a job, the first 
thing he wants to know is what the job really is. The survey 
accomplishes a twofold purpose. It establishes standard con- 
ditions which can be compared with conditions in other cities 
and by which the progress of the work in future years can be 
measured. After a campaign has been in progress for some 
time there will always be those who say, ‘“The smoke is as bad 
as it ever was, you haven’t done anything.’’ With the actual 
survey figures in hand, concrete results can be shown. 

The survey should include a study of meteorological con- 
ditions, which can easily be done in cooperation with the Weather 
Bureau. This will establish the average velocity and direction 
of the wind, fogs, humidity, and other phenomena observed by 
the Weather Bureau. There should also be a fuel survey of the 
territory showing the kinds and amounts of fuel used by each 
class. Comprehensive Ringlemann chart observations should 
be made of the entire territory during the heating season. These 
observations should be made on all classes of plants in the dis- 
trict; should be made at different times of the day and at different 
periods of the year. From the fuel-survey figures and the average 
smoke densities the percentages of the total smoke made by the 
different classes of fuel users can be established. This elimi- 
nates the guesswork and offsets the natural tendency to “‘pass 
the buck” and blame the smoke on the other fellow. Another 
part of the survey is a soot-fall study, determining by customary 
methods the amount of soot fall in tons per square mile per 
annum. This gives a very good basis for comparison with 
other cities. 

The results of the year’s survey will show what classes of 
plants are responsible for the smoke. This will then give a 
basis for detailed operation of the campaign. Efforts can be 
concentrated on those classes of plants which are making most 
of the smoke. The survey should be continued every year. 
Systematic chart readings should be made during the ent.re 
heating season, and soot-fall study carried on. This gives a 
measure of progress of the work and will show at any time just 
what results have been accomplished. 


EpucATIONAL WorK 


In St. Louis we have found the educational division to be one of 
the most important parts of the organization. This division is 
organized into a number of committees covering different phas.s 
of the work. In a comprehensive smoke-abatement campaign 
in a large city there are many ramifications of the educational 
work. The greater the number of people reached through the 
educational work, the greater will be the degree of success of 
the entire campaign. 

One of the important divisions of the educational work is a 
speakers’ bureau. In St. Louis some 75 public-spirited men and 
women volunteered their services for a speaking campaign. An 
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active campaign should be carried on to have speakers appear 
before every organization whom it is possible to interest. Most 
organizations are interested in hearing about smoke problems 
and the progress of the campaign. 

We have felt in St. Louis that this work should include edu- 
cation of the younger generation. A very active school com- 
mittee was organized and they prepared a course on heating and 
furnace firing, which has been adopted by the St. Louis Board of 
Education and is being considered by public schools in the sub- 
urbs and by parochial and private schools. Another phase of 
the work is preparation and distribution of firing charts, giving 
instructions written in simple language and properly illustrated, 
showing approved methods of firing high-volatile bituminous coal. 
It is also an excellent idea to publish bulletins from time to time 
on the progress of the work and also educational bulletins covering 
all the different phases of the smoke problem. These should 
be sent out to a rather large mailing list of representative citizens 
who have shown particular interest in the campaign. 

In any city where a great deal of high-volatile bituminous coal 
is used for heating, it is an excellent idea to have a furnace-firing 
school where practical instructions can be given to householders 
and janitors. The St. Louis Furnace Firing School was estab- 
lished last year through the cooperation of the coal, coke, fur- 
nace, and boiler industries. This school occupies a building 
about 25 by 75 ft. where six warm-air furnaces and three steam 
boilers are in operation. The different makes of furnaces and 
boilers on exhibit cover the most common types in use in St. 
Louis. Free instruction is given to all interested. The practical 
demonstration on a furnace or boiler in operation is given by an 
experienced demonstrator. At one end of the building is a 
lecture room where lectures are given to special classes of janitors 
and any interested organizations. The local furnace manufac- 
turers and distributers furnished the furnaces and equipment 
for demonstration, and their engineers assisted in training the 
instructors. 

There should be a smoke ordinance providing some penalty 
for violations. There are always some people who will not 
cooperate in an educational campaign and to whom the strong 
arm of the law is the only appeal. This, however, should be 
the last resort after the educational campaign has been well 
carried out. There are always some who feel that the way to 
eliminate smoke is to pass and enforce a drastic ordinance. Ex- 
perience has shown that this does not accomplish the desired 
results. 

When a business man receives notice that he is to be sued for 
violation of the smoke ordinance, he immediately turns the 
matter over to his attorney. The smoke problem in that par- 
ticular plant is then taken out of the hands of the engineers and 
given into the hands of the lawyers. It usually becomes involved 
in a mass of legal technicalities, which generally result in inter- 
minable continuances in court. During this time the plant 
practically has a license to continue the violations indefinitely. 
At the same time the man will reach out for political protection. 
The lowest class of political activity is brought into the case 
and often results in the case’s being dismissed on payment of costs. 
Nothing has really been accomplished except to antagonize 
the steam user and set him against smoke abatement and all 
further efforts to improve his condition. A policy of prose- 
cution weakens the case and slows up the process of cleaning up 
a city. 

On the other hand, a policy of education entirely separate from 
court procedure or political activities makes much more rapid 
progress. Most fuel users welcome educational efforts as it means 
fuel saving and better satisfaction in the operation of their plant. 

Other well-meaning people interested in smoke abatement 
from a civic standpoint are prone to advocate a program of 


universal use of smokeless fuels. The policy in this respect must 
be determined by the fuel conditions in the city under consider- 
ation. Where smokeless fuels are available in large quantities, 
and the prices considered reasonable by the buying public, such 
a policy might be advisable. In St. Louis, where we have the 
cooperation of all the different fuel interests, we have found it 
necessary to adopt a policy of recommending no change in fuels. 
St. Louis is located in close proximity to the vast bituminous 
coal fields of Illinois, and much of the prosperity of our city is 
built on the availability of good cheap fuel. The time will 
doubtless come—many years hence—when very little coal will be 
burned in the raw state. There will doubtless be processing of 
coal by different methods whereby the by-products will be utilized 
and gas and coke will be available tor fuel. However, we must 
have smoke abatement now and must learn to burn the fuels 
that are available today in equipment already installed. 

The best way to stop smoke is to watch the smoker. Many 
firemen and janitors know how to prevent a great deal of the 
smoke they make, but when no one is watching them they be- 
come careless. If the fireman or janitor knows that he is being 
watched, he will take more pains and use more care in the oper- 
ation of his plant. The territory should be constantly super- 
vised. Our plan in St. Louis is to divide the entire territory into 
districts with a supervisor in charge of each. Under each super- 
visor will be three or four instructors, each assigned to a smaller 
district. Each one of these men will work in his particular dis- 
trict and familiarize himself with smoke conditions; he will watch 
for the smokers and continuously follow them up, reminding 
them of the smoke conditions. This man will also give firing 
instructions to every one in the district, cooperating with all 
operators of heating plants. Although such men can and will 
make observations on high-pressure plants, actual negotiations 
with owners or operators of high-pressure plants should be 
carried on by a competent engineer able to understand and dis- 
cuss the problem intelligently. 


Conpbwuct or A SMOKE-ABATEMENT CAMPAIGN 


The campaign must be in charge of an able executive secretary, 
who should be not only an engineer, well versed in the science of 
combustion and its practical application to various kinds of heat- 
ing and high-pressure equipment, but must be a man who can 
command the support of the engineers of the city, and the various 
organizations previously interested in smoke abatement, and 
must be able to organize these forces together with the various 
industries, furnace manufacturers, fuel distributers, ete. who are 
directly interested in or affected by smoke abatement, into 4 
harmonious civic body, in which all can work together for the 
common good. 

Where a city has a large problem in smoke abatement, such a8 
St. Louis has, with its low wind velocity and its 95 per cent 
bituminous coal, it is advisable that the League employ for 4 
time a consulting engineer who has specialized in smoke abate- 
ment and who can bring to the city the experience of other 
cities in this problem, and so avoid their mistakes. 

It seems needless to again emphasize the fact that the effort 
must be continuous. The supervision over the territory, pub- 
licity, educational work, and other phases of the campaign must 
be carried on continuously. It has been proved in other cities, 
especially in Salt Lake City, that any let-up in the work imme 
diately results in a decided setback in the progress of the caml- 
paign. Smoke abatement must be considered as a major munici- 
pal housekeeping problem with a comprehensive organization 
devoting their efforts continuously to the problem. 


Monetary Loss Causep BY SMOKE APPALLING 
The actual monetary loss caused by smoke is appalling. The 
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waste of fuel in this country due to imperfect combustion is con- 
servatively estimated at sixty million tons a year, more than 
enough to supply the city of Chicago. In an American city hav- 
ing a serious smoke problem, the actual damage traceable directly 
to smoke runs from $15 to $20 per capita each year, without 
taking into account its effects on health. The Department of 
Commerce estimates that smoke costs the United States five 
hundred million dollars annually. These tremendous losses are 
unnecessary and inexcusable in this enlightened age and it is 
time something was done. 

A smoke-abatement organization should help the industries 
of a city; help them to grow and prosper; help to build up and 
enlarge a city so that there will be more stores, factories, hotels, 
and businesses of every kind. A properly carried-out smoke- 
abatement campaign is the most profitable enterprise in which 
acity can engage. A successful campaign will not only be 
profitable financially to a community, but it will bring a 
purer atmosphere and consequently better health conditions 
for the people, especially for children. It will lead to fuel 
conservation and the installation of better equipment. People 
will get better results from, and will be better satisfied with, 
their fuel and their heating and power-plant equipment. 
The St. Louis Smoke Abatement League wants to make St. 
Louis the best place in the world to live in, both from a health 
and a business standpoint. It can be done—by cooperation 
and team work and the proper recognition of the rights of the 
other fellow. 

This is a public service which the engineer should perform. He 
owes this not only to his profession, but to his fellow-citizens. 
With the congestion of humanity in our cities, special problems 
arise that the engineer, and only the engineer, can cope with. 
Engineers must never forget that they have a special obligation 
to the public. They should always feel that it is their special 
privilege by virtue of the knowledge which they have, which no 
other group in the community has, to make life profitable. 


Discussion 


A. C. Siamon.?_ I believe that the man who is in charge of 
the smoke-abatement work is helping his community when, in a 
reasonable way, he makes the right kind of recommendations 
to the owner of a plant. He does not have to recommend one 
particular type of stoker, one particular type of boiler, one 
particular type of fuel to be used, or one method of burning it; 
but he can make enough recommendations so that the owner 
can choose a proper method of eliminating his trouble. 


OsporN Monnett.* In my opinion it is most important to 
remove guesswork from a smoke-abatement campaign, and only 
an engineer can do this. The public in general will say that 
the smoke is worse this year than it was last year, but if the 
engineer will use the means already available for measurements, 
crude as they may be, he can establish records that will prove 
what has been accomplished. 

After the first year’s work in the Salt Lake City campaign, 
we had evidence that the smoke had been reduced 46 per cent, 
yet it was said that because of milder weather, less coal had been 
burned. The records showed that 35,000 tons more coal had 
been burned the second year than the first. 

I believe in education, and not in prosecution. Ninety-five 
a per: cent of all the people cooperate with us. In Chicago, 
during four years’ administration, I went into court personally 
and prosecuted 1500 smoke cases, and I saw the futility of trying 
to force smoke abatement down the throats of people. 


5 ity Smoke Inspector, Asheville, N.C. Mem. A.S.M.E. 
Citizens Smoke Abatement League, St. Louis, Mo. 
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The 5 per cent of the people who do not cooperate in the 
movement can be influenced by pressure from the City Hall. 

There seems to be an idea that methods of measurement are 
so crude that we cannot arrive at the real facts. That is not 
exactly true. The Ringlemann-chart method of reading smoke 
is so well established and can be so easily mastered that we can 
get results which are accurate enough for any engineering 
purpose. 

In the St. Louis area we know the general yearly average 
smoke density of railroads, of the high-pressure power plants, 
of the brickyards, of the large and the small apartments, the 
flats, residences, hotels, office buildings, and warehouses, as 
they originally existed at the time of the first year’s survey. 
This will be determined year after year, from the same points 
of location, the same number of stations, looking in the same 
direction, under the same conditions, by men trained by the 
same instructors and supervised by the same supervisor, so that 
each year we shall have a record of the smoke reduction for each 
class of building. 

In a country district the average smoke density of the railroads 
will be about 50 per cent. In St. Louis it is 18 per cent. The 
railroads have already done much work in this area. 

In an outside area the average smoke density of a power plant 
will be about 35 per cent. The plants in St. Louis run 16 per 
cent. They can run inside of a 5 per cent smoke density. There 
is, therefore, still a chance of reducing the average smoke density 
about 75 per cent. The ideal smoke density of large apartments 
is somewhere around 6 or 7 per cent. They are running some- 
where around 20 per cent, so they have a lot to work on. 

The work of the League is based on engineering, and it is good 
engineering to solve combustion problems with a local fuel. 
The natural fuel of this territory is the so-called inter-group coal, 
which is mined a few miles across the river. This represents 
the bulk of the fuel burned in this territory, and always will. 
It is our function to show people how to burn the fuel they 
finally select. It is not our function to try to change them 
from the use of one fuel to the use of another. We do not 
advise the use of oil or coke, or high-grade coal, and we do not 
try to make any one burn low-grade coal. We take up the 
educational problem as we find it and work out our solution. 

In the event that the recommendations submitted to a plant 
owner or operator are not complied with, it is the policy of the 
Citizens League to avoid, if possible, the necessity for making 
any recommendations. The function of the League is to 
“sell” sentiment in favor of smoke abatement and merely give 
impetus to the movement. If that is accomplished, the solution 
is found by the man himself or some one whom he employs, so 
that recommendations are the last resort. 

Referrying to Mr. Sigmon’s remarks, I would say that in 
St. Louis we have the machinery for making such recommenda- 
tions in the City Smoke Department, which examines, approves, 
and issues permits for all installations. The League, which 
maintains, as a matter of policy, an independent attitude on the 
educational side of the problem, is cooperating with the City 
Smoke Department. 


Wm. G. Curisty.‘ I want to emphasize the importance of 
publicity in the smoke-abatement campaign of a large city. 
People judge what you are doing by what they read in the papers. 

In.our work in St. Louis we notice a great difference now, 
compared with a year ago, in the reception we get in calling on 
people and talking to them. People realize that there is a great 
smoke-abatement campaign in progress and that every one has 
to do his share. 


4 Executive Secretary, Citizens Smoke Abatement League, St. 
Louis, Mo. Mem. 
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I would also like to emphasize the importance of making a 
smoke survey. Facts and figures are necessary in talking to 
people. The survey will make it possible to concentrate effort 
on the classes of plants that are the worst smokers. It also 
serves as a measure of the progress of the work from year to 
year, showing what improvement has been made. 

We have found an observation post on a high building very 
effective in St. Louis. Several months ago, through the co- 
operation of the Bell Telephone Company, we stationed a man 
on the top of the Bell Telephone Building, some 375 ft. above 
the street. The telephone company also installed a telephone 
for the use of this man. He uses a pair of binoculars. When 
he sees a smoking stack he immediately calls the manager or 
chief engineer of the plant, telling him the stack is smoking. 


E. B. LancenserG.’ The basis of our success here in St. 
Louis is that we have had a composite plan which embodies 
everything and every one’s idea on the subject. When a smoke- 
abatement league is organized, the idea must be that of leading 

® Vice-President, Langenberg Manufacturing Co., St. Louis, Mo. 


people, and not driving them. That is the policy we have 
adopted. We found no difficulty at all in raising $254,000 in 
six weeks. Now that the work is started, every one is working 
with us. 


Tue AvutHor. We do not expect tu get permanent results in 
St. Louis in three years. In my opinion it cannot be done. If 
our program is successful, every one in the city will know that 
it is entirely possible to run his plant practically without smoke, 
but to relieve the pressure at the end of a three years’ campaign 
would be disastrous. It is not the business of the League to 
furnish free consulting-engineering service. Any man who 
burns large quantities of coal ought to have sense enough to 
employ a good engineer to tell him how to save it. In the case 
of people who are too ignorant in the management of their 
business or too careful of their dollars to follow the advice of an 
engineer, or who may inadvertently employ an engineer who 
does not know his business, the plans and specifications of their 
plants all pass through the hands of the City Smoke Depart ment 
and will not be accepted if the plant is improperly designed. 
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Smokeless and Efficient Firing of Domestic 
Furnaces 


By VICTOR J. AZBE,' ST. LOUIS, MO. 


coal high in volatile matter is not a very simple problem. 
While there are recommended methods, they are not fully 
satisfactory for several reasons. This condition was realized 
early in the present St. Louis smoke-abatement campaign, and 
therefore a systematic study of the problem was undertaken. 
The design of new smokeless furnaces is comparatively simple 
but success in this respect will not show immediate results in 
clearing the atmosphere of a large city. Evidently, what is most 
needed are methods that are appliable to the thousands of ex- 
isting furnaces now producing smoke. Therefore, in the study 
of the problem the greatest energy has been devoted to experi- 
mentation with furnaces that are common today in the average 
home. The following were the aims: 


Gat bi in firing of domestic furnaces with bituminous 


1 Evolution of a simple method of firing requiring no more 
and preferably less attention than the ordinary smoking 
method 

2 A method that is positive in action, that lends itself read- 
ily to control 

3 A method that practically entirely eliminates the smoke, 
accomplishing this efficiently, without the necessity 
of using large amounts of excess air 

4 A method that is readily adaptable without expensive 
changes in the furnace construction. 


While these were the aims, it was only natural that information 
was gathered that also applies to new furnaces. 

Fig. 1 illustrates some of the more common methods tried, ex- 
cepting only the ordinary and very unsatisfactory method of 
spreading coal over the entire grate. 

A is the coking method with front firing, considerably better 
than the spreading method but not fully satisfactory. 

B is the divided-wall, alternate-firing method, simple, better 
than A, but also not fully satisfactory. 

C is the blanked-grate method, which is an improvement 
over A but not entirely practical in all cases. 

D is the new down-draft-baffle method, the most satisfactory 
of them all and the most sound in its principle of operation. 


Discussion or Tests—OrpDINARY FuRNACE ARRANGEMENT 


Most of the tests reported in this paper were made on warm- 
air furnaces so equipped that a continuous record was obtained 
of flue-gas temperature and the temperature’of the air available 
for heating. A CO, recorder of the type recording both carbon 
dioxide and unburned combustible gases was also in operation. 
Draft was measured by means of draft gages while smoke ob- 
servations were visual. 

Tests were made with coke and coal. The coal used was from 
southern and central Illinois, high in volatile matter. In all, 
85 tests were made during which the information was recorded. 
In addition to this, however, other furnaces were operated con- 
tinuously using the methods evolved during the formal tests. 

Figs. 2, 3, and 4 show results obtained when the ordinary 
spreading method of firing is used. Test No. 60 indicates smoke 
obtained when starting fire by ordinary method in cold furnace. 

‘onsulting Engineer. Mem. A.S.M.E. 
in sy at First National Meeting of A.S.M.E. Fuels Division 

es is, Mo., October 10 to 13, 1927. 


Test No. 62 is a duplicate of test No. 60 but with only two-thirds 
of the coal charge, that is, 56 lb. instead of 84 lb. Test No. 62 
demonstrates the inefficiency of the ordinary banking method 
and No. 63 a and 6 of ordinary firing —spreading coal over hot 
coke. These tests may serve as standards of comparison from 
which point our improvement is to take place. 
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Fig. 5 shows results obtained in firing domestic 6 X 3 in. coal. 
This is one of the best tests made with the coking method of 
firing and it will be noted that smoke was light, always below 
No. 1 Ringelmann, but it lasted for two hours. On the second 
refiring there was no smoke. The CO, during the second refiring 
was fairly high, but on the average it was quite low; still, in this 
test it was higher than ordinarily, excepting in a few exceptional 
cases. Carbon monoxide was never present in great amounts. 
That it should have been present at all when there was so much 
excess air passing through the furnace amply demonstrates 
the inefficiencies of ordinary heating-furnace combustion space. 
Flue-gas temperatures were very high when the furnace was 
putting out warm air, the temperature difference being 500 
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deg. fahr. When only small amounts of coal were burned, the 
flue-gas temperature on the other hand was very low, around 
200 deg. fahr., with air heated to 100 deg. fahr. This low flue- 
gas temperature is, however, caused by the diluting effect of the 
great amount of excess air used, as is demonstrated by the very 
low CO,;—frequently below three per cent. 

One may think that we should not concern ourselves with fur- 
nace efficiency but merely smoke prevention. Smoke elimination 
to be popular will, however, have to be efficiently and simply ac- 
complished, so both fuel economy and smoke prevention were 
studied. 

Contrasted with previous tests is one represented by Fig. 6. 
During this test from the time the coal was fired the furnace 
was smoking for 4 hr. and CO was being given off for 12 hr. 
Once the combustible gas amount in waste gas was 7'/, per cent. 
Smoke was never very dense but it continued for a very long 
time. The fire lasted for 24 hr. but during the last part it was 
very inefficient, CO, being very low. While the coking method 
was employed, the amount of coal fired was too large to be 
satisfactorily burned by this method. But then large charges 
are desirable; they mean longer periods between firing and the 
person firing will be inclined to fire larger amounts than can be 
satisfactorily handled by the coking method. 

p Naturally an efficient furnace would always give high CO, 
at high as well as low capacity. This does not appear to be pos- 
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Fie. Resvuits or Tests, SPREADING METHOD oF FirinG, TEsT 
No. 60 
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(84 Ib. coal; 10 Ib. kindling; 2 Ib. excelsior. Check closed, damper open, 
firedoor and slide closed, ashpit door open at start. Average stack draft, 
0.082in. Average inlet-air temperature, 98 deg. fahr.) 


sible with most house-heating boilers and furnaces, due to the 
leaking fronts. The amount of air that so enters, in proportion 
to total air necessary, is surprisingly great, and while some of 
this air is utilized when volatile matter is being distilled off, 
after only coke is left on the grate, the air acts only as a harmful 
cooling agent. 
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In the test represented by Fig. 6, it will again be noted that 
while CO, was low from 9 to 12 hr., and so excess air high, car- 
bon monoxide was present nevertheless, indicating stratification 
of gases in the furnace; that is, improper mixtures, or at least 
improper mixture until too late to burn the gas. 
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Fic. 3. Resvuits or Tests, Spreaptna Metuop or Firina, Tests 
Nos. 61 anp 62 
(56 Ib. coal; 18 Ib. kindling; 1 lb. excelsior, original charge. Check closed 
damper open, firedoor and slide closed, ashpit door wide open at start 
Average stack draft, Test 61, 0.103, Test 62, 0.012. Average inlet-air tem- 
perature, 90 deg. fahr.) 


During the numerous tests when the coking method was en- 
ployed, high CO, in the waste gas was an exception and as a rule i! 
was down around 4 to 7 per cent and often less. To get reason- 
ably good CO, the fire had to be manipulated entirely too fre- 
quently. This was mainly due to the leaky fronts. Fire must 
be in the best condition to offset the inleakage of air over the 
fire. It must be admitted, however, that if the furnaces were 
so built that they would always have tight fronts and the person 
firing would fail to admit secondary air after firing, then smoke 
would be much worse than it is now under the same condition 
of inattention. 

Tests have shown that smoking is reduced by admitting 4 
little air under the grate for a short period after firing. If this 
is not done and if the furnace temperature is low, the fire may 
smolder and make smoke for several hours. To prevent smoke, 
the correct temperature is very essential. Often under certail 
conditions, smoke can be prevented, the next time under 
identical conditions it cannot, this variability on the same fur- 
nace being mainly due to temperature variations. 

Fig. 7 gives short extracts from the various tests made. 

A shows smoke of No. 2 Ringelmann for over 3 hr. with very 
low CO, and very high CO. This is a most undesirable col 
dition. Fuel loss due to dry stack gases was about 75 pe 
cent. Furnace efficiency probably was no greater than 15 pe 
cent. 

B shows heavy smoke and during that time absence of Cl. 
During the latter part of the period, there was little smoke, 
per cent CO, and almost 3 per cent CO. Fuel loss during the 
first period was 30 per cent and during the last, 45 per ce" 
This well demonstrates the seriousness of loss caused by th 
escape of unburned gases. 

C shows low CO., 2 per cent CO, and smoke. The loss her 
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due to dry gases escaping up the stack was 45 per cent; 20 per 
cent of this was due to CO. 

D, E, and F show other combinations of smoke, CO, and CO 
values were extracted from data of various tests made. 

Fig. 8 gives information obtained with the divided-furnace 
method shown at B of Fig. 1. It will be noted that no smoke was 
made at any time. The principal trouble with this method 
was that the time required for ignition of a new charge was too 
long, so that three hours was required in the morning to get up 
a reasonable discharge-air temperature from the fire remaining 
over night. An effort was made to overcome this by means 
of a thinner division wall, differently spaced, and while the 
heating difficulty was overcome, the difficulty with smoke was 
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Check closed, 


again encountered. This method of firing for this reason was 


then abandoned. 


DescrIPTION OF ACTION OF Down-Drart BAFFLE 


At this point we realized that no existing ordinary method of 
firing was fully satisfactory. The recommended coking method, 
of course, was found to be far better than the ordinary spreading 
method but was not fully satisfactory. The attention neces- 
Sary was too great and there was smoke if the firing doors were 
hot opened considerably, then, if the firing doors were opened 
part of the air so admitted did cut down the smoke but much 
escaped directly to the gas outlet, greatly reducing the CO, 
content of the waste gas. 

It was also realized that no existing ordinary method of firing 
could be made entirely satisfactory, because ordinary furnaces 
are not adapted to delivering the necessary air to the proper 
point and to creating a sufficiently high temperature at such criti- 
cal points. 
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It was realized, of course, that secondary air, that is, air over 
the fire, was necessary. The problem was to get this air where it 
was needed. As a consequence the method shown in D of Fig. 
1 and enlarged in Fig. 9 was worked out. This system gave 
better results than we dared hope to obtain with any method. 
It will be noted that the arrangement consists of two baffles. 

Referring to Fig. 9, baffle A is called the down-draft baffle. 
Its purpose is to direct the stream of secondary air towards 
the point a where the gases are burned smokelessly. This 
baffle also shields the fresh charge of coal in front from heat 
and so assures that volatilization is along the line b and c. It 
becomes apparent that the volatile matter from much of the 
green coals in front has to pass through the incandescent coal 
at the back along the line d-c. This tends to break the hydro- 
carbons into fixed gases which so burn with much greater rapidity 
at point a after coming in contact with the secondary air stream. 

The action is somewhat more complex than this but the ulti- 
mate effect is the same. Air enters through the slide or through 
the “cracked” fire door along the line 1 to 2. At 2 the air 
starts down, after it leaves the floor of the fire-door opening. It 
drops perhaps one-half an inch when it is met by a raising cur- 
rent of gases (air and volatile) and moves toward point 3. As 
it reaches the narrower portion of the space behind the baffle 
the up-stream is broken up and the air and gases swirl about and 
so a mixing process occurs. Further currents of rising gases 
force them to twist and turn until they are forced down toward 
the point b at the lower end of the baffle. As they pass along 
the baffle the straight stream lines are assumed in the direction 
of 3-b parallel to the baffle. Through this action, the volatile 
gases arising in the front portion of the bed become thoroughly 
mixed with the air. 

Such volatile gases as pass through the bed along the line d-e, 
are decomposed into fixed gases under practically the same 
action that occurs on down-draft furnace grates. In fact, while 
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this method in appearance is entire’y different from conventional 
down-draft grate, the action in principle is much like it. 

The fact that volatilization has to take place along the line 
b-c is of great importance. In the ordinary coking method, 
the volatilization takes place also on top of the bed. 

The baffle prevents short circuiting of the air to the furnace 


z 4 $2 
5 
Ne 
500 
alert 
0300 
200 
ip ta @ : 
| 
5 x8 =e 
: 5 4 3 ay 
ay 100F—pische rge|- Air Tempe rature 
gat | | 
a= 
, 9 
A 
the 
at 


178 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


outlet. The combustion instead of spreading through the entire 
furnace is concentrated mainly at the point a. 

A further advantage of this baffle arrangement is that it per- 
mits the firing of much larger charges of coal with smokeless 
results than with the ordinary arrangement or with coking 
methods, thus assuring a long lasting fire. 

The purpose of baffle b is to reflect the heat to zone a where 
combustion takes place and to lengthen the path of gas travel 
by preventing short circuiting of gas to the combustion-chamber 
outlet. 

Tests Mabe with Down-Drart BAFFLE 


There was some doubt as to whether the rear baffle was really 
necessary, so two duplicate tests were run, firing the same amount 
of the same kind of coal at the same time. The results are shown 
in Fig. 10. It will be noted that smoke was very light, merely 
a light haze; the CO, with both baffles in place was higher and 
so was the discharge air temperatures, which means a greater 
heating effect. 

Fig. 11 presents graphically the results of two tests on a 
standard warm-air furnace equipped with baffles. One test is 
at high, the other at low capacity. Both of these tests are very 
interesting and reveal the following: 


HicuH-Capacity Test 


Ordinarily a combustion rate of 6 to 9 lb. per sq. ft. of grate 
surface is considered high. In this test, the rate was over 12 lb. 
with only 0.13 in. of draft. The expected difficulty of reduction 
of capacity due to increase of resistance by the baffles to the gas 
flow apparently did not occur, and if it did it was more than 
offset by the fact that the air entering the furnace was utilized 
and not short-circuited to the outlet. 

Only at one time was there smoke for a few minutes and then 
only a slight haze. Of course, if free air is not admitted to 
chamber a this method of firing will result in smoke as well as 
any other method. 

Flue-gas temperatures were very high, but that is to be ex- 
pected considering the amount of heat developed. The air tem- 


perature at one time was 350 deg. fahr., far above what one would 
consider permissible, but then the furnace need not be operated 
at this rate if it is not desired. 

In spite of the high CO, during the earlier part of the test, 
no carbon monoxide was found in the waste gas. This is very 
important since with ordinary methods of firing the loss due to 
incomplete combustion often exceeds the loss due to dry prod- 
ucts of combustion. 

The dry stack loss was calculated from flue-gas temperature, 
and gas-analysis data are plotted on the chart. The stack loss, it 
will be noted, is not very high if the high capacity is taken into 
consideration. In view of the fact that there was no carbon 
monoxide in the waste gas and since heat loss by radiation in a 
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test, CO, was very high, at one 
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This is only more remarkable 
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Fic. 6 Resvuits or Tests, Cokinc Meruop oF Firine, Test No. 2 
(150 Ib. 2 X 11/4 domestic coal original charge.) 


draft was only 0.06 in. of water. 
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air practice, flue-gas temperature was low, CO, was continuously 
high, carbon monoxide was absent, there was no smoke except 
on two occasions a very light haze not ordinarily called smoke. 
The loss due to dry products of combustion was low and con- 
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Fig. S 


sequently furnace efficiency must have ranged between 70 and 
80 per cent which is very high for any type of furnace, but 
especially so for a house-heating device. This low-rating test is 
in fact so satisfactory that not much is left to be desired from 
heat-generation and heat-absorption standpoints. The only 
thing remaining to be improved is the air-admission method. 
The attention necessary to be paid to the fire is reduced. 


OPERATION witH Down-Drart BAFFLE 


The method of firing with the down-draft baffle is the same as 
the coking method, the hot coke is pushed back behind the 
baffle and fresh coal is piled up in front of the baffle as high as 
possible and still leaving a clearance between coal and baffle lip 
for air to pass through. [Illinois coal cakes, and without this 
clearance the secondary air stream after a time would be shut off. 
With non-caking coals and with coke the space can probably 
be shut off and so more coal piled up in front, thus assuring 
longer firing periods. While with coke and anthracite there is 
no smoke, still the baffle in furnaces using this fuel is of value 
because it tends to eliminate stratification, that is, reduces excess 
air and so betters the efficiency. . 

In using this method, although they were expected, no serious 
clinkering difficulties were encountered with the use of Maryville- 
Illinois coal. The ash was burned out better than in the case 
of the ordinary method. Attempts were made to burn lower 
grade fuels with considerable success, therefore, apparently 
this method places the lower grade, the less desired fuels, on a 
more equal plane with the higher class fuels. This has economic 
value entirely foreign to the smoke problem. 

In the past there was also considerable agitation for larger 
flues to assure ample draft. Large enough flues are, of course, 
necessary but they need not be nearly as large as some claim 
and they have far less influence on the smoke problem than some 
believe. What is needed are furnaces that will utilizes the air 
that passes through them. When CO, is four per cent the volume 
of gas passing through the furnace is three times as great as it 
would need to be, so naturally what otherwise might be an ample 
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Fic. 10 Dupuicate Tests TO DeTeRMINE Errect oF REAR BAFFLE, 
Tests Nos. 55 anv 58 


(60 Ib. small-size domestic coal fired on 1'/: in. of ash. Check closed, 
damper open, draft door open 1 in. Firedoor slide open at start.) 


flue would be too small. Large amounts of excess air also 
have a tendency to reduce flue temperatures which in turn re- 
duces the draft and so amplifies the loss caused by the increased 
friction of the larger volume. 

The baffle installation in most cases is simple. Baffles can be 
shaped from refractory tile and inserted, requiring only a few hours 
of work. In some cases, it may be necessary to shape them out 
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of plastic refractory material. Care must be taken to allow 3 7 TEST 62 I 
room for expansion to prevent breaking of castings. There 4 } 
is some danger in breaking the tile while poking the furnace, ; snumemmees ; . 
but not much if it is properly installed and a reasonable amount = =§ it | | TEST 54 I 
of care is taken. If, however, the tile is broken, the owner, due £0 } | 
to the numerous, very apparent advantages of this method of =i TEST 53 T 
firing will not long hesitate about re-installation. A St. Louis 2j} | | 
firm experimented with this baffle for some time and while Eo : 
at the beginning they had some trouble with cracking of the Me TEST 56 
clay baffle, difficulties were overcome and the baffle was put on ok | " 
the market. Hr 
While the Citizens Smoke Abatement League and the author, Fic. 12 Smoxe DvE To BANKED Fires 
who developed the baffle, had it in their power to take out a Test 62 Standard furnace, ordinary method using green fuel. 
patent, it was deemed unwise to in any way restrict its use and so he. firine 
in turn probably discourage efforts at smoke abatement. The Test 56 Standard furnace, closed damper 2 hr. after firing charge 
Langenberg Manufacturing Company further agreed to charge 1000 T 
for the installation the minimum possible sum and of this sum 900 = 
to turn over to the Smoke Abatement League 10 per cent to be | 
used in further efforts at smoke abatement. 800 a i 
Summarizing the so-far apparent advantages of this method, 700 S \ sind 
under proper conditions, we get: Pee sal 
1 Very little or no smoke, cleaner heating surfaces, and s — 
consequently higher efficiency 
2 Greater furnace capacity possible when needed 2 400 ol 
3 No carbon monoxide and so higher efficiency 00 | 
4 High CO, due to utilization of air admitted and conse- y Le So. | 
quently higher efficiency 200F- 
5 Better-burned-out ash 100 — 
6 Fire lasts longer between firing periods Tred-Fire Door AP TEMPERATE 
7 Better results obtained with lower grade fuels Pipe Damper 0, 
8 Firing is simpler, efforts giving definite results 
9 Application to many existing installations. ipe Damper Draft Door Closed 
© Clastd Check Open C05 
THE BANKING OF Fires + 
In smoke-abatement work the smoke given off by banked op smoke No Smoke 
fires is ordinarily ignored and still this probably is the worse 
imaginable smoke. When a furnace is banked low furnace- ‘ 
Fic. Nigar Conpitions, Warm-Arr Furnace wits 


temperature conditions are created purposely; large amounts 


of coal are fired in such a way that the fire is smothered. The 


Loss, Per Cent 


Per Cent 


(Draft 0.15 to 0.07. 


Drart 


Fuel charge 105 Ib. 


Maryville 3 by 2 in 


LOW RATING TEST HIGH RATIOS TEST volstile mater is then dintle 
Fuel: 30/6 Burned in 6 Hr Fuel: (20/b. Burned in 44g Hr off over night, the smoke is 
800 never heavy, but it is of the 
|| worst kind and its emission con- 
| i > od of 
700 tinues over a long period 0 
600 A) in Per Cent hours. 
Loss Due fo Dry Five Gas in Per Cent a \ "a Fig. 12, test No. 62, shows 
— Gas} _ ff. smoke conditions when the fur- 
. Flue-Gas Temperoture Temperature |- La nace is banked in the generally 
\ 
400 cen SA practised way. There was smoke 
300 IN for over 4!/, hr., and for over one 
<-~ Outlet Air\ Temperature hour it was yellow and of the 
Out: y 
Outlet Air Temperature | 
200 - most undesirable kind. 
100 Average Inlet Air Temperature A bank hot, to burn off the volatile 
Secondary (41m), Fire Door Butter tly Closed ’ 
0 | = matter and get the benefit of the 
Fre oor Ope heat and then close the damper 
[smote Light tage 2 ¥ ' smoke when the hot method 
+ employed. These tests were 
0 Me Carbon Monoxide Corben made on two different furnaces. 
° > 4 5 Peculiarly the fire after bank- 
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ing seemed in better condition 
for continuation when the fire 
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had been banked hot, than was the case with green banking and 
a large charge of coal. 

In the same figure smoke is indicated with hot banking in a 
furnace equipped with baffles. The contrast between tests 
No. 53, No. 56 and No. 62 is startling. 

Fig. 13 presents complete data of a pre-banking and after- 


Smoke Dve To BuILpING or Fires Co_p FurRNACES 


Fig. 14 shows smoke density obtained during the various 
tests when fires were started in cold furnaces by employment of 
different methods and with different amounts of coal. 

Tests No. 60 and No. 61, are typical of the ordinary method, 
coal on kindling. 

Test No. 61, the same as No. 60 


TEST 60 TEST 65 but with 
NACE a smaller charge of coal. 
A VCE Tests No. 53 and No. 54 were 
Kindling 84 Lb.Coal; 10Lb.Kind!ing made in an ordinary furnace with- 
Ordinary Firing Ordinary Firing 
out baffles but by the recom- 
TEST 61 ; mh mended method of kindling on 
raina 
Yom, (Warm Tests No. 55 and No. 58 were 
2 made in a furnace equipped with 
FU B baffles by the recommended 
60 Lb. Coal; Kindlin ci 
g method of kindling on coal, while 
Eo Method test No. 65 was the same method 
z TEST 54 but ordinary starting of coal on 
3 URNACE kindling. It should be noted that 
Conte Rindting itht 1 t 
Recommended wi yaffies and even careless start- 
00 Method ing smoke was much less than 
2 A New Tyre Down-Drart 
60 Lb Coal; Kindlin 
__JRecommended Met ‘od FURNACE 
: TEST 58 In the smokeless combustion of 
newoven soft coal, the down-draft method 
60 Lb.Coal; Kind lin of burning has been recognized 
oo Recommended Method as one which will result in very 


DOuration-Hr. 


Fic. 14. Smoke Dve To BuriLpinG Fire A CoLtp FurNACcE 


banking period. The furnace was fired at zero hour, say 4 p.m. 
At 7:45 p.m. the coal was coked and the home was warm, so fire 
and draft doors were closed and the check opened. Until the 
next morning the CO, obtained was about 7 per cent which is 
remarkably high and the coke was in very good condition to 
start a fresh fire. By such banking most of the heat is usefully 
employed, while ordinary banking not only produces smoke but 
most of the heat is wasted. 

Repeating the suggested cycle of operation for the entire day 
with the down-draft baffle is: 


(a) 6a.m. Shake the fire, clean out ashes, push coke back, 
fire fresh coal in front, open fire doors, ashpit doors and 
damper slightly, close check. 

(b) 10a.m. Close fire door and from now on regulate ash- 
pit door according to heat necessary. 

(c) 4:30p.m. Fire as at 6 a.m. ; 

(d) 8:30 p.m. Close fire door, open check, close damper 
for the night. 


With this cycle from 6 a.m. to 10 a.m.—4 hr., the heat de- 
veloped was mainly from volatile matter. By 10 o’clock only 
coke remained which was burned from that time on. At 4:30 
fire again received fresh coal and during the evening hours the 
gas from this coal supplied the heat for warming the home. 
At 8:30 p.m. the fire was checked without green coal, and 
if the damper was fairly tight and the coal charge sufficiently 
- there was enough hot coke left to start a quick fresh 


It will be noted that the method is very simple, reducing the 
attention necessary to the minimum with the additional advan- 
tage that for the last fire the heat from the volatile matter is 
usef ully utilized instead of being wasted during the night and par- 
tially converted into smoke. 


little smoke. It has, however, been 
very difficult to apply this method 
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Fic. 15 New Down-Drart FuRNACE 


to warm-air furnaces and most of such efforts have been prac- 
tically unsuccessful. 

In spite of the difficulties involved, new designs are developed 
and tried and the one shown in Fig. 15 has qualities which 
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point toward its success. Preliminary tests run on a furnace 
built according to this plan have been very encouraging from the 
standpoint of efficiency and smokelessness. 

In this warm-air furnace, which is intended for pipe or pipeless 
connection to the house, the air is admitted through a small 
door just below the firing door and passes in an annular space 
between the fire pot and the furnace dome where it is preheated 
and then passes down through the fuel bed and out, through 
a slot 2 in. wide, in the brick-lined pot wall just above the grate, 
into a ring-like radiator around the fire pot. At the back of 
this ring there is a connection to another radiator leading up 
and across the top of the furnace and out through the side into 
the stack. There is a by-pass damper connecting this radiator 
with the space above the coal. This damper is used when firing 
to prevent any smoke backing out through the firing door. The 
lining is made renewable but in the operation thus far it has 
shown no tendency to burn out. The grate is made solid in the 
center so that no unburned coal will be able to work through 
into the ashpit at that point. 

The operation of the furnace under average drafts of about 
0.15-0.20 in. has been very satisfactory. In this furnace, which 
has a pot diameter of about 22 in., coal can be burned at a rate 
of about 13 lb. per hr. with a CO, analysis of about 14 per cent 
which is high compared to the performance of the average do- 
mestic furnace. Because of the effectiveness and large area of 
the heating surfaces the flue-gas temperature seldom goes above 
700° deg. fahr., which means the heat carried out in the dry 
flue gas is only about 14 per cent. 

The fire requires fairly frequent attention in order to maintain 
a high rating but it responds rapidly to a slight shaking down or 
poking. Clinkers do not form in this furnace if reasonable care is 
observed in shaking down the fire and firing. This furnace is 
for all intents and purposes smokeless. 


Discussion 


E. B. LANGENBERG.? The difficulty with the draft-baffled 
furnace has been that we cannot find a material for the bottom 
plate that will last for any length of time. However, we have 
found a composition material that will stand up for about 60 
days under heavy strain and which we think is equivalent to 
two years’ use in a home. 

A number of these furnaces are in actual use, and we intend 
to observe all of them throughout the entire season. Possibly 
next year we can report definitely upon their success in the hands 
of the householder. The writer does not think it is possible 
to adapt baffles to stoves or furnaces of less than 20 in. diameter 
grate, because it is a very difficult matter to make firebrick that 
will fit. Besides, allowance of at least half an inch must be 
made on either side of the baffle, otherwise either the casting 
or brick will break. 


Osporn Monnett.* The research that the author has done 
marks an important step in the advance of the domestic heating 
furnace. 

In past years there has been no special demand for a smokeless 
furnace for household purposes. Three or four concerns which 
started out with a complete line of smokeless hot-air furnaces 
and stoves were unable to find a market for them because there 
was no demand. Every one wanted to buy the cheapest, sim- 


plest thing he could put in, and smoke ordinances throughout . 


the United States have never extended to the domestic problem. 
Engineers are just commencing to realize that one of the big 


2 Langenberg Manufacturing Co., St. Louis, Mo. 
3 Citizens Smoke Abatement League, St. Louis, Mo. 


parts of the problem remains unsolved—the domestic heating 
equipment. The principles are all worked out, and the details 
ean be worked out. We are concerned now with materials 
that will stand the temperature, not because the temperatures 
are high, but because the variation in temperature is sudden. 
The first baffle has air at almost atmospheric temperature on 
one side and gases at perhaps 2000 deg. fahr. on the other. 
Under those conditions, the baffle must stand a lot of punish- 
ment. 

The furnace shown in Fig. 15 is of great interest, and has many 
possibilities. It is shown here as a warm-air furnace, but 
the same idea can be easily worked out for steam and hot-water 
plants, and ought to produce fine results. The furnace, as it is 
running now, is a modified down-draft gas producer. It runs 
with a high CO:, and instead of delivering monoxide gas as a 
gas producer would, it produces this gas, mixes it with heated 
air, and finally discharges it in the form of CO.. 

There is also an underfeed unit for domestic purposes, burning 
cheap coal, and made for hot-air, hot-water, and steam systems 
The demand has not been great and it has not been used ex- 
tensively. Now we are creating the demand all over the United 
States for better domestic equipment, better smoke performance, 
and longer periods between firing. Eventually we will have auto- 
matic outfits, self-feeders, thermostatically controlled, and the 
writer believes we are just on the threshold of a tremendous ce- 
velopment in apparatus that will solve the domestic smoke prob- 
lem, and many others, such as the notoriously low efficiency with 
which ordinary domestic equipment has been running up to the 
present time. 


GeorGE A. Orrox.‘ Mr. Monnett has brought forward a 
point of view which has occurred to a good many of us, but 
which, perhaps, has not been sufficiently widely broadcast. 

The use of domestic fuel in the United States has been of the 
order of about 2500 Ib. per capita. That means that practically 
one-quarter of the solid fuel in this country is burned in the 
household furnace or stove. One-quarter is a large amount. 
Of this amount perhaps one-third is anthracite, and not quite a 
sixth is coke. The rest is bituminous coal. Any such research 
as that which the author has undertaken is of the greatest im- 
portance to the country. 


W. B. Cuapman.® The first principle of efficient heat transfer 
is that the gases should be moving upward when absorbing 
heat and should be moving downward if they are losing heat. 
Until, perhaps, the past dozen years, most furnaces were not 
designed to follow these laws, and it has been a great surprise 
to find out how great a gain there is when they are designed to 
follow these laws. 


J. R. Warner.® So far the assumption has been that it is 
necessary to burn a smoky fuel. The writer would call attention 
to the use of by-product coke, and to the increase in its use. 

In the last fifteen years the production of by-product coke has 
increased from 7,000,000 to 44,000,000 tons per year for metal- 
lurgical and domestic use. The domestic use of coke has in- 
creased from about 2,500,000 tons to 5,000,000 tons. 

Probably the reasons why the use of coke has not increased 
any faster are, first, the prejudice which has arisen in the minds 
of the consumer against coke; second, the apathy of the local 
fuel dealer—why should he try to have his customer change 
from coal to coke?—and third, the supply of coal is ample. 


4 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 

5 Pres., Chapman-Stein Furnace Co., Mt. Vernon, Ohio. Mem. 
A.S.M.E. 
6 Combustion Engineer, Cincinnati, Ohio. 
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The writer believes that the by-product-coke industry has grown 
to such an extent that there is no longer any doubt in the mind 
of any one that if the demand for coke for domestic fuel arises 
the industry will be able to supply it just as fast as it is called for. 

On the question of the efficiency that can be obtained with the 
use of coke and other fuels in the ordinary house-heating furnace, 
the writer would call attention to Bulletin 19 of the University 
of Illinois, ‘““The Efficiency of the Boiler and Furnace.” 


FE. 8S. Hautterr.? We of the Board of Education have solved 
the combustion problem in so far as large school buildings are 
concerned, but we have more than a hundred portable school- 
houses heated by furnaces, and for that reason the writer is 
especially interested in what the author has accomplished. 

Attention has been called to the fact that the method of 
admitting the secondary air and of obtaining a temperature 
high enough to get complete combustion has been the problem 
in the small furnace, and it is this problem that the author has 
attacked. 


A. S. Lanesporr.* The writer feels that the only proper 
way to look at combustion is to consider it as a chemical phe- 
nomenon. Mechanical engineers have taken over combustion 
as their own field and have done very well with it. How far 
they have gone in adapting the laws of physical chemistry to 
the subject the writer does not know, but there would, apparently, 
be great possibilities in applying to this problem what physical 
chemists have learned about the action of catalysts in accelerat- 
ing chemical reaction. 


Ex_te Ormssy.’ It is to be hoped that the time will soon 
come when no manufacturer will put out a piece of equipment 
which is not suited to the consumer, and if he should sell such 
equipment to the customer, that customer will not be allowed 
by the city authorities to install it. The writer believes the 
time has come when all furnaces should be smokeless for the 
fuel to be used, and all furnaces already installed should be made 
smokeless. 


JoHN 


There is no question about the correctness 


7 Manager, Hallett 
A.S.M.E. 

* Director, Industrial and Engineering Research, Washington Uni- 
versity, St. Louis, Mo. 

* Pres., Gen. Mer., Donk Bros. Coal & Coke Co., St. Louis, Mo. 
Mem. A.S.M.E. 

1° Mechanical Engineer, St. Louis, Mo. 


Engrg. Co., St. Louis, Mo. Assoc-Mem. 


Mem. A.S.M.E. 


of the principles which the author has emphasized and it pleases 
the writer very much to hear that the organization of furnace 
manufacturers is taking this matter up seriously, and is put- 
ting on the market equipment that will burn high-volatile coals 
from any region. 

Education is a factor we must contend with. Let us get hold 
of this organization of manufacturers of equipment to burn the 
coal and get them to make use of the work the engineeers of the 
nation are doing in improving the manner in which this fuel 
is burned. The purchaser then will have a device suited to his 
needs. 


Henry H. Burns.'! The writer lives in a suburb where the 
houses are equipped to burn gas as fuel. When the boiler of his 
residence was operated the smoke pipe became so hot that it 
proved convincingly that most of the heat was going up the 
chimney, some of this heat was utilized by attaching about 
20 ft. of stove pipe so as to lead away from the furnace and 
then back to the chimney. 


R. L. DauGuerty.'? In the City of Pasadena we are pro- 
posing to have an ordinance introduced by which before any 
gas-fired warm-air heating furnace can be installed it must be 
subjected to a certified test in a proper laboratory and, among 
other things, the furnace must, under several conditions of 
operation, show an efficiency of at least 70 per cent, and the 
stack temperature must not be less than 200 deg. fahr. nor 
more than 400 deg. fahr. With a furnace installed under these 
conditions, the problem of inefficiency is largely solved. 


Tue AvutHor. The author, in answer to several questions, 
offers the following comments on his paper: 
In the various charts of the paper it is shown that the furnace 
capacity is increased by the addition of the baffles. 
The refractory lining surrounding the fuel has very little to do 
with the principle under which the furnace operates, but it is 
easier to support the baffles if the furnace is so constructed. 
Tests are being made on other furnaces which do not have the 
refractory lining, and while it is more difficult to support the 
baffle, the action is the same. 
Some manufacturers intend to install baffles supported on 
water tubes whenever necessary. This will make a really solid 
support that will not be affected by temperatures. 


11 Mechanical Expert, Westinghouse Air Brake Co., St. Louis, Mo. 
Mem. A.S.M.E. 
12 Professor of Mechanical and Hydraulic Engineering, California 
Institute of Technology. Mem. A.S.M.E. 
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The Effect of Atmospheric Smoke Pollution 


A Summary of Opinions from Current Literature 
By A. 8. LANGSDORF,! ST. LOUIS, MO. 


would give a lecture about milk, opened his discourse with 

the remark that the best thing he knew on milk was cream. 
His exposition had the merit of getting at once to the point, and 
if his example may be followed in enlarging upon such a subject as 
that of this paper, it may be stated without further ado that 
atmospheric smoke constitutes not only a nuisance but a source 
of danger to numerous living organisms, including human beings, 
and a serious menace to the permanence of a great variety of 
inert materials. It is the considered opinion of qualified ex- 
perts in many branches of scientific work, such as medicine, 
botany, physics, chemistry, and engineering, that the evil effects 
are sufficiently grave to warrant the most active efforts for the 
elimination of their cause. But the fact remains that in the 
large cities the general public can be roused to remedial action 
only with the greatest difficulty, and that no effective means 
have yet been found to prevent relapse to customary lethargy 
and indifference even after a spurt of activity has resulted in 
easily noticeable improvement. The difficulty in all attempts 
at smoke abatement is that the injurious effects of the nuisance 
are for the most part so slow in their action as to cause little 
uneasiness to the average person; in general, the situation is not 
unlike that prevailing in other instances requiring reform, where 
bad conditions must often be allowed to become insufferably 
worse before they can be made better. 

The abundant literature concerning the effects of atmospheric 
smoke may be grouped under three main heads: (a) medical, 
dealing with the effects of smoky air upon human health; (6) 
botanical, concerned with injuries to vegetation; and (c) phys- 
ical, including such chemical aspects of the problem as are in- 
volved in the deterioration of inert materials. To these classifi- 
cations might be added a fourth, namely, the economic, but this 
is so closely related to the others that it can hardly be considered 
separately. At any rate, it is clear from this classification that 
no one individual is qualified to speak with authority on all phases 
of the subject, and that at least with respect to the first two in- 
dicated above, an engineer cannot be expected to do more than 
review the situation from the point of view of a layman. 

The bulletins of the smoke survey in Pittsburgh, conducted 
by the Mellon Institute of Industrial Research, provide a very 
convenient and complete summary of the subject up to the year 
1914; and the Chicago Report on Smoke Abatement, published 
in 1915, is likewise valuable as a comprehensive statement of con- 
ditions and opinions up to that time. A bibliography of sub- 
sequent publications has not been compiled, so far as the author 
is aware, but an examination of the more important books and 
articles leaves no doubt that most of the earlier conclusions as to 
the injurious effects of smoke have been amply confirmed. But 
whereas in much of the earlier literature smoke was simply smoke, 
and black smoke in particular, the current tendency is to get 
away from the habit of thinking of it as a single entity, and to 
resolve it and its effects into terms of its constituents. This dis- 
tinction is most important, for it raises the grave question whether 
smoke abatement, as that term is popularly envisaged, will in the 
long run relieve us of the worst of the evils we wish to eliminate. 


‘| = late humorist, Josh Billings, having advertised that he 


1 Director, Industrial Engineering and Research, Washington 
University, St. Louis, Mo. 

Presented at the First National Meeting of the A.S.M.E. Fuels 
Division, St. Louis, Mo., October 10 to 13, 1927. 
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PuysicaL AND CHEMICAL DETERIORATION CAUSED BY SMOKE 


Consider, for example, the obvious physical and chemical de- 
terioration caused by smoke. It is easily possible to evaluate 
the extra cost to the people of a large city caused by cleaning and 
washing clothing, curtains, carpets, draperies, and paintings, 
nearly all of this “‘black-smoke tax’’ being due to the sooty and 
tarry air-borne particles; in shops and stores fabrics on the shelves 
become soiled and shopworn; walls of buildings, both inside and 
outside, require increased labor and expense for cleaning and 
painting. So also may be computed the extra cost of artificial 
lighting due to the cutting off of natural daylight by the smoke 
pall. Such calculations, complete to the smallest details, have 
been made many times for numerous communities, and the 
results are commonly promulgated in terms of millions of dollars 
of unnecessary expense, and tons of sooty deposit per square mile 
per annum. In St. Louis, for instance, the annual cost of black 
smoke has been estimated at about $15,000,000, and the annual 
deposit of solid matter at 900 tons per square mile. These 
figures are impressive, but somehow they leave the “man on the 
street”’ singularly indifferent; perhaps he figures that the per 
capita cost of about $20 is only the equivalent of one extra tire 
for his automobile, and that the vast accumulation of dust and 
dirt, when reduced to more familiar units, is a trifle over one ounce 
per square foot perannum. Whether he thinks about the matter 
in this way or perhaps not at all, there is little doubt that the 
cost of cleaning is much more obvious to his wife. The following 
excerpt from an English book by Cohn and Ruston? would find 
plenty of corroborative testimony from American women: 

A lady who formerly resided in Leeds and removed to a similar 


establishment in the country (i.e., the same size of house and the 
same servants) informed me that the quantity of soap used in clean- 


ing a room is less than half of that used in Leeds, the labor of cleaning 
less than a quarter. Windows which require cleaning once a week 
in Leeds, only require it once a fortnight and sometimes once 4 


month in the present house. White curtains, which were black in 
three weeks in Leeds, now lasted eighteen months. 


The significant fact that the effect of smoke is not confined 
to the mere blackening of materials is indicated by the following 
paragraph quoted from another recent English book :* 


The corrosive effect of a smoke-laden atmosphere upon metals is 
too well known to require emphasis here. The sulphur contained 
in coal is sent into the air in the form of sulphurous or sulphuric acid, 
and is probably almost immediately all converted to the su!phuric 


state by oxidation. 


This emphasis upon the effect of one of the ingredients of smoke 
is much more prominent in recent studies than was the case 4 
decade or so ago. In both of the books referred to, as wel! as in 
numerous other references, it is pointed out that the sulphuric 
acid in the air and rain reacts chemically with limestone (calcium 
carbonate) to form the sulphate, which, being less dense than the 
original carbonate, produces an increase of volume and a conse- 
quent spalling of the stone because of the bursting action. With 
magnesium limestone the effect is even more injurious, {:> the 
sulphate of magnesium is soluble in water, and rain therefore 
produces an active disintegration. Much detailed information 


? Smoke, A Study of Town Air, Cohn and Ruston, Edward Arnold 
and Co., 1925. 

* The Smoke Problem of Great Cities, by Shaw and Owens, (0o- 
stable and Co., Ltd., 1925. 
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concerning the damage to government buildings in various 
English cities can be found in a paper‘ by Sir Frank Baines, 
Director of H. M. Office of Works, published in the Report 
of the Smoke Abatement Conference held at Manchester in 
November, 1924. It is needless to repeat the figures here, though 
the aggregate of $600,000 per annum is large enough to arrest 
attention. It should be noted in passing that the damage is not 
confined to stonework, since paint is ruined, and metals, es- 
pecially unprotected iron and steel, are strongly attacked. 


DAMAGE TO VEGETATION 


The physical effects, then, are not only definitely probable, 
but can be evaluated to a fair degree of accuracy in terms of 
money. Equally definite, though the monetary equivalent is 
more difficult. to estimate, is the damage to vegetation whenever 
smoke-polluted air is present. But whereas the impression once 
prevailed very generally that the injury was due mainly to the 
clogging of the leaf pores (the stomata) by the sooty and tarry 
deposit, botanists now consider that the sulphuric acid is the 
chief cause of the damage. There is such an abundance of pub- 
lished material on this subject, much of it the result of pains- 
taking scientific research, under both laboratory and field con- 
ditions, that the preparation of a complete bibliography would in 
itself be a large undertaking. A particularly thoroughgoing 
research is embodi in a book entitled Beschidigung der Vege- 
tation durch Rauchgasen und Fabriksexhalationen (Damage to 
Vegetation by Smoke Gases and Factory Fumes), by Dr. Julius 
Stoklasa of Prague. Here, as in other works on the subject, 
the clogging of the stomata is pointed out as a source of injury, 
especially in the case of evergreen species whose leaves are sub- 
ject to this effect all the year round. But deciduous species are 
without foliage in the winter when the smoke nuisance is most 
pronounced, hence the indubitable fact that many choice vari- 
eties die off in smoky cities is an indication that another cause is 
the active factor. The researches that have been made include 
determinations of the effect of varying amounts of sulphuric 
and sulphurous acids in the air, in the soil and in the water 
(including rain) used for irrigating the plants; the studies include 
the effect upon trees, flowering plants and shrubs, and the prin- 
cipal cereals and grasses. In all of them the result is the same— 
the effect of these acids is deadly. In St. Louis it is known that 
bluegrass lawns cannot be maintained because of the strongly 
acid soil; and in some parts of the city which were far removed 
from the smoke belt twenty-five years ago, and which then had 
large numbers of stately laurel oaks, trees are now conspicuous 
by their absence. The enormous damage to trees and flowers in 
the public parks and at the Missouri Botanical Garden is well 
known, the effect being so pronounced that the Garden authorities 
are now developing a new tract forty miles beyond the city limits. 


Seriousness or Errect or Sutpuuric Acip 


An idea of the seriousness of the effect of sulphuric acid may be 
obtained from the consideration that ordinary coal may contain 
from 2 to 3 per cent of sulphur, although certain Illinois coals 
run as high as 4.75 per cent. If we assume an average of 3 per 
cent for the 5 million tons of raw coal burned annually in the city 
of St. Louis, it follows that there are 150,000 tons of sulphur ready 
for conversion to sulphuric acid. Since one unit of weight of 
sulphur corresponds to slightly more than three units of weight 
of sulphuric acid, the total acid equivalent is about 459,000 tons 
perannum. Only a part of this, however, finds its way into the 
chimney gas, the rest remaining in the ash. From tests made 
at Altoona, Pa.,’ it was found that the percentage of sulphur in 


: The Effect of Atmospheric Impurities on Buildings. 
. See Table CDLXXXIX, p. 1133, Smoke Abatement and Elec- 
trification in Chicago. 
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the stack gases of locomotives ranges from a minimum of 1.2 per 
cent to a maximum of 92.63 per cent of the total sulphur fired, 
the average of 53 tests being nearly 33 per cent. Using this aver- 
age figure as applicable to ordinary firing, the annual precipitation 
of sulphuric acid due to coal consumed in St. Louis alone (ex- 
clusive of the additional 3 million tons burned in the surrounding 
municipalities) is no less than 150,000 tons per annum. This 
enormous quantity is of course not all deposited on the sixty-four 
square miles of city area, much of it being widely distributed by 
the wind; but on cloudy, windless days and nights its presence 
in the form of pungent sulphur dioxide is very marked; and 
wherever it falls upon the soil its action is cumulative. 


HarmMFut Errects or SMOKE ON HEALTH 


It may therefore be stated as an established fact that smoke 
pollution produces definitely known damage to physical struc- 
tures and to vegetable organisms. With regard to the effect 
upon human health the case is not so clear, at least so far as con- 
vincing scientific proof is concerned. All the indications point 
to harmful effects, and there is no lack of medical opinion that 
smoke is responsible for many ills, but with all due respect to 
the authors of the medical literature in which smoke is held 
responsible for much morbidity, the unprejudiced reader is 
bound to admit that conclusive demonstration is lacking. The 
author has made a search of medical literature beginning where 
the bibliography of the Mellon Institute left off (in 1913), by 
looking up most of the references to be found in the Index 
Medicus and the Quarterly Cumulative Index of Medicine. 
Much reliance seems to be placed on statistical studies, of which 
those of Dr. Louis Ascher of Kénigsberg are especially noteworthy. 
In general, such studies seek a correlation between the preva- 
lence of smoke and the mortality due to diseases of the respira- 
tory tract, especially the non-tubercular diseases, and pneumonia 
in particular. That such a correlation exists is unquestionable, 
but to what extent it may be accepted as conclusive evidence 
of the harmful effects of smoke is quite another matter. In 
the first place, it is difficult to obtain a satisfactory measure 
of the amount of smoke when the area under consideration is 
considerable. Accurate apparatus like the Owens automatic 
air filter, if distributed in sufficient numbers, would give reliable 
measurements, but unfortunately their use is not general. Resort 
must be had to the rather crude smoke records of the U. S. 
Weather Bureau, which are based on the visibility of fixed land- 
marks from the office window; thus, if the arbitrarily selected 
mark is visible at the time fixed for the observation, the day 
is “clear;” if it is not visible, ‘“dense smoke” or dense fog is 
recorded, according to circumstances. The personal equation 
of the observer is thus a considerable factor. As an example of 
such studies, a chart for the period 1921-26 was prepared by plot- 
ting the number of deaths due to lobar pneumonia, taken from 
the official reports of the Division of Health, St. Louis Depart- 
ment of Public Welfare, and the number of smoky days recorded 
by the local office of the U.S. Weather Bureau. The correlation 
was certainly striking; but since pneumonia is predominantly 
a winter disease, it is after all not so strange that the peaks in 
the pneumonia curve showed a periodicity in step with that of 
the smoke curve, since in the nature of things smoke will be 
most prevalent in the winter season when coal is being burned 
at the greatest rate. Since the records of the Weather Bureau 
included data concerning dense fog, temperature, and humidity, 
curves showing their variations were also added to the chart. 
They showed, as would be expected, the same periodicity as the 
others, the cause being seasonal. There seems to be no justifica- 
tion whatever for selecting the prevalence of smoke as an index 
of the pneumonia death rate, at least so far as this particular study 
is concerned; it may be, and probably is, a factor, but to no 
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greater extent than are the others. Physicians will probably 
agree with the statement that many diseases are the resultant 
of so many contributing causes that there is an element of 
quackery in emphasizing any one of them to an undue extent. 
Consider the smoke record of the city of Boston, as found in the 
official reports of the Weather Bureau in that city. In the years 
1920-26, inclusive, dense smoke was recorded once, in 1923; 
in these same seven years, taken in order, the number of days 
with light smoke was 0, 3, 4, 8, 2, 2, and 4. And yet, in spite of 
this freedom from heavy smoke, Boston has a relatively high death 
rate due to pneumonia. According to figures compiled by Wm. 
C. White and C. H. Marcy,® the death rate from pneumonia was 
third in a list of fifteen large cities, being exceeded only in Chicago 
and Pittsburgh, the figures covering the period 1907 to 1910, 
inclusive. That the medical profession is itself not unanimous in 
attributing all of the blame to smoky air, the following quotation’ 
will show: 


I would expect Boston to have a greater mortality from pneumonia 
than Pittsburgh, on the sole basis of fact that Boston has relatively 
more people in the pneumonia ages. I would expect Chicago to 
have a higher pneumonia mortality than Pittsburgh, because there 
is a pneumonia obsession in the minds of the medical profession of 
Chicago. 

Pe ee I do not think that the pneumonia figures admit of sound 
reasoning as to magnitude, unless, in the first place, distinctions are 
made as to the age distribution of the populations which are to be 
compared; and, in the second place, unless the pneumonia mortality 
is divided sharply into two groups, those under and those above the 
age of three years, and the comparison made with reference to these 
distinctions. 

SMOKE AND PNEUMONIA 


The author hesitates to express personal opinions on such an 
involved medical subject, but it appears to be plain common 
sense that pneumonia, being a germ disease, can develop only 
when the pneumococcus bacillus finds conditions suitable for its 
propagation. In general, these conditions imply a lowering of 
the bodily resistance, which may be due to one or more of a great 
variety of causes; such, for instance, as exposure to a cold and 
damp atmosphere; weakness due to other diseases, or to in- 
sufficient or improper nourishment; and unhygienic manner of 
living, whether due to bad housing conditions or to faulty per- 
sonal habits. The fact that pneumonia and other diseases of the 
respiratory tract follow in the wake of cold, foggy weather, 
especially when smoke is present, does not necessarily prove that 
th. smoke is the chief factor; although it may be, and very likely 
is, the element which may be called the last straw in upsetting 
the equilibrium. The interesting and important results of the 
studies under way at the Bureau of Mines in Pittsburgh show 
very vividly the pronounced effect of extremes of temperature 
and humidity upon human health, even when smoke is not 
present. 

On the other hand, it is not possible to dismiss lightly such 
testimony® as that of Ex-Bailee W. B. Smith, of Glasgow, who 
relates the consequences of a series of dense smoke fogs in that 
city in 1909, in comparison with contemporaneous conditions 
in seven other neighboring towns. These towns were Edin- 
burgh, Dundee, Aberdeen, Paisley, Leith, Breenock, and Perth, 
with an aggregate population of 993,550 as compared with 872,- 
021 in Glasgow. All of them save one had the same conditions, 
being planned and built alike, with the same proportion of crowd- 


¢ A Study of the Imfluence of Varying Densities of City Smoke on 
the Mortality from Pneumonia and Tuberculosis, Trans. Fifteenth 
Internatl. Congress on Hygiene and Demography, 1912; also Bulle- 
tin No. 9, p. 155, Smoke Investigation of the Mellon Institute. 

7 Discussion by Dr. John 8S. Fullerton, p. 165, Bulletin No. 9, 
Smoke Investigation of the Mellon Institute. 

8 Should We Longer Tolerate the Pollution of the Air? British 
Medical Journal, August, 1922. 


ing and slums, with similar sanitation, like methods of heating 
and cooking, and with the general habits of the population much 
the same in all of them. During the five weeks ending October 
30, 1909,.the average death rate in Glasgow from all causes was 
13.4 per thousand, while that of the other seven towns was 12.2 
per thousand. On October 30-31 there was a heavy fog, followed 
in Glasgow by a sharp rise in the death rate, which in the week 
ending November 6 was 18.2 per thousand, as compared with 
12.7 in the remaining seven towns. Again, from November 
15 to 19 there was an exceptionally heavy fog, and another 
from December 6 to 8, with death rates as follows: 


Week ending Glasgow Other 7 towns 
November 20 24.9 15.3 
November 27 32.7 16.7 
December 4 27.3 17.8 
December 11 31.7 16.7 


The temperature in Glasgow was slightly higher than in the other 
towns, all other conditions having been similar except that in 
Glasgow the air was much smokier. This is strong evidence, but 
it is nevertheless of a circumstantial character. It is reminiscent 
of the time when malaria was universally attributed to miasmatic 
exhalations from swampy land and to the evil qualities of night 
air. Every one knows what a long step was taken when it 
was finally found that swamps and darkness are nothing more 
than the stage settings for a particular germ carried by a par- 
ticular mosquito. 


CoNnFLICTING VIEWS ON EFFECT OF SMOKE ON HEALTH 


In the light of the knowledge that has been won by botanists 
in studying the effect of the separate constituents of smoke, it no 
longer seems sufficient for the medical profession to be content 
with broadsides directed at smoke in the abstract. While 
physicians are generally agreed that smoke is harmful to health, 
there is a welter of conflicting views, of which the following is 
an indication. Thus, Dr. Evans says:’ ‘Smoke carbon is prola- 
bly as little harmful as any solid which can be taken into the 
human body. It is quite inert chemically. Physically it irri- 
tates but little. The harm that it does is that it transports 
bacteria and secures entrance for them where alone they would 
be repulsed.”’ The last sentence is flatly contradicted by W. L. 
Holman," who found that soot has a definite bactericidal action 
on bacteria, and that soot does not form a favorable nidus for 
the collection of bacteria. 

There is nothing new in the idea that the sulphur dioxide in 
smoke is injurious to health, all authorities being agreed as to this 
point. It has been singled out by some writers as responsible 
for asthma, by others as the cause of sneezing, coughing, and 
lachrymation, and again as the cause of bronchial irritation and 
catarrh. But there is extremely little evidence of careful in- 
vestigation of the quantitative relations between public health 
(or rather disease) and the harmful constituents of the air. In 
nearly all cases the conclusions contain the qualifying phrase 
“it is probable,” or its equivalent, when a forthright statement of 
fact is in order. 

It seems quite logical to believe that diseases of the nose and 
throat will flourish in a smoky community, and that the distri- 
bution of nose-and-throat specialists might serve as an index of 
the prevalence of smoke. But actual facts show that this crite- 
rion is not reliable, cities like Los Angeles and Washington. D. C., 
having a disproportionately large number of such practitioners. 
Nevertheless there is a strong belief that sinus trouble is most ge0- 
eral in smoky cities, and it is believed that the sulphuric acid '8 


* Smoke Abatement and Electrification in Chicago, p. 66. 
10 Smoke Investigation Bulletin No. 9 of the Mellon Institute, P- 
120. 
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the irritant which causes inflammation of the nasal passages 
and consequent closure of the drainage from the sinus cavities. 
Here again we find plenty of surmise, but little in the way of 
incontrovertible proof. 

Much attention has lately been given to the effect of smoke 
in cutting off the ultra-violet radiation from the sun. It is 
known that ultra-violet light of certain wave lengths has a 
marked therapeutic value in the treatment of some diseases, 
such as rickets, and the absorption of this beneficial radiation 
by the smoke pall is commonly used as an argument for smoke 
abatement. The author is just as much convinced of the neces- 
sity of eliminating smoke as any one could well be, but it must be 
confessed that he looks upon this use of the ultra-violet argu- 
ment as a passing fad. In the first place, rickets is a disease 
due to malnutrition, and while ultra-violet light is very active 
in promoting the assimilation of calcium into the bones, the 
fact remains that the patient must be stripped of all clothing to 
make the treatment effective. It is obvious that the general 
population is not yet ready to go about in the altogether; and 
even if that were done, the glass in our windows, being impervious 
to the curative rays, would nullify our efforts. If ultra-violet 
rays are as essential as some would have us believe, the people 
of the tropics should be the most healthy in the world, and the 
Eskimo tribes should have long since perished. Further it ap- 
pears that the active wave lengths are those from 3020 Angstrom 
units down to below 2900 units.'' But in Chicago, at 10:30 a.m. 
on February 19, 1927, the day being clear with a northeast wind, 
the minimum wave length in the sunlight was 3030 units; at 3 
p.m. on the same day the minimum was 3090 units, all conditions 
having been the same except that the afternoon sunlight came 
through the smoke pall from the stockyards district.'* These 
figures show that some of the ultra-violet radiation was absorbed 
by the smoke, but the effective rays were not present to begin 
with. The weakness of the ultra-violet rays in the winter is due 
to astronomical causes over which we have no control. 


CONCLUSION 


The conclusion seems inevitable that if we wish to obtain really 
conclusive evidence concerning the harmful effects of smoke upon 
health, there must be an effort to obtain analyses of the air from 
numerous stations at frequent and regular intervals over an ex- 
tended period, just as dust counts are now made at scattered 
points, and the data so accumulated must be studied in connec- 
tion with health statistics of a much more detailed nature than 
are now available. Added to this there should be experimental 
studies of all of the factors involved, under controlled conditions. 
Such an investigation calls for a program much more extensive 
than any yet attempted, and it must have the cooperation of the 
medical profession as a whole. 

In the meantime, all possible steps must be taken to get rid of 
the smoke plague. Engineering and common-sense methods in 
the myriad private homes may do much to eliminate the visible 
evidences of the nuisance. Perhaps the next step will be to 
eliminate the invisible ones as well. 


Discussion 


Dr. E. C. Funscu.'3 
thing. 


To the doctor, pneumonia is a terminal 
We know that cancer and tuberculosis and many other 


_'' The Antirachitie Activity of Monochromatic and Regional 
Ultra-violet Radiations, by Hess and Weinstock, Proc. Soc. Exper. 
Biol. « Med., vol. 24, p. 759, May, 1927. 

3 U ltra-violet Radiations from Sunlight and Incandescent Lamps, 
by H. N. Bundesen, H. B. Lemon and E. N. Coade, Jl. Am. Med. 
Assn., July 16, 1927, p. 187. 

'* St. Louis Medical Society, St. Louis, Mo. 


wasting diseases are terminated by pneumonia. Of course if 
it develops that smoke has some effect on the production of this 
disease, it would not make much difference to people who have 
but a few weeks or so to live. So far as it concerns smoke’s being 
the cause of pneumonia in healthy people, it is a pretty hard 
subject to tack down. 

When the St. Louis Medical Society became interested in 
smoke abatement, we decided to get the experiences of the doc- 
tors who came in contact with the people of St. Louis and get the 
benefit of their observations of the treatment of various diseases, 
and what relation they had to smoke. 

Our problem was a big one, and we thought the best way to 
reach these men would be through a questionnaire. After some 
time this was gotten up and sent to the general membership. 
Within five days we had a response of 65 per cent, which shows 
that the smoke problem is one of some importance to the doctor. 

As brought out by the questionnaire, the doctors who answered 
were unanimous in the belief that smoke—and by “smoke’’ is 
meant smoke and its by-products, the soot and the chemicals that 
are contained therein—had some bad effect on the health of 
individuals with whom they come in contact. 

The ear, nose, and throat men were most active in their re- 
sponses. They seemed to think that the chemicals contained 
in the smoke have some irritating effect on the delicate mem- 
branes that line the air passages of the human system, the 
mucous membranes of the nose, throat, and lungs. The doc- 
tors believe that this constant irritation of smoke or chemicals 
produces a congestion, and that in this process there is a gradual 
decrease in the resistance of that particular membrane. This, 
continuing over a period of time, enables bacteria that are al- 
ways present in the nose and throat to take hold, resulting in 
chronic nose and sinus troubles and in chronic coughs. 

On the days when St. Lous is covered with a smoke pall 
there is an increase in the number of people coming into the doc- 
tors’ offices for treatment of these particular things. There is an 
influx of people who want relief for sinus headaches. We know 
that this is a fact. 

As to whether the smoke, the humidity, or the temperature 
have an effect on sinus troubles was, to the writer’s mind, brought 
out by one or two practitioners of pediatrics who said that they 
had noticed, in treating sinus conditions in families who had 
lived in the city and, for some reason or other, moved to the 
country where the temperature and humidity were the same 
but where the air was free from smoke pall, that sinus troubles 
in children either improved or were completely cured. 

As to the skin, the chest, and those various other parts of the 
body that may be affected by smoke, the writer can only say that 
in hospitals treating tuberculosis, whether because of the direct 
action of the smoke or the fact that it is a gloomy day, there 
seems to be a depression in the hospital on days the smoke pall is 
present. That is not as tangible as some of the other conditions, 
where the actual benefit or lack of benefit from treatment can be 
seen. 

The writer is fully in accord with the author on the ultra- 
violet ray, and he believes that most of the statements made 
about it are made by people who are not familiar with the ray 
and its actions, because it is unfamiliar to most practitioners. 
Its use is in its infancy. We know that there is some beneficial re- 
sult to be obtained from its use, but just what it is is not generally 
known by the practitioner. 


Dr. A. G. Pontman.'"* A great many people seem to have the 
idea that we can adapt ourselves marvelously to conditions. In 
the morning we wake up with a cough and spit up something 


14 St. Louis University, St. Louis, Mo. 
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that is black. That is the carbon that has been inhaled. There 
seems to be a curious lack of definiteness as to the effect of this 
irritant material introduced into the lungs. The lungs are not 
built to inhale solids; they are built to inhale gases, and when this 
soot gets beyond the point of control, gets down below the region 
of the air sack, it is picked up by certain cells developed on the 
spot. Now, of course, these cells, let us say, are biologically 
unacquainted with this theory, and the only way they know how 
to behave is the way they have been behaving. Some of them 
get back into the wind pipe and are discharged; but a great 
many pick up the soot in these air sacks and crawl back into the 
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lung tissues, undergo a change, and remain with the individual 
for the rest of his life. 

It is maintained by some members of the profession that this 
change which occurs in the lungs, so-called fibrosis, rather pro- 
tects the individual against pulmonary tuberculosis. Other 
people maintain that it cripples; that it interferes with the lung 
function. We may have to wait a while before the facts are 
absolutely determined. People who live to a ripe old age, and 
are discovered to have lungs that are coal-black, lived long be- 
cause they were intrinsically tough and could stand it; the others 
were not so tough. 
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Progress in Fuel Utilization in 1927 


Contributed by the Fuels Division 


Executive Committee: John Van Brunt, Chairman, W. H. Wood, Secretary, Edwin Jowett, 
E. C. Schmidt, Victor J. Azbe, and R. T. Haslam 


HE past year has been characterized by progressive de- 

velopment of equipment and methods previously intro- 

duced rather than by startlingly new innovations in fuel 
utilization. In practically every phase of combustion engineer- 
ing this development had been rapid and well balanced, inas- 
much as improvements have been made in practically all branches 
of combustion equipment. 

This report is intended to review the more important features 
of fuel utilization in which progress has been made, both in the 
United States and abroad, during the past year and to indicate 
the most fruitful lines of research from which future develop- 
ments may be expected to result. 


Tue Brruminous-Coat SIruaTION 


Since bituminous coal is the principal source of energy for the 
generation of power, any interference with the supply is of uni- 
versal concern. Early in this year it was apparent that a strike 
of the union miners was in prospect. During the first three 
months of the year every effort was made to increase the amount 
of coal in storage, and preparations were made to continue the 
operation of many of the unionized mines with non-union labor. 
When the strike did materialize, its effects were thus minimized 
to the point that there has been no serious depletion in stocks. 
Coal prices have increased, but not to excess, probably not over 
10 per cent except in a few instances. Since agreements pro- 
viding for resumption of work have been signed by the union 
miners in practically all of the states affected but Ohio and 
Pennsylvania, it is believed that the danger of a coal shortage 
has passed. 

The monthly production of bituminous coal for the country 
as & whole has been slightly greater than consumption, and the 
cumulative output of bituminous coal up to the middle of Octo- 
ber has been only 20,000,000 tons less than for the corresponding 
period last year. Production for the period January 1 to Octo- 
ber 22 for the last four years is as follows: 


Year Tons 

426,149,000 
400,621,000 
378,578,000 


The consumption of coal by the groups using coal primarily 
for power production, i.e., the railroads and the central power 
stations, has not been materially greater than last year despite 
increased haulage and electrical output. 

The data for fuel used and energy generated from fuel by 


central stations for the first eight months of 1926 and 1927 are 
as follows: 


1926 1927 Per cent 
Jan.-Aug. Jan.-Aug. difference 
Energy generated in fuel- 
C Power plants (1000 kw-hr.) 27,452,249 29,556,431 + 7.6 
used (short tons)... . 23,555,131 24,330,252 + 3.3 
= oil used (barrels)....... 5,485,867 4,409,050 —19.6 
Natural gas (1000 cu. ft.).... 32,716,771 38,444,907 +17.5 


The increased electrical output per ton of coal used indicates 


clearly the progress that is being made in fuel economy in power 
generation. 


It should be noted that the increase in the natural 


gas used is not the equivalent in B.t.u. value to that represented 
by the decrease in fuel oil consumed. The indications are clear 
that both the minimum and average figures for B.t.u. per kw- 
hr. reached in 1926 will be bettered this year. 

Probably the most significant development in coal mining 
has been the rapid growth in machine cutting and machine load- 
ing at the working face. The output per man is constantly 
being increased by the use of machine-mining methods. Prog- 
ress in other directions includes improved methods of washing 
and sizing coal and the use of larger mine cars. The use of coal- 
preparation methods continued to increase—consumers of both 
steam and gas coal being well aware of the advantages incident to 
ash reduction. These changes, however, constitute progressive 
development rather than radically new methods. 


STroker-Firep FuRNACES 


In the larger furnaces the trend toward the use of some form 
of water-cooled wall continues steadily, the principal advantages 
being reduced furnace maintenance costs and the securing of 
improved combustion conditions. The net effect results in in- 
creased capacity and efficiency. 

The water-cooled wall is by no means a development of this 
year, but installations where both bare and refractory-lined 
walls have been made have now operated a sufficient length of 
time to permit definite conclusions to be drawn. These re- 
ports are apparently unanimous to the effect that water-cooled 
walls materially reduce furnace maintenance. The tests of such 
installations indicate lower ashpit and wall radiation losses. 
Rear walls constructed of refractories have been replaced with 
water-cooled walls with a resulting lessening of clinkering on 
the overfeed parts of stokers. Water-cooled walls generally 
result in lower stack losses. However, trouble is experienced 
in maintaining ignition with some coals at low ratings. 

No decided swing to the use of either bare water-cooled walls 
or those protected with refractories is discernible since both 
types of construction have been freely used. In most cases the 
choice has been made on the basis of individual conditions in a 
given installation. 

While many furnaces with air-cooled walls continue to be de- 
signed, many operators believe that this type of wall will be gradu- 
ally displaced by the water-cooled wall for stations run at 
high capacity, despite the greater cost. 

The use of carborundum refractories for the clinker zones 
of front, side, and bridge walls and the clinker pits of stoker- 
fired furnaces burning bituminous coal has proved to be excellent 
practice. They are also used in the side walls of chain-grate 
furnaces. The solid brick appear to be much longer-lived than 
are the perforated blocks, some of which have been reported to 
crack across the face, particularly when clinker is being removed. 

The use of over-fire air injection with underfeed stokers, in 
one installation at least, has resulted in decided increases in 
overall efficiencies as well as in practical elimination of a bad smoke 
nuisance. The secondary air is admitted at the coking part of 
the fire, and a corresponding amount is eliminated from the dump 
end of the stokers. The efficacy of this application is dependent 
on the type of coal being burnt. A worth-while increase in effi- 
ciency was not found with the better grades of coal. 
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UNDERFEED STOKERS 


Stoker designers have paid particular attention this year to 
the reduction of maintenance. Improvement in the design 
of details has been made in practically all types. However, 
there have been three major changes in stoker construction 
this year—increased length, improved air-distribution methods, 
and structural changes occasioned by the increases in length 
as well as to permit the use of more highly preheated air. The 
demand for higher evaporative rates and the more widespread 
use of water-cooled walls have caused a steady increase in the 
heat requirements per cubic foot of furnace volume. The re- 
sult has been increases in length of stokers and use of water- 
cooled walls. 

New stokers forty-five tuyeres long and more are being speci- 
fied. Mechanical methods of speed regulation permitting a 
speed range of 20 to 1, which is far outside of the range of stand- 
ard motor designs, have been developed. Better air cooling 
of parts exposed to heating has been provided, and extensive 
redesign of grate surfaces to permit the use of air preheated to 
500 deg. fahr. and upward has taken place. However, the tem- 
perature of preheated air in the average installation does not 
exceed 350 deg. fahr. 

Another development which has received much thought has 
been methods of securing better air distribution. The use of 
multiple air dampers has been extended. They are being in- 
stalled for manual control singly and in groups. The efficacy 
of this device has been increased by the development of means 
whereby the dampers are interconnected in groups with the 
combustion-control system, thereby facilitating air control over 
the different zones of the stoker. 


Cuain GRATES 


The developments taking place here are quite analogous to 
those made on stokers, the increased areas used being approxi- 
mately 10 per cent over those of last year. Improvements 
in drive mechanisms have also been made, notably by the in- 
creased use of water-cooled driveshafts. 

The introduction of secondary air through the arch has been 
successfully applied in chain-grate installations. It has cut 
down arch maintenance, improved combustion by reducing 
unburnt combustible, and, as might be expected, has produced 
no noticeable reduction in the radiation from the arch necessary 
for ignition. 

On the theoretical side of furnace design it is believed that 
various papers presented to the Society should be of immediate 
value in simplifying the theoretical aspects of boiler-furnace 
design. Among the more important were those of Wohlen- 
berg and Brooks, Hottel, and Haslam and Hottel. The treat- 
ment by the two latter of Schack’s investigations has shown 
that the influence of gaseous radiation on heat transfer is much 
greater than has been assumed. These papers also indicate 
the progress made in developing a quantitative treatment of 
radiation from luminous flames. 


PULVERIZED FUEL 


The increased use of pulverized fuel, both for new equipment 
and in conversion of old installations, continues unabated. The 
analysis of the data in the 1927 Report of the Prime Movers 
Committee given in the next column clearly indicates the trend. 

The remarkable increase in the use of the unit system during 
the past year is apparent. There are approximately 200 plants 
now using pulverized fuel where the size of the undivided units 
is 5000 sq. ft. of heating surface or over. 

In the utility field no distinct trend toward either central- 
preparation or unit-pulverizer systems is apparent, whereas 
in the industrial field the unit pulverizer is largely predominant. 
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Square Feet or HEATING SurFACE FireED W1Tu Putver- 
IZED CoAL (OPERATING OR UNDER CONSTRUCTION) 


(Cumulative data for boilers of 5000 sq. ft. and over) 


Central storage Unit 
system pulverizers Total 
194,472 1,292,106 
585,088 3,566,685 
.... 3,863,801 763,472 4,627,273 
1,522,460 5,955,435 
Increase, 1926 to 1927.. 569,174 758,988 1,328, 162 


A paper by F. 8. Collins with its discussion indicates the highly 
controversial character of this phase of combustion. Means 
have been found in both systems to handle coal successfully 
with a higher moisture content than formerly. The steam- 
heated drier seems to have been largely discarded for other types, 
no one of which appears to possess outstanding advantages. The 
success achieved in the use of preheated air in the unit pul- 
verizer has helped to solve the coal-drying problem. Reports 
of successful operation with bituminous coal containing as high 
as 15 per cent of surface moisture have been made, but under these 
conditions the capacity of the mill is greatly reduced. The 
facts available also indicate the troubles experienced in the 
storage systems due to variable moisture content can be eliminated. 


PULVERIZED-CoaL BURNERS 


During the past three years there has been increasing atten- 
tion paid to the extension of the turbulence principle in pulver- 
ized-coal-burner design. During this year the actual installa- 
tions of this type of burner have greatly increased over any 
previous period, due largely to the necessity for securing increased 
combustion rates per unit of furnace volume. This type of 
burner has also been found to permit reduction of excess air 
and to facilitate ash separation. In most instances it has been 
applied where water-cooled walls have been installed and where 
preheated air is used. Difficulty with some coals due to slagging 
of the lower tubes has been experienced. 


PULVERIZING MILLs 


The development of means of pulverizing coal to smaller- 
sized particles than at present will be an additional impetus 
to the further use of turbulent-type burners. There have been 
no radically new developments in this phase of pulverized-fuel 
utilization. Manufacturers are making some progress, however, 
in the construction of mills which will maintain uniform fineness 
of particle with constant output over the life of the grinding 
surfaces. Future progress must be to develop mills which will 
produce pulverized coal of increased but constant fineness over 
very long periods with constant power requirements and capacity, 
and yet permit of variations in moisture content, thereby avoid- 
ing the use of driers save in exceptional cases. 


Tue WeELL-Tyre FURNACE 


The application of the turbulence principle in powdered-coal 
combustion has been carried far in the Charles R. Huntley St 
tion of the Buffalo General Electric Company, operating results 
of which are now available. The furnaces in the most reced! 
group of boilers erected here are “composed of four water walls 
with refractory blocks extending down from the boiler to within 
a few feet of the basement floor. The lower section forms § 
well 15 ft. 7 in. square and 7 ft. 6 in. deep. Above this the we 
sides extend outward to the full width of the boiler.” The tot# 
furnace volume is 10,200 cu. ft. The bottom is firebrick covered 
with dolomite. The coal and primary air are admitted through 
four burners, one in each water wall, each offset 4 ft. from the 
center line. The burners are of the Calumet type with opening? 
5 ft. X 2.4in. The secondary air enters through ports on either 
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side of this opening. These ports are at an angle of 45 deg. 
to the primary jet. All of these openings are so arranged that 
tremendous flame turbulence results. Overall efficiencies in 
excess of 85 per cent have been reported. The units have a 
capacity of from 60,000 to 270,000 lb. per hr. This furnace 
construction permits, in fact facilitates, the use of coals with 
an ash fusion point of 1900 deg. fahr. The molten ash is tapped 
out. 

This station is a stand-by, and this design has resulted in 
very low banking losses. By the use of tight uptake dampers 
the fuel requirements to maintain boilers at line pressure, while 
banked, average 150 lb. of coal per hour. The direct firing 
system is used. This type of furnace has probably not been 
carried to its ultimate design. Other similar furnaces have 
been designed and their future performance will be watched 
with a great deal of interest. 

This year decided progress in the use of pulverized middle- 
western coals has been made, notably in central stations in Indi- 
ana, Illinois, and Iowa. Due to the high ash and low heating 
value of this type of coal the preparation costs are necessarily 
high. 

The New Braunfels Station in Texas is probably the newest 
of the central stations burning pulverized lignite in daily operation. 
The moisture in this fuel is reported to be approximately 35 per 
cent, but it is largely chemically combined water which does 
not affect pulverization. 

Gauger has reported that pulverized lignite burned at rates 
of 14,500 to 17,500 B.t.u. per hr. gave efficiencies comparable 
with those obtained with stokers operating on the best grades of 
lignite, and higher efficiencies than were obtained with low-grade 
lignites. It is certain that one of the principal advances made 
this year has been the successful use of low-grade fuels in pul- 
verized form. 


PULVERIZED CoaL FOR MARINE BoILers 


What may prove to be the outstanding development of the 
year in this field is the equipping of the U. 8S. Shipping Board 
vessel Mercer with powdered-coal burners. The equipment 
consists of a preliminary crusher and unit pulverizers with tur- 
bulent-type burners. The ocean tests of this installation are 
now being carried out, and, if successful, may well cause exten- 
sive changes in marine-engineering practice. This installation 
was preceded by an extensive series of tests on a Scotch marine 
boiler fired with pulverized coal at the Philadelphia Navy Yard, 
during which combustion rates of 60,000 B.t.u. per cu. ft. per 
hr. for the entire combustion space were attained. The efficien- 
cies varied from 70.26 to 77.06 per cent. Flue dust and cinder 
losses varied from 6.43 to 11.16 per cent. 


BoILers 


The detailed trends in boiler design have been covered in 
the report of the Power Committee. Certain of these trends, 
however, vitally affect fuel utilization. The most widely used 
steam pressure is in the neighborhood of 400 lb., and steam tem- 
peratures of 700 to 725 deg. fahr. are usual. Operating results of 
the high-pressure units at Edgar and Milwaukee have shown 
fully the expected economies. A second 1400-Ib. unit has been 
added to Edgar, and a unit to operate at this pressure has been 
ordered for Kansas City. Probably the greatest single need in 
a particular field is further development of feedwater regula- 
ors. 

7 The present tendency not to exceed steam temperatures of 
150 deg. fahr. probably does not constitute the operating limit. 
In oil-refining practice mild-steel tubes are widely used at tem- 
Peratures of 900 deg. fahr. and upward of 900 Ib. pressure. Re- 
Search now being carried out on metals at these conditions should 


be productive of results which will safely permit the use of steam 
temperatures in this same range. 


Two-FLuip Systems 


Another mercury-steam unit of 10,000 kw. capacity is being in- 
stalled at Hartford. The special mechanical difficulties inci- 
dental to this type of unit seem to have been overcome. Despite 
the technical advantages inherent in the Emmet units, a rapid ex- 
tension of these plants may not be anticipated immediately on 
account of the scarcity of mercury as is shown by a recent re- 
port from A. D. Little, Inc. It is pointed out that if the mercury- 
steam turbine were to take care of an assumed new generating 
requirement for the electrical industry of 2,000,000 kw. per an- 
num, about 10,000,000 Ib. of mercury would be required. This 
figure would be five times the present total consumption of 
mercury for all purposes in the United States. It is estimated 
that under these conditions the price of mercury would be pro- 
hibitive. It is not now apparent wherein methods of mining 
mercury can be developed to an extent which would produce 
this quantity at near the present price. 

The possible use of high-boiling organic compounds of the 
type of diphenyl oxide as substitutes for mercury in a bi-fluid 
system has been indicated by Dow and others. Once the thermal 
stability of these compounds under operating conditions is 
assured, development of prime movers employing these com- 
pounds may be expected. 


LocomMoTIvE PRACTICE 


In this field also no really startling developments have taken 
place, but the construction of more powerful and more efficient 
locomotives continues. The tendency toward increases in steam 
pressure and temperature, grate area, and furnace volume is 
quite apparent. Over 20 per cent of the locomotives in service 
are equipped with mechanical stokers; about half of the total 
number have superheaters installed, and more than this number 
are provided with automatic fire doors. 

Comparative fuel data for 1926 and 1927 are not available, 
but it is known that a substantial reduction in fuel per ton- 
mile has been made during this period. Part of this reduction 
at least is due to selection of better coals and to the education of 
the mine owner to the fact that adequate methods of coal prepa- 
ration must be employed. 


Low-TEMPERATURE CARBONIZATION 


Probably the outstanding development in this field this year 
has been the announcement by the International Combustion 
Engineering Corporation that a K.S.G. plant would be erected 
for the purpose of furnishing gas to the Public Service Company 
of New Jersey and coke for domestic use. This process has 
been markedly successful in Germany and is extremely flexible 
as to the types of coal it can process successfully. Large-scale 
tests on American high-volatile coals have given yields sub- 
stantially as follows: 


Quantity Per cent 
Semi-coke (12 per cent volatile)......... 1474 lb. 73.7 
Ges (000 pet 06. 3500 cu. ft. 9.3 
3 gal. 1.0 


Previous to the announcement that the K.S.G. process was 
to be operated on a commercial basis, it had been felt by many 
engineers that the principal field for low-temperature carboni- 
zation processes in the United States lay particularly in the 
Middle West, where the low-grade fuels available are not sus- 
ceptible to long storage without deterioration in heating value 
and in physical structure. There have been available, more- 
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over, large quantities of mine waste at a price which would per- 
mit of a sufficient margin of cost in processing. Many processes 
have been worked on, notably the Parr, Green-Laucks, Stevens, 
McIntyre, and Carbocite, among others. None except perhaps 
that of McIntyre, who has been using West Virginia coal, has 
definitely reached the commercial stage. The development of 
the Parr process has been active this year, but work on the others 
has apparently been less vigorous, due perhaps to the disturb- 
ances in the middle-western field consequent on the strike. At 
any rate, results of a startling nature are not available. It is 
believed that the progress of the McEwen-Runge process at 
Milwaukee is being continued to a successful conclusion. This 
process is of especial interest because of the possibilities it holds 
forth for the combined gas and electric central station. 

In England arrangements have been made to erect in a gas 
plant a full-scale set of low-temperature carbonization retorts 
which have been developed by the Fuels Research Board. Both 
this installation and the K.S.G. plant referred to above are in- 
tended to operate on a strictly commercial basis, and operating 
results will be awaited with unusual interest. 


Domestic FuELS 


The market for anthracite coal, particularly in New England, 
is being decidedly affected by the use of oil, coke, and manu- 
factured gas for domestic heating. The state of the oil industry 
is such that furnace oil can be obtained at very favorable prices, 
and this, together with the active merchandising methods em- 
ployed by many of the oil-burner companies, has led to a rapid 
extension of domestic oil-burning equipment. 

The rapid increase in the use of oil for domestic heating is 
indicated by the reported consumption of oil for this purpose 
over the last three years: 


Where rate structures permit, the use of manufactured gas 
for house heating is undergoing steady growth. This fuel of 
course possesses probably the greatest advantages, aside from 
cost, of any domestic fuel, and further extension of its use may 
be confidently looked for as the gas companies can see their 
way clear to furnish it for such uses at rates approximating 70 
cents per 1000 for 530-B.t.u. gas. The use of coke, particularly 
in those parts of the country where anthracite coal has hitherto 
been used, is steadily increasing, and the gas companies are pay- 
ing a great deal of attention to the production of cokes most 
suitable for domestic use. It is now clearly recognized that 
coal gas is a base-load material, and the disposal of a part of the 
resultant coke as domestic fuel is now a necessary adjunct to the 
gas-manufacturing process. 

The production of a briquetted domestic fuel from Rhode 
Island anthracite by the Trent process is now an accomplished 
fact on a small scale. The indications are that the extensive 
deposits of high-ash, low-volatile coal in Rhode Island and 
Massachusetts, hitherto regarded as unusable, will be made 
available, particularly in the adjacent territory. 


Naturat Gas 


Natural gas, referred to in the past years as being in danger 
of rapid extinction, has come into much more extended use both 
for domestic and industrial purposes. The increased use of 
gas for power production has been indicated above. The dis- 
covery of new gas and oil fields has been responsible for this 
increase, and the extensive construction of new high-capacity 
pipe lines from the fields to distribution centers is steadily re- 
ducing the wastage of this fuel which has been prevalent. This- 


wastage is still tremendous, but this branch of the fuel industry 
is making a concerted effort to regulate the production and dis- 
tribution of natural gas. 


Tue SITUATION 


This year (1927) has seen the maximum daily production of 
petroleum ever attained in this country, when the highest daily 
output was over 2,500,000 bbl. This flood of crude petroleum 
has been a very disturbing factor in the oil industry, and has 
led to a concerted endeavor by the larger producers to curtail 
production and stabilize prices. 

Notwithstanding the large supplies of fuel oil made ayail- 
able, the greatly increased consumption of fuel oil for power 
generation which might have been expected has not taken place, 
undoubtedly due to the feeling that the supplies of low-priced 
fuel would be of such short duration that conversion to oil- 
burning equipment would not be economical. 

Probably the outstanding development in the field of petro- 
leum technology during the year has been the announcement 
by the I.G.F.A. in Germany that the Bergius process for the 
liquefaction of coal has been placed on a commercial basis. An 
extensive plant at Mannheim is reported to be capable of pro 
ducing 1,000,000 bbl. of oil annually. The raw material used is 
German brown coal or lignite. The process consists in treating 
the lignite, which has been made into a paste with oil, with hy- 
drogen at 1500 to 3000 lb. pressure and at a temperature of 400 to 
500 deg. fahr. The lignite is largely converted into liquid prod- 
ucts which when distilled give yields reported as follows: 15 
per cent motor fuel, 20 per cent Diesel oils, 6 per cent lubricants, 
8 per cent fuel oil, and 20 per cent high-B.t.u. gas. The rapid 
expansion of this process abroad may be expected, and its appli- 
cation in the United States as a means of adequately caring for 
any petroleum shortage apparently awaits only proper economic 
incentive. It is also apparent that this type of process possesses 
distinct possibilities in reworking refinery residues into motor 
fuel. 

In the light of all of the facts it is difficult to be other than 
optimistic on the prospects for a continued ample supply of motor 
fuel of all kinds. 


Dry QuENCHING oF CoKE 


In the field of gas manufacture, much interest has been caused 
by the coke dry-quenching process installed at Rochester. A 
recent paper by A. M. Beebe states that the Sulzer process of 
dry quenching is the transformation of the sensible heat of the 
hot coke into steam at 140 lb. pressure, by circulating inert ga 
through the hot coke in a container and thence through a boiler. 
The design will doubtless be changed somewhat, but the results 
indicate the heat recovery of 69 per cent of the sensible heat 
in the coke. With coke at 1800 deg. fahr. and cooled to 4 
deg. fahr. the steam production was 430 Ib. per ton of coke. 
Taking all charges into account, the actual cost of steam made 
was 30.4 cents per 1000 lb. 

The effect of applying this process to the by-product coke 
produced in this country would be startling. The total qual 
tity of by-product coke produced in 1926 was 44,377,000 tons 
Assuming that 70 per cent of this is under conditions where stea® 


produced could be used effectively, the potential steam produ | 


tion by this process would be 13,300,000,000 Ib. 


ForeIGN DEVELOPMENTS 
Fuel Utilization. The majority of the large European s* 


tions recently contracted for are using the central-storage 5)* | ; 


tem of pulverized-coal firing, although numerous stoker install- 
tions have been made. Much of this development has bee 
carried on by the European representatives of American matt 
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Dry-QuencHING PLant, Rocnester Gas anp ELectric CoRPorRa- 


TIon, Rocnester, N. Y. 


PuLverizing Mitts AND Freepers For FurRNACE AT 
Cuar.es R. HuntTLey STATION 


facturers. The type of equipment employed does not differ ma- 
terially from that used in the United States. 
. Upward of 30 per cent of central-station power in Germany 
‘8 generated from brown coal. This coal contains 55 to 60 per 
cent of water and about 25 per cent of fixed carbon. It is usually 
burned on special inclined step-grate furnaces with hanging 
arches, although in the pulverized form is also being employed 
Successfully. Further developments in this latter phase may be 
expected. 

Active and effective development of means for using low-grade 
fuels is being carried on in the larger European countries. This 


View or Borer at Cartes R. Huntiey Station SHOWING 
AvuTomatTic ScaLes AND MILL EXHAUSTERS 


GENERAL View oF a TypicaL Low-TEMPERATURE COAL- 
CARBONIZATION PLANT 


work has been accelerated by the miners’ strikes, but has been 
prompted mainly by the economic necessity of using supplies 
of fuel near to the power stations. 

Low-Temperature Carbonization. Many low-temperature-car- 
bonization processes, due to local market conditions abroad, 
are operating successfully under commercial conditions. Units 
of the Maclaurin, Pintsch, Salerni, and Haul processes have 
been contracted for in combination with central stations. How- 
ever, most of the installations made have had the production 
of smokeless domestic fuels as their primary aim, with motor 
fuels a secondary object. Except for the installation sponsored 
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by the Fuels Research Board, no developments of particular 
commercial interest seem to have been made in England. 

Thermal Storage. In an apparently successful attempt to 
obtain the high efficiencies and other advantages inherent in 
the maintenance of a steady combustion rate, the use of thermal 
storage in power plants is gaining increasing favor in European 
countries. Various modifications are being tried. In one type, 
water-tube boilers are connected to a storage tank maintained 
at boiler pressure. When the demand for steam is low the usual 
combustion rate is not altered and the feed to the boiler is main- 
tained, the surplus hot water passing to the storage tank. When 
the load is above normal, water from the storage tank passes 
to the boiler. 

With varying arrangements to suit specific conditions, this 
same principle is being applied in the United States in quite a 
diversified group of industries. One type of accumulator is 
described fully in another paper presented at the present 
meeting. 

Use of High Steam Pressures. Probably the most interesting 
phase of this line of work abroad is the Benson boiler. A unit 
of 66,000 Ib. capacity in operation and the construction of 
another of 300,000 lb. capacity is reported. A boiler of this 
type generating steam at the critical temperature and at 3200 
Ib. pressure has also been projected for locomotive work. 

Other notable high-pressure boilers in Europe are those of 
Luloff at Amsterdam (650 lb.), Schmidt at Werangerode (870 
Ib.), the B. & W. boilers at Langerbrugge (750 lb.), and the Sulzer 
(1500 lb.) boiler. The large boiler with pressure about 485 lb. 
in using maximum superheat has come to be the rule in the large 
installations. 

The numerous attempts which are being made to remove the 
boiler drum from the fire and evaporate the water indirectly 
are of decided interest. Notable among these attempts is the 
Hartman boiler at Cassel, where the evaporating is done by high- 
pressure steam generated in a coil boiler with small outside drums. 
This steam is passed through a coil in the main boiler drum to 
produce the major evaporating effect. Loeffler generates highly 
superheated steam in a coil boiler and then carries out the 
evaporation in a drum similar to a steam accumulator. Various 
other similar arrangements are being tried. 

Among other interesting foreign developments on which there 
are as yet few data may be mentioned the Stratton furnace 
which burns crushed (not pulverized) coal in suspension, the 
Shultz vertical-tube boiler, and submerged-flame combustion. 

High-Pressure Gas Distribution. The problem of large-scale 
production of manufactured gas and its distribution at high 
pressure over long distances has been attacked with vigor by 
the Coal Utilization Company of Essen. It is proposed to link 
the large producers of gas in the Ruhr in a distributing network 
by 450 miles of high-pressure pipe line with an intensive con- 
suming district which at present is quite incompletely supplied 
with gas. ss 

Rotary Furnace for Lancashire Boilers. In England the use 
of rotary grates in Lancashire boilers is a development of interest 
in view of the large numbers of such boilers installed. The fuel 
during burning is kept in a constant state of agitation. The 
advantages claimed include combustion rates as high as 150 
Ib. per sq. ft., adaptability to use of low-grade fuels, and low 
excess air. 


RESEARCH 


Fuels. This field is almost untouched at present. The oppor- 
tunities for work, the result of which should be of great practical 
value are manifold. There is definite need for information on 
the effect of preheated air on the properties of solid fuels to be 
used as a guide in both stoker and pulverized-fuel operation. 
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A start on the problem of the relation of ash constituents to 
clinker formation has been made by the Bureau of Mines, but 
much remains to be done. There is ample incentive for addi- 
tional work on the effect of fineness of pulverized coal on flame 
propagation. 

The McEwen-Runge and White processes for carbonizing 
coal in the pulverized form will doubtless lead to experimenta- 
tion on this type of carbonization for many types of coals. A 
study of the coking and swelling constituents of typical American 
coals is being carried out. Several laboratories are now working 
on the conversion of coal into liquid fuels by various processes 
The development of a simple process for utilizing off-peak water- 
gas capacity will be a real need of the manufactured-gas industry, 
as the extension of house heating with its severe winter peak 
develops into a substantial fraction of the yearly gas load. 

The former aspect of future utilization of low-grade fuels has 
changed with the development of methods for their successful 
use in the pulverized condition, but much still remains to be 
accomplished. 

Better methods of preparing coal for market have been de- 
veloped recently, but additional development is quite possible 
and should be carried on energetically. 

The necessity for continued work on unit pulverizers with the 
end in view of obtaining more uniform sizing with lower power 
costs is clear. A method of precipitating ash from flue dust 
simpler than that afforded by the Cottrell process would un- 
doubtedly find application, particularly in the smaller plants. 

Furnace Design. Distinct advances have been made in the 
theoretical treatment of heat transfer from furnace gases and 
radiant flames, but the surface has probably only been scratched 
Work in this field is applicable to practically all of the industries 
utilizing and processing fuels. The methods of attack developed 
by Wohlenberg, Haslam, Hottel, and others recently should be 
actively extended. For example, the determination of the proper 
ratio of refractory to water-cooled surface in furnaces is still 
subject to investigation, as is also the determination of the actual 
laws governing the radiating characteristics of various types 
of flames. 

In the motor-fuel field extensive research on new methods 
of producing better fuels for Diesel as well as automotive-type 
engines may be confidently expected. The vapor-phase crack- 
ing processes for producing motor fuel with a high anti-knock 
value will certainly receive much attention, and the present- 
day liquid-phase cracking processes are certainly subject to much 
improvement. Work will undoubtedly be done on the better 
utilization of petroleum distillates for domestic heating. 

Properties of Materials. It is believed that with the use o! 
materials now employed, the upper safe working temperatur 
and pressure limits are being approached. Radically new de 
velopments will probably depend on the development of alloys 
of greater strength and greater resistance to fatigue, erosion, a0 
corrosion. The field for research on the properties of metals 
high temperatures and pressures is most fertile. ; 

The more extended use of water-cooled walls has not eliminate 
the necessity for continued research on refractories. The mor 
extended use of the well-type furnace with coals of low-fusion 
ash has reintroduced the necessity for more work on the reactions 
between the various refractories and ash mixtures of variable 
composition at the fusion temperatures. 

Organic Boiler Fluids. Sufficient work has been carried oUt 
thus far to indicate distinct possibilities in the substitution “ 
organic fluids such as toluol (as proposed by Siemens-Schucker! 
and diphenyl oxide for mercury in a bi-fluid system. 


R. T. Hasta™. 
J. T. Warp. 
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Progress in Steam-Power Engineering 


Contributed by the Power Division 


Executive Committee: John A. Hunter, Chairman, V. M. Frost, Secretary, H. B. Reynolds, 
V. E. Alden, and F. M. Gibson 


use of large-size power-generating units have been impor- their type yet built, and are designed to give steam at 460 lb. 
tant factors in making economically possible the notable pressure and 725 deg. fahr. when evaporating 350,000 lb. an hour. 
achievements that have occurred during the past year. These The furnaces are to be oil fired and equipped with water-cooled 
achievements have not been confined to any one phase, but have walls. Another company is installing three units of the same 
taken place in almost all lines of the industry. type having a heating surface of 34,162 sq. ft. each. Several 
Although the use of large units has resulted in great operating Stirling-type boilers, each having a heating surface of 41,500 
economies, the principal reason for their use is to secure a lower sq. ft., have recently been installed, each unit being designed 
cost per kilowatt of installed capacity. The economic use of to supply sufficient steam to operate a 45,000-kw. turbine 
large units has been furthered by extensive electrical inter- At the present time there are four boilers built for a pressure 
connection. Additional efforts to reduce the plant investment of 1200 lb. or over in service. The operation of these units has 
have been evidenced by a desire to simplify power-station been satisfactory, and maintenance costs have not been higher 
layout and design. than for the lower pressures. One installation operating at 1390 
Ib. has been in service for over a year and has given entire satis- 
faction. The growth in the use of high-pressure units is further 
The trend in boiler development has been toward higher com- demonstrated by the fact that two new boilers to operate at 
mercial efficiency. This has been secured by using larger units, 1400 Ib. have been ordered recently. These units of 1700 
higher pressures and ratings, water-cooled furnace walls, and _ boiler hp. each are probably the largest high-pressure units 
automatic control. The demand for higher pressures has not undertaken to date. 
caused any radical changes in boiler design. The manufac- However, boilers built for pressures of 1200-1400 lb. or higher 
turers report that boilers for 1200-1400 lb. can be built to can probably only be justified where the turbines they are to 
meet any code requirements without departing from the stand- serve have a high load factor and where the fuel costs are moder- 
ard design except in minor details, such as forging the drums ately high. In the central stations in this country where these very 
instead of riveting them. However, in some cases boiler design high pressures are used, this is accomplished by the installation 
is being radically changed, as is seen in the extension of the use of high-pressure base-load turbines which exhaust at the main 
of the steam generator. Twelve of these units are either in- station pressure, the steam being reheated before being delivered 
stalled or under construction. As it is possible that this may to the main steam headers. All of the plants in actual operation 
mark a turning point in boiler design, the performance of these in this country using reheat are equipped with special reheat 
units will be closely watched. boiler units in which the reheating is done by the products of 
There has been little change of practice in coal and ash han- combustion. Reheating by means of live steam is being given 
dling unless it is an increase in the use of sluices and dredge pumps_ serious consideration, and the results obtained by the first 
for ash disposal. The practice of crushing certain kinds of installation, which is now under construction, will be of con- 
coal and using a drag scraper in connection with the storage of _ siderable interest. The first method probably results in the better 
coal to avoid spontaneous combustion is being extended. Con- plant cycle thermodynamic efficiency, while the second, due to 
siderable thought is being given to ash-handling systems for lesser complication of piping and other similar factors, may lead 
pulverized-coal-fired boilers. One company is reported to be’ to a better commercial plant efficiency. 
experimenting with handling the ashes as molten slag. There has been an increase in the use of temperatures up to 
The desire to maintain high ratings has resulted in greater 700 or 750 deg. fahr., but no unusual change in superheat tem- 
application of water-cooled side walls and bottoms. Originally perature or design has occurred. At least one manufacturer 
developed as a protection for ashpits and refractory walls of is ready to offer superheaters to furnish steam at a temperature 


\ GREAT increase in system loads and the more general — surface of 35,500 sq. ft. each. These boilers are the largest of 


BoILers AND BoILeR AUXILIARIES 


pulverized-coal-fired boilers, water walls are being used in of 900 deg. fahr. 
connection with all types of firing. The surface furnished by A tendency to use steam purifiers to safeguard the superheaters 
these walls has proved to be such an effective and efficient heat- at the higher temperatures is noticeable. Application of the 
absorption medium that in some instances they are being installed radiant-heat superheaters and convection-type superheaters 
for this purpose alone, the refractory protection being incidental. separately and in tandem, continues. 

Central stations are installing larger and larger boilers to There is a definite increase in the use of air preheaters, the 


avoid having an excessive number of units. One plant has a introduction of water-cooled walls being to a great extent re- 
boiler installed that has sufficient capacity to generate all sponsible for this. Before the advent of the water-cooled wall 
the steam required by a 50,000-kw. turbine. This increase the maximum rating obtainable was limited by the refractory 
iN capacity is partially due to larger units and partially due materials used. This limit has now been raised, causing higher 
to higher ratings. One station reports repeatedly maintaining exit gas temperatures, and under these conditions the air pre- 
an equivalent evaporation of 20 Ib. per sq. ft. of surface for heater has been more widely used than the economizer. The 
periods of six hours and over, and five other companies report regenerative cycle with its high-temperature feedwater mini- 
having maintained evaporation rates of 14 lb. per sq. ft. of surface mizes the absorption of heat from the flue gases by an econo- 
for short periods. mizer unless it be of the steaming type. As present plans of 

Indicating the demand for larger units, one of the Pacific Coast one station call for heating the feedwater to 420 deg. fahr. by 
Stations js installing two cross-drum boilers having a heating bleeding. the economizer appears to be still further handicapped. 
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The use of larger units has made possible the economic instal- 
lation of full and semi-automatic combustion control. The prob- 
lem of control is receiving more attention from combustion 
engineers, and is showing considerable progress. Several power 
stations have complete combustion control in operation, and 
maintain daily efficiencies very close to those obtained under 
test conditions. 


METHODs OF FIRING 


Pulverized-coal firing has continued its rapid advance in regard 
to the number and size of installations during the past year. At 
the present time over 45 public-utility plants are operating, or 
have under construction, sufficient aggregate pulverized-fuel 
boiler capacity to supply steam for a turbine load of 2,640,000 
kw. 

Many factors have contributed to this progress. One of these 
is the increased use of the unit pulverizer systems. However, 
their superiority over the central or storage systems has yet to 
be established, especially in central-station application. 

Of more fundamental importance is the recognition of the 
necessity of properly mixing the air and coal streams. Another 
factor is the correct preparation of the fuel, such as uniform 
drying and fineness of pulverization. It is important that the 
fuel, primary air, and secondary air be thoroughly mixed im- 
mediately upon leaving the burners, so that combustion may be 
completed in a minimum of time and space. 

It is upon the securing of these results that the future of 
pulverized-coal firing depends. While some engineers are of 
the opinion that pulverized-coal boilers will be the standard 
in the near future, it is apparent that no definite supremacy 
has been established as stoker development has been going on 
at a rapid pace. However, it appears that it will soon be diffi- 
cult to burn sufficient coal per square foot on a stoker to develop 
the capacities required. This will be especially true in regard 
to central stations. 

The increase in coal-burning capacity, due to pulverizing, 
has put the stoker manufacturers on their mettle, and as a result 
stokers of great size and fuel-burning capacity are available. 
Forced-draft traveling chain-grate stokers are made in sizes up 
to 525 sq. ft. of active grate surface, with a grate speed of 60 
to 70 ft. per hr. The manufacturers claim these stokers will 
operate boilers at 500 per cent of rating continuously when 
burning midwestern coal. Underfeed stokers have made equally 
great progress. An eastern station is installing stokers with 
45 tuyeres that will feed coal for a distance of 16 ft. in furnaces 
19'/, ft. from the inside of the front wall to the rear breaker 
apron of the clinker grinders. Peak loads of 700 per cent of 
rating have been reached with this type of equipment. 

Of even more importance than the increase in fuel-burning 
capacity is the use, by stoker designers, of every improved 
element which has contributed to advance the design of boiler 
units, including preheated air, water-cooled walls, and automatic 
control. It is significant that water-cooled walls with certain 
amounts of exposed refractory surface have been installed to 
an increasing extent during the past year, particularly in stoker 
installations used in the great central stations. Some of these in- 
stallations can use air preheated up to 600 deg. fahr. These 
events constitute one of the outstanding developments of the year. 


Steam Pipinc—FEEDWATER TREATMENT 


During the past year the high-pressure stations have indicated 
a desire to simplify their piping systems and to eliminate, as 
far as practicable, duplication of piping with numerous cross- 
over connections, bypasses, etc. In a number of instances, 
stations using the regenerative cycle have substituted a by- 
pass on the suction and discharge sides of the boiler-feed pump 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


for the usual bypasses around individual heaters, and cross- 
connections between the heaters. 

The American Engineering Standards Committee has just 

completed its report covering “Tentative American Standards 
for Steel Pipe Flanges and Fittings for Pressures of 250 Pounds 
and Above, and Temperatures of 750 Deg. Fahr.” 
. There have not been any outstanding developments in feed- 
water treatment during the past year. Research and investi- 
gation have continued along practically the same lines as in the 
year previous. 

A caustic solution containing sodium aluminate has become 
more widely used both as a coagulant and an accelerator in 
speeding up the reactions in lime-soda softening plants. Its 
use has materially reduced the total hardness of the treated water 
and at the same time has decreased the excess of reagents used 
in treating. 

Improvements have been made in equipment for maintaining 
a desired sulphate-carbonate ratio in alkaline zeolite-softened 
waters. The use of this equipment is becoming more general 
in localities where natural high-alkaline waters are softened by 
the zeolite method. 

Embrittlement of boiler steel is still the object of considerable 
research work in both this country and Europe. The investiga- 
tion has resolved itself into studies of actual failures and labora- 
tory experiments on the behavior of boiler steel when exposed 
to different-strength caustic-soda solutions. 


TURBINES 


For several years the increase in size of turbines and genera- 
tors has been very rapid. To date the largest turbine is a 208,000- 
kw. cross-compound unit now under construction. Although 
1927 has not been notable for record-size units, one manufac- 
turer is prepared to offer units of 300,000 kw. The largest single- 
cylinder unit in operation has a rated capacity of 65,000 kw. A 
single-cylinder unit of 75,000 kw. is being built, and a tandem 
compound turbine with a single generator rated at 160,000 kw 


_ has been ordered. 


Probably the most definite trend in turbine developmen! 
is the marked preference of many engineers for still larger 
turbines of the single-cylinder design. As some of these engineers 
have previously been advocates of the two- or three-cylinder types. 
this development may have considerabie significance. 

A steam temperature of 750 deg. fahr. is still considered the 
limit for all pressures, but no doubt this limit will soon be raised 


as much research work is being done to determine the char 
acteristics of metals at these temperatures. It seems only a que> 
tion of time before sufficient data will be available to enable 


the temperature to be raised with the present materials oF 
to secure the proper special alloy steels to accomplish the samé 
result. 

There has been a decided growth in the use of 1200-1400. 
turbines and a still greater growth in the use of 60(-650-lb 
units. However, it seems to be the consensus of opinion that 
about 400 Ib. steam pressure is probably the most economic’! 
pressure for a plant with a small load factor or a low-priced {uel 
It has the additional advantage of being well adapted for ope™ 
ating in conjunction with higher-pressure steam or mercur) 
vapor at some later date. 

At present there is, either in operation or under constructio# 
approximately 600,000 kw. of turbine capacity designed for 
operation with a steam pressure of 550 lb. and a steam tempe™ 
ture of approximately 725 deg. fahr. All of this turbine 
capacity is designed for a single stage of reheating to a tempe™ 
ture of 725 deg. fahr. . 

Practically all of the advantage resulting from the use of high 
superheat is due to its action in increasing the number of sts 
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FUELS AND STEAM POWER 


in which the steam remains dry. This is probably the chief 
reason why designers have either kept the pressure below the 
point where wet steam in the last stages becomes serious, or 
have used higher pressures and compound turbines with pro- 
yision for reheating the steam between cylinders. If this 
reheating is done in the boiler room it requires large piping to and 
from the reheating boiler and also involves some loss in pressure 
which partially offsets the gain from reheating. One of the 
Chicago stations proposes to overcome this difficulty by reheating 
the steam near the turbine by means of high-pressure steam. 

This will be the first American installation of a live-steam re- 
heater. It will be used in connection with a 90,000-kw. cross- 
compound turbine, and will reheat approximately 500,000 Ib. 
of steam an hour to about 470 deg. fahr. The chief objection 
to this method of reheating is the fairly low reheat temperature 
attainable. 

Practically all of the power stations which have been placed in 
operation since 1923 have been designed for the regenerative cycle 
of operation with the feedwater heated by means of steam bled 
from the main turbine. Two- to five-point bleeding is still 
in favor. Operating experience has proved that the heating 
of feedwater by bleeding actually simplifies station operation. 

Progress in condenser design has been along established 
lines and has consisted largely of increasing the physical dimen- 
sions and capacity. A condenser with 137,500 sq. ft. of surface 
is under construction which will consist of three units. One 
single-pass condenser with 85,000 sq. ft. of surface is being built 
that will require 135,000 gal. per min. of circulating water. This 
is probably the largest single-pass condenser thus far under- 
taken. 

Some relatively new developments are gaining in popularity, 
including floating tube sheets, divided water boxes to facilitate 
cleaning, and hotwell construction that will cause violent ebulli- 
tion of the condensate and thus simplify deaeration. There 
seems to be a noticeable decrease in the ratio of condenser sur- 
face to turbine capacity. 

Motor-driven auxiliaries are in the majority, although in some 
instances their use has led to slight difficulties during times of 
electrical trouble. 

The operation of boilers at higher ratings has resulted in an 
increase in the amount of power required for forced- and induced- 
draft fans in the boiler room. 


Mercury Vapor 


One of the most interesting power-station installations now 
in the course of construction is an addition to the South Meadow 
Station of the Hartford Electric Light Company. Following the 
experimental work done in the Dutch Point Station, the Hart- 
ford Electric Light Company is now installing a five-stage 
10,000-kw. mercury-vapor turbine which will take mercury 
vapor at approximately 70 lb. pressure and 884 deg. fahr. and 
exhaust it at 1 lb. abs. to two mercury condensers which are 
in fact steam generators producing steam at 250 to 350 Ib. pres- 
sure. This steam is supplied to standard turbine generators. 
It is estimated that the complete installation will have a heat 
rate of 11,000 B.t.u. per kw-hr. 


EFFICIENCIES 


The year has witnessed an improvement in operating efficiency 
and the setting of new records in thermal economy. Probably 
the record thermal efficiency so far attained on a straight 
steam cycle is 27 per cent. The station establishing this record 
generates a net kilowatt-hour on 12,462 B.t.u., with a boiler 
efficiency of 87!/2 per cent, a coal rate of 0.89 lb., and a water 
rate of 7.85 lb. per kw-hr. These figures represent the average 
foranentiremonth. Although this achievement may be regarded 
as outstanding, the results obtained by many other stations 
have been almost as good. 


INDUSTRIAL POWER 


Many of the developments in regard to power generation in 
the central stations apply equally well to the industrial plant. 
Some of these changes have been modified slightly: for instance, 
in industrial practice, where pulverized coal is used the unit- 
type pulverizer has been the rule rather than the exception. 

A decided increase in operating efficiency of many of the small 
plants can be seen. Some of the numerous factors that have 
contributed to this progress are: the employment of higher-grade 
men, the increased use of mechanical stokers, semi-automatic 
combustion control, larger grate areas, better records and instru- 
ments, improved furnace design, and a broader viewpoint of the 
problem as a whole. 

Other contributing factors include the use of higher steam 
pressures and the increased use of relatively large turbine gen- 
erators. Steam pressures up to 600 lb. are proposed for one 
installation, and several installations of 350 to 400 lb. are in 
operation. Two plants have boilers of 1200 lb. pressure that have 
been in service for almost a year. Turbines of 20,000 kw. 
capacity are the largest in use at the present time. However, 
a 30,000-kw. turbine is now being installed. 

Industrial plants have improved their power costs by either 
putting their boiler plants on an efficient basis, generating 
their power with turbines having bleeder connections to fur- 
nish steam for process purposes, or by purchasing their power 
from public-utility companies. 

There is a continuation of the work of enlarging and supple- 
menting old boiler installations by building a new high-pressure 
section and using a turbine to expand the steam to the pressure 
of the old boilers. In some cases a reducing valve and a de- 
superheater are used instead of the turbine, and in still other 
instances where there is a demand for more steam than the 
reducing turbine can supply, a reducing valve and desuperheater 
are used in conjunction with the turbine. The results of this 
type of installation show considerable gain in economy. 

An increase in the electrical interconnection of industrial 
power plants with one another and with public-utility power sys- 
tems is noticeable. This arrangement gives all of the units 
connected to the system a better load factor and seems to have 
considerable possibilities, especially in those plants having 
considerable waste heat available for power generation and in 
which the supply of waste heat does not occur at the time of 
the electrical peak load. 

Joun A. Hunter, Chairman. 
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The Economics of Coal Carbonization in the 
United States 


By GEO. A. ORROK 


application of the material resources of a country. Foster 

and Catchings have shown that to our pioneerancestors this 
was a simple problem. The producer and consumer were one 
and the same individual or small group, and everything produced 
was consumed in the same community or saved for future use. 
The complications of our present-day civilization, however, have 
materially changed the problem. When the few thousands of 
people scattered in a thin line along the Atlantic coast were 
self-sufficient, the material resources of this country were not 
known and little realized, the soil yielded abundant returns, the 
waters and the forests added to abundance. Material re- 
sources were not in evidence, although rumors of gold deposits 
had much to do with the early settlements and our iron 
deposits were worked as early as 1635. The early settlers 
had brought with them a knowledge of coal and of its use as 
a fuel, and as the population increased both bituminous coal 
and stone coal, or anthracite, were used as a household fuel, 
while the forests furnished charcoal for such metallurgical 
processes as were demanded by the pioneer civilization. 
Bituminous coal had been used for fuel before the Revolution, 
while anthracite came into use for this purpose in 1808. 
Soon after, in 1812, the attempt was made to use anthracite 
coal in the iron industry. In that year Shoemaker brought 
the first cargo of Lehigh coal in boats to Philadelphia, and had 
to give most of it away as it was charged he was attempting 
to sell stone for coal. 


- ipneetee may be defined as the science of the useful 


EarLy CARBONIZATION PROCESSES 


The carbonization of bituminous coal was practiced in 
England early in the 16th century, when pit coal was 
burned in heaps similar to the charcoal kilns. The product 
of the carbonization, coke, was first used in England as fuel 
in the blast furnace about 1740, and had practically driven 
the charcoal furnace out of England in 1796. It was, how- 
ever, in 1841 when McCormack and Campbell secured a coke 
contract in Pittsburgh and built the first two coke ovens in 
the Connellsville region. The use of coke did not spread quickly, 
and by 1855 only about 100 coke ovens were in operation in 
the United States. 

The first successful use of carbonized coal in the blast furnace 
was at the Clinton furnace in Pittsburgh, in 1860, although many 
experiments had been tried in the twenty years preceding. Swank 
in his “The Manufacture of Iron in All Ages’’ chronicles the earlier 
experiments and final successes of the carbonization industry as 
he carries the story from 1585 to 1885—a period of three hundred 
years. Since that time the history and progress of the carboni- 
zation industry have been so intimately connected with the metal- 
lurgical industry, and in fact with the production of pig iron, that 
the curves of pig iron produced and coal carbonized are practi- 
cally identical when the proper scales are used. (See Fig. 1.) 


ADAPTABILITY OF COKE TO THE BLast FURNACE 


I have said that the carbonization industry is intimately con- 


! Consulting Engineer, New York Edison Co. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Spring 
Meeting White Sulphur Springs, W. Va., May 23 to 26, 1927, of Tur 
AMERICAN Society OF MECHANICAL ENGINEERS. 


Millions of Short Tons of Coke 
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NEW YORK, N. Y. 


nected with the metallurgical industry, which is perhaps a weak 
statement in view of the actual facts. It is the use of coke, 
the main and most important product of the industry, which has 
made the modern blast furnace possible. Charcoal, weak in 
structure but free burning, could not carry burden. Anthracit: 
could carry burden, but was slow, and a large output was never 
attained, while with coke as the fuel the size of the furnace has 
increased with the ability to take advantage of the strong strue- 
ture and quick action of the product of the modern coke ovens, 


PRODUCTION OF COKE 


An output of 60 tons of pig iron per day with charcoal as fuel, 
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120 tons per day with anthracite as fuel, and over 1000 tons 
per day in the record coke furnace shows the progress which has 
been made in the pig-iron industry, and this is due largely to the 
quality of the fuel and modern carbonization methods. 

The coking process in the United States, commencing 1! 
1841 with the two McCormack and Campbell ovens and reaching 
100 ovens in all by 1855, continued its rapid growth, and the 
records of the Geological Survey show that in 1880 the number 
of ovens had increased to 12,372. The number of beehive ovens 
reached a maximum in 1910, when there were about 100,00) 
in working order, but no new ovens of the beehive type have beet 
built in late years, and the number abandoned each year ® 
quite large. In 1926 only 55,000 beehive ovens were in existence 
The by-product oven was introduced in 1893, and had increased 
in numbers to 4000 in 1910. The figures for 1926 are 11,30" 
by-product ovens. 

In 1880 about 5,238,000 tons of coal were carbonized in cok 
ovens with a yield of around 64 per cent of coke, or something 
over 3,338,000 tons. Last year (1926) about 82,000,000 tons of 
coal were carbonized, yielding about 68 per cent, or 56,000,00 


tons of coke. During this period the percentage of the total 
production of bituminous coal which has been carbonized has 
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remained sensibly constant, averaging roughly 14 per cent of the 
total, and only going below 10 per cent in 1884 and 1921, periods 
of business depressions and strikes. The percentage of bitu- 
minous-coal cousumption, as contrasted with production, has even 
been more constant at around 15 per cent. The curve to some 
extent reflects increasing efficiencies of yield, which have increased 
from 64 per cent to 68 per cent with the improvement of the by- 
product oven. 

Taking the period from 1915 to 1926, including both years, 
the average tonnage of coal carbonized has been around 73,000,000 
tons, the trend being slightly downward. The coke made has 
averaged around 48,000,000 tons, the trend being in the opposite 
direction. These years reflect the intense activities of the war 
period coupled with the business-depression and labor-readjust- 
ment period of 1921-1922. 


Tue Beentve Coke Oven 


The original ovens built by McCormack and Campbell in 
1841 were of the beehive type and about 8 ft. in diameter, a simple 
brick chamber shaped like a charcoal kiln with a hole in the top 
for charging and the escape of the products of combustion, and a 
door on one side to supply air for combustion and through which 
the coke was drawn when the process was completed. The charge 
was around two tons, and the yield of coke about 50 per cent. 
Many attempts have been made to improve the beehive oven, 
but it remains substantially as when first introduced in all 
The standard beehive oven is 12 ft. 
in diameter by 7 ft. high, and the normal charge is around 7'/» 
tons, vielding about 4.5 tons of coke per charge. At least four 
full davs were necessary for the coking operation, and this time 
has not been materially reduced, although good 48- and 72-hr. 
coke has been made in the beehive oven. The usual practice is 
two charges per week with 48-hr. coke, and one charge with 
72-hr. coke. There are a few ovens of rectangular types which 
take a larger charge. The year of maximum production was 1916 
when 55,159,460 tons of coal were carbonized, vielding 35,464,224 
The beehive oven last year carbonized 18,100,000 
tons of coal, vielding 11,500,000 tons of coke. At the present time 
the beehive oven is the flywheel of the coke industry, supplying 
the fluctuations in demand. 


respects except dimensions. 


tons of ike. 


DEVELOPMENT OF THE By-Propuct Coke OvEN 


It has long been known that the coking process as practiced 
in the beehive oven was wasteful, and many attempts have been 
made to utilize the wasted heat in a more efficient manner. Ful- 
ton in his treatise on coke has given many examples of these 
attempts, but this type of oven did not readily lend itself to inno- 
vations, and only the simple type has had a continuing existence. 
In Europe, where coal was more costly and the necessity for saving 
more apparent, these early attempts to improve the beehive oven 
led Simon-Carves and others to experiment with other forms of 
ovens in which the carbonization process could be carried on in a 
shorter time without affecting the quality of the product and to 
which the (at that time) new ideas of recuperation or regen- 
fration could be applied. Incidentally, it was found that valu- 
able by-products might be saved in such quantities as to pay fora 
portion of the construction and operating costs of the process. 
In France, Germany, and England these experiments were success- 
ful, and in 1893 the Solvay Company built the first bank of by- 
product coke ovens in this country. These ovens were about 
30 ft. long, 6 ft. high, and about 24 to 30 in. wide, and took a 
charge of 8 tons of coal. The time of coking was also much 
shorter. Improved types of the new design were introduced 
with great rapidity, 4000 ovens being in use in 1910 and 11,300 
in 1926. In 1915 about 19,550,000 tons of coal were carbonized 
in the by-product oven, yielding 14,072,895 tons of coke, while in 


1926, 63,700,000 tons of coal were processed, with a yield of 
44,500,000 tons of coke. 

As long as the carbonization process was carried on 
in ovens approaching the beehive type, no by-products were saved 
and attention was centered on the quality of coke, even though the 
yield was perhaps lower than it should have been. With the 
advent of the by-product oven, the coke yield improved and the 
coking time shortened. The earlier by-product ovens were more 
or less imperfect in their heating arrangements and the coke 
quality was not quite so good as with the beehive oven, but 
this condition was soon corrected, and today 80 per cent of the 
coke supply is manufactured in the by-product oven. The width 
of the oven has been decreased to about 14 in., and most of the 
coke is made in from 14 to 16 hr., while improvements in handling 
and quenching have improved both yield and quality. 

Better designs of regenerators and methods of heating have 
made savings in the quantity of gas used to heat the ovens, in- 
creasing the quantity of surplus gas, which is being used more and 
more as a fuel in the open-hearth process with excellent results. 
Very large quantities of tar are also used for open-hearth and 
other furnace firing, less than half the output being sold to the 
tar-distillation companies. The other by-products are ammo- 
nium sulphate and light oils. 


THe AMMONIUM-SULPHATE SITUATION 


Analysis shows that American coals vary in nitrogen content 
from about 0.50 per cent to nearly 2 per cent, corresponding to a 
theoretical range of from 47 to 188 lb. of ammonium-sulphate 
equivalent per ton of coal processed. The recovery varies be- 
tween 10 and 30 lb. Some of the nitrogen goes into the tar as 
pyridine and allied compounds, the remainder being lost in the 
coke and gas as elementary nitrogen or cyanic compounds. 

The supply of inorganic nitrogen in the United States in 1926 
was about 282,000 tons of nitrogen content. Roughly 38 per cent 
of this is represented by the ammonium-sulphate equivalent fur- 
nished by the carbonization of coal, 56 per cent by the imports 
of Chilean saltpeter, 2 per cent by other nitrogenous imports, 
the remaining 4 per cent being furnished by the various systems 
of air fixation. Domestic use in fertilizers accounts for 36 per 
cent of the total, with 24 per cent exported. The explosive and 
chemical industries use about 12 per cent, while the remainder, 
28 per cent, is used as ammonia, mostly in the refrigeration in- 
dustry. With the growth of the by-product production the im- 
portation of Chilean nitrates has been decreasing, although 
large quantities are required for the nitric-acid industry, which 
produces about 80,000 tons of 100 per cent acid every year. 

The production of the ammonium-sulphate equivalent has been 
steadily increasing and amounted to around 700,000 tons in 
1926. The price of nitrates in Chilean saltpeter has determined 
the values of ammonium sulphate, which is usually quoted at 
around $50 per ton, hardly enough to pay for the sulphuric acid 
and cost of manufacture. Should the price of Chile saltpeter 
fall materially on the conclusion of the producers’ agreement this 
summer, the market for ammonium sulphate may be very 
seriously affected. 

The oils saved in the by-product process are sold under a 
variety of names, the most important, benzol, competing with 
gasoline. The price has been subject to wide fluctuations of 
late years, and follows the gasoline price. While most of the 
coke produced is used in the blast furnace and cupolas of the 
metallurgical industry, a steadily increasing amount has been 
sold as domestic fuel. 


Tue Domestic-FUEL SiruaTION 


The eastern United States has been singularly blessed in the 
large domestic fuel deposits of anthracite occurring in north- 
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eastern Pennsylvania. These deposits have furnished in the 
last century more than 3,000,000,000 tons of the best-quality 
smokeless domestic fuel, and it is estimated that a nearly equal 
amount will be produced in the next hundred years in diminishing 
yearly yields. This fuel is already commanding a luxury price, 
and the domestic consumer has turned to by-product coke, oil, 
and gas as substitute fuels. Bituminous coal is also used as 
domestic fuel, particularly in those sections east of the Rocky 
Mountains and at a distance from the source of anthracite supply. 
All other deposits of anthracite in coal-producing countries are 
of poorer quality and of small importance, furnishing in total 
less than one per cent of the world’s fuel supply. The domestic 
use of solid fuel keeps pace with the increase of population, 
roughly at a rate of about 2100 lb. per capita per year, and the 
domestic use varies from 15 to 20 per cent of the total anthracite 
and bituminous-coal production. The use of by-product coke, 
natural gas, and fuel oil has been increasing, but has not as yet 
produced a marked change in these proportions. 


SUPERIORITY OF H1GH-TEMPERATURE COKE 


The processes for the carbonization of coal used in the beehive 
and by-product ovens are by their nature high-temperature proc- 
esses; indeed the tendency is toward higher temperatures, 
since the most valuable product, coke, when made under high- 
temperature conditions, appears to work much better in the 
blast furnace. 

In a paper read before the International Conference on Bitu- 
minous Coal, in Pittsburgh, F. F. Marquard, superintendent of the 
Clairton plant of the Carnegie Steel Company, presented a brief 
summary of results obtained recently in operating his plant at 
varying oven temperatures. The entire group of 1500 ovens, 
which form the largest coke plant in the world, was operated for 
considerable periods of time at various temperatures, by steps 
of 50 deg. from 1600 deg. to 2100 deg. fahr. Twenty-four blast 
furnaces are regularly supplied with coke from this plant, and the 
behavior of these furnaces in the manufacture of pig iron was 
observed with the cokes made at these different temperatures. 
It was concluded that almost universally the superior furnace 
performance was obtained with coke made at the higher tem- 
peratures. The superior performance consisted of both greater 
iron output and greater fuel efficiency. It was while using coke 
made at 2100 deg. fahr. (oven-wall temperature) that one of the 
blast furnaces of the Steel Corporation made its world’s record of 
production. This production on a 30-day average was 823 long 
tons of pig iron per 24 hours; and this tremendous output was 
reached with only 1825 lb. of coke per long ton of pig iron made. 
Single-day records of over 1000 tons were reached. These records 
have been exceeded since Mr. Marquard presented his paper. 


Low-TEMPERATURE CARBONIZATION 


In Europe the by-product-coke industry has been drawn 
upon for the domestic fuel, but in England the demand for an 
open fire had led to many experiments in the production of a 
smokeless domestic fuel more suitable for use in open grates. 
By-product coke is nearly devoid of volatile matter, due to the 
high temperatures used and the time of coking, and the English 
demand for a flaming fuel might be met by a coke made at a lower 
temperature in a shorter time, hence the development of low- 
temperature carbonization processes in which a domestic fuel 
with from 5 to 12 per cent of volatile matter is the main product. 
This kind of carbonization process yields much larger volumes 
of tar, less gas, and very little ammonium sulphate. The light 
oils and tars appear to promise a source of motor spirits, and a 
possible source of lubricants, which together with the smokeless 
fuel has induced the British Government to finance many of these 
researches. Dr. C. H. Lander, Director of the Fuel Research 


Board of Great Britain, at the International Conference on Bit\:- 
minous Coal, at Pittsburgh, last year, made the statement 
that the low-temperature carbonization process in England was 
now on a commercial basis. At least two different processes 
with a capacity of 200 tons per day are in continuous operation, 
while other installations are in contemplation. A number of 
smaller plants are in operation in Germany. Numerous ex- 
perimental plants have also been built in the United States. 
These processes are of two kinds: the first where the heat is 
applied outside the retort and the process resembles Scotch oil- 
shale retorting, and the second where the heat is applied inside 
the retort directly to the coal to be carbonized, and the process 
resembles in a greater or lesser measure the bituminous producer, 
where the coke is removed continuously, the products of com- 
bustion mixing with the gas produced. In a third category may 
be included all the complete-gasification processes which are not 
particularly coal-carbonization processes. 

Carbonization may take place at very low temperatures. 
Parr reports in his experiments a certain giving off of gas at as low 
as 250 deg. fahr. The commercial low level is 660 deg. fahr., 
and from here to 1300 deg. fahr. is the field of the low-temperature 
process. Above 1300 deg. fahr., all coking may be termed high- 
temperature up to the 2100 deg. fahr. wall temperature reported by 
Mr. Marquard. Temperatures in parts of the beehive and by- 
product ovens are probably much higher than the 2100 deg. 
fahr. reported by him. 


YIELDS FROM CARBONIZATION Processes COMPARED 


Low-temperature carbonization has been in use in some of its 
many forms for a considerable period, and with varying degrees 
of success, but generally in connection with some large industrial 
or metallurgical plant. In general, al] low-temperature proe- 
esses may be classified as: 


1 Externally heated retorts 
2 Internally heated retorts 
3 Complete-gasification processes. 


The average yields per ton of coal of each type is given in Table |, 
where Type 4, that of the average high-temperature process. is 
given for comparison. 


TABLE 1 
Type Type2 Types Typet 
5200 35,000 112,000 11,000 
Ammonium sulphate, Ib. per ton...... 18 22 45 2 


18 16 24 12 
Capital cost per ton daily throughput... $2500 $2400 $1900 $2500 

These figures are averages of many experiments, and large vari- 
ations exist between individual processes and individual! coals. 
Using the same coals, it is well to remember in the face of some 
promotion enterprises that no processing can increase the heat 
yield per ton of coal, and except for a probable slightly better heat 
balance in the low-temperature processes it should be remembered 
that the individual processes differ only in the distribution of 
heat units between coke, gas, tar, and radiation. 

Low-temperature carbonization obtains more tar at the ex- 
pense of less gas than the high-temperature process; also, the 
lower temperature yields less ammonia, and through the absence 
of cracking a gas of higher thermal value which naturall) yields 
more light oil on scrubbing. The refining loss is also higher be 
cause of the larger quantity of unsaturated hydrocarbon com- 
pounds. 


Retorts ror Low-TEMPERATURE PROCESSES 


Low-temperature carbonization has been practiced in a great 
variety of retorts, but in general they can be assigned to one 
more of the following classes: Static or dynamic; internally 
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externally heated, or both; vertical, horizontal, or inclined. 
In some cases the coal is briquetted before coking, in others after 
coking, and in still others between primary and secondary coking. 
In some cases the coal is not briquetted at all, and in others 
it is finely pulverized. A great number of coals from all over the 
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Fic. 2. Unrr Capacrry Factors or TurBineE-GENERATOR UNITS 


Total number of units reported on, 268; Minimum size, 750 kw.; Maximum 
size, 60,000 kw.) 


world have been tested in low-temperature experiments, and 
retorts have been developed in nearly every important country. 


Opstac Les To Low-TEMPERATURE COKING 


The great obstacles that have hindered progress in low-temper- 
ature coking are (a) mechanical difficulties and (6) thermal dif- 
ficulties. The mechanical difficulties have arisen through the 


necessity of handling hot, sticky, plastic materials, and ., 


the evil of hard, graphitic deposits. The thermal difficul- 
ties arise through the reduced temperature gradients and 


"s'dered 


Tue By-Propucr Process ConNEcTION WitH ELEcTRIC- 
Licut AND Power CENTRAL STATIONS 


The best discussion of the by-product process in connection 
with the electric-light and power central station was written by 
Dr. G. Klingenberg under pressure of war times and given to the 
Verein Deutscher Ingenieure in 1917. Just before his death 
he embodied the major part of the discussion in the 1924 
edition of “Bau Grosser Elektrizitaitswerke.” After a rather 
full consideration of the national demand for by-products 
of the carbonization of coal and the resultant values, he 
worked up the economics of a number of schemes, including 
both steam and gas plants under various conditions of coal 
and by-product prices, and came to the following conclusions 
as to their value under the conditions obtaining in Germany. 

a “The direct firing of coal is always superior to its gasifica- 
tion when coal costs more than $1.50 per ton and when the 


z income from by-products amounts to less than $1.62 per 


ton. (The higher the price of coal, the less are the prospects 
for the erection of a plant for gaining by-products economi- 
cally.) From this we conclude, firstly, that by-product plants 
(with producers) for German bituminous coals having small 
nitrogen contents are not feasible. Also coals having an 
average content of nitrogen can only be gasified under the 
assumption that the sulphate price remains at normal height. 

b “As long as the coal price lies under $3.50 per ton, by- 
product plants work more economically in connection with 
steam turbines than with gas engines. 

c “Gas-engine plants come into consideration only when 
coal is higher than $3.50 per ton and when the income from 
by-products amounts at least to $2.50 per ton of coal. 

“The load range within which direct firing has preference is 
the greater the less is the by-product income. The direct firing 
of coal is, for all load conditions and reasonable coal prices, the 
cheapest kind of operating as long as the income from by-products 
is less than about $2.00 per ton of coal processed.” 

Klingenberg’s figures were very carefully made for three 
types of plant, with a number of assumed coal prices and by- 


| 
resultant troubles of heat transfer. Neither of these diffi-  o¢ 4 + — 


culties has been surmounted, but efficient design is progress- 
ing toward the solution of the one, and the recognition of 


certain principles such as that of using thin layers of coal to 050 


facilitate heat transfer is pointing to the solution of the other. 
The use of thin layers, however, brings forward another 
problem: the multiplicity of retorts with attendant high 
labor costs, high maintenance, and difficulty of bulk processing. 

The financial status of low-temperature coking is closely 
allied to its economic aspects. The coke in most cases is too 
fragile for blast-furnace use; in some cases it is fit for foundry 
use, and in the domestic fuel market it must compete against 
its own raw material, bituminous coal. It is claimed that 
the great outlet for low-temperature coke is the electric 
central stations where the yield of by-products may be 
credited to lowering the fuel cost. The disposal of large 
quantities of gas is also a perplexing problem. Low-tempera- 
ture tar, after the extraction of light oil, is at present of 
questionable value. Tar distillers are doubtful of its value 
to them, but some authorities hold out hope of utilizing its high 
creosotic content in the wood-preserving industry. The only 
assured market is that of a fuel oil sold on a B.t.u. basis. 
The ammonium sulphate will probably realize a small profit, 
but the effects of large quantities upon the market cannot be 
predicted. Little difficulty should be encountered in disposing 
of light oil as motor fuel. 
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products yields as well as prices. Fixed charges were taken into 
account as well as operating charges, and in general the study is a 
model of careful, painstaking work. Dr. Klingenberg stated 
in public before the Society on his visit to America in 1924 that 
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he saw no reason at that time to change the general concli sions 
reached in his 1917 paper. He brings out the well-understood 
fact that with the saving of by-products much more coal will be 
used. He says: repeated assertion that the direct burning 
of coal without saving of by-products represents a vast waste of 
fuel and of the national wealth, is therefore misleading. The 
coal indeed contains important and valuable ingredients that are 
destroyed, but against this there is a distinct conservation of our 
coal resources.” The paper brings out clearly another well- 
known but considerably neglected fact: All coking and by-product 
operations are continuous operations, 100 per cent load factor, 
when conducted in quantity, and variations in output are only 
secured at a prohibitive expense. Power and lighting loads on 
the contrary are variable-output operations, and system load 
factors higher than 50 per cent are unusual. His diagrams show 
clearly the unfortunate effects of a low or variable load factor on 
the by-product plant. 


Base-Loap CENTRAL-STATION PLANTS 


Base-load central-station plants are possible and some tew 
plants of this character are in existence, although the load factors 
are not of the order of 100 per cent, and the maximums have not 
exceeded about 80 per cent. Junkersfeld? in the discussion of the 
author's paper “The Commercial Economy of High Pressure 
and Superheat in the Central Station,”’ presented at the Annual 
Meeting of the A.S.M.E. in 1922, brought out the fact that 
the capacity factor of turbines five years or more old in most of 
the best-operated companies had dropped to 32 per cent, showing 
definitely that base-load operation would at least be limited to less 
than that time. Alden in the report of the Committee on Power 
Generation, presented to the A.I.E_E. in 1925, says: “Each new 
turbine or station operates on base load only for so long a time 
as it constitutes the most efficient turbine or the most efficient 
station generating power for that particular system.” The 
curves, Figs. 2 and 3, show this in a very striking manner, and 
these curves represent the actual operating history as regards 
kilowatt-hours generated during successive years by 268 turbines 
ranging in size from 60,000 kw. down to 73) kw. Nevertheless, 
problems of this nature are being studied by the engineers, and 
the paper by Runge, presented at the International Conference 
on Bituminous Coal in Pittsburgh last vear. is descriptive of 
the first experimental plant of this kind in the United States. 


CONCLUSIONS 


High-temperature carbonization processes are of long standing 
lished; their position in the economy of the metal- 


and well e 
lurgical industry is assured. The weight of the evidence indicates 
at this 


gicai fuel lor Many vears, and that a port 


will be diverted as solid fuel for household u 


w-temperature processes, the consensus of opinion shows that 


economic results have been obtained in England where the 


prices are high enough to be attractive. In Germany the de- 
mand is of a different nature and the brown-coal processes are 
attractive, but for other reasons. In mast of the western Euro- 
pean countmes high-temperature processes have the same vogue 
as in the United States for metallurmecal purposes, but other proc- 
esses Dot essentially carbonization processes are being developed 
to supply the demand for tars, oils, and motor fuels. which are 


scarce and castiy as compared with similar products in thi 


n 


countrr 
The work of research and experimentation is proceeding in 
considerable volume, but commercial success is a function of 


Trams. wol. 44 (1922), p. 1157. 


demand which must be built up, and higher prices which may 
come with the depletion of our oil supplies with which a portion 
of the product must compete. 

Meanwhile, the improvement in the economy of power gener- 
ation has been such that processed fuel is not as attractive as was 
the case at the time Klingenberg’s paper was written. Load fac- 
tors have not greatly improved, although advantage has been 
taken of all available diversity. The best commercial results 
are still secured with generation as close as possible to the centers 
of heavy demand. In genera] that combination of fixed charges, 
overhead, and operating cost secured by the simpler combination 
with the fewer chances of interruption and loss, insures continuous 
service and an adequate return, which is the best criterion of the 
economic advantages of an industry to the country as a whole 
and to that portion of the public supporting the industry. 


Discussion 


HI D. SAVAGE! contributed a written discussion in which he 
* said that in view of the amount of time, energy, and money 
that had been spent on low-temperature carbonization since 
Dr. Klingenberg’s statements in 1924 on the economics of the 
process, they could not be taken very seriously, nor his dogmatic 
statements as to when direct firing was superior to low-temper- 
ature distillation. His statements that the disposal of large 
quantities of gas was a perplexing problem, that low-temper- 
ature tar, after the extraction of light oil, was of questionable 
value, and that its only assured market was as fuel oi] when 
sold on a B.t.u. basis also could not be taken seriously. While 
agreeing with his statement regarding the well-understood fact 
that by the saving of by-products more coal was used, it was 
least of all possible to agree with his statement, ““The repeated 
assertion that the direct burning of coal without saving of by- 
products represents a vast waste of fuel and of the national wealth 
is therefore misleading.”’ 

To show the fallaciousness of all these assumptions in regard 
to low-temperature distillation, he presented an analysis recently 
made in connection with the Jordan power plant, closely ad- 
jacent to Salt Lake City, wherein it had been suggested 
that a low-temperature distillation plant would be profitable 
This plant burned about 65,000 tons of coal per vear at 2 cost of 
$3.05 per ton delivered. In order to get the equivalent in char 
of the 65,000 tons of raw fuel used per vear, it was necessary t 
carbonize 93,000 tons of coal. The coke to be burned in the 
power plant on the basis of a 70 per cent vield was worth $2.135 
per ton on a percentage basis. There would be 25 gallons of tar 
per ton, with an established market value in that vicinity of 7 
cents per gallon, a return of $1.75. The 4000 cu. ft. of gas could 
be wholesaled to the gas company at 30 cents per thousand cubi 
feet, thus returning $1.20. The 3' ; gallons of motor spirit, at 14 
cents a gallon, would add 49 cents. Thus the by-products would 
yield $5.575 per ton of coal. At a cost of $1.055 for expense 0! 
carbonization including interest and depreciation plus $3.05 for 
coal, the total cost would be $4.105, leaving a net revenue of 
$1.47 per ton or $136,500 per year, a 39 per cent return on the 
$350,000 investment necessary forthe plant. With the K.5.G. or 
Essen system, producing domestic fuel, the return with the 
by-products figured just as conservatively as the above, would 
net about $3.50 per ton processed. 

Mr. Savage then attacked the problem from the conservation 
point of view. It was true, he wrote, that there had been mine¢ 
18,000 tons of coal more than would have been mined had the 
coal been burned in a raw state. This coal had a delivered value 
of $54,900, but there were returned as a by-product 370,()00,000 

* Vice-President, Combustion Engineering Corporation, New York 
N. ¥. Mem. A.S.M_E 
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cu. ft. of gas, which was only 82 per cent of the present yearly 
consumption of Salt Lake City and had a wholesale value of 
$111,000. On a fair basis, in a most modern gas plant, under 
best practice, and with best gas coals, conditions which it was 
reasonable to assume did not exist in this plant, this amount of 
gas would have necessitated the use of 7400 tons of raw coal plus 
a certain amount of fuel oil necessary for gasification. The 
eoal alone would have a delivered value of $22,570, so that the 
cost for excess fuel was only $32,330, less the necessary fuel oil for 
gasification purposes. In addition 2,300,000 gal. of tar worth 
$161,000 and 325,000 gal. of motor spirit worth $45,500 were 
obtained, so that by mining 10,600 additional tons of coal worth 
$32,300, recovered raw by-products worth $317,000 were obtained. 
From this tar, 100,000 to 150,000 gal. of crude motor spirit could 
be obtained. There would be 930,000 gal. of oil suitable for dis- 
infectants, sheep dips, and flotation purposes, for which there 
was a ready market within a short radius of the particular plant. 

The McEwen-Runge system, which was being developed 
purely as an adjunct for power-plant work, did not have to work 
ona 100 per cent load factor, but could be efficiently carried on at 
varving ratings necessary for coordination with power-plant de- 
mand. It was quite true, wrote Mr. Savage, that by the old 
method of washing with sulphuric acid the loss was high due to 
the unsaturated hydrocarbons, but it was well to remember that 
nowadays the specification for a water-white gasoline was no 
longer urgent and it was a well-known fact that some of the so- 
called unpurified gasolines, which on standing turned a slight 
straw color, actually gave more mileage and more power than 
the water-white product. 

Low-temperature tar contained per gallon much more oil and 
much less pitch than did high-temperature tar, as well as products 
that were not found in the latter. Dr. Muller of Germany, who 
had handled the low-temperature tar from the K.S.G. process, 
had put a value on it in Germany of nearly 14 cents per gallon. 

It was only necessary to review the quantities of cresols and 
phenols that were used in this country to realize in a way the value 
of low-temperature tars. These tars contained a very high per- 
centage of tar acids, which were made up of phenols, cresols, and 
other members of the same family, and on distillation the oils 
contained as high as 35 to 40 per cent of these tar acids. It was 
relatively simple to extract the tar acid from the oils so that 
they could be used in a large number of industries such as the 
bakelite industry, disinfectant trade, and the wood-preservation 
and flotation uses. 

In addition to the tar acids which were found in many of the 
fractions from low-temperature oils, there were also found com- 
pounds known as neutral oils. Experiments such as had been 
carried on in Germany on this type of product had proved very 
conclusively that these oils made an excellent fuel for internal- 
combustion engines. In fact, there were so many ramifications 
for the possible use of low-temperature tar and its distillates, 
far beyond those of the high-temperature product, that it seemed 
almost ridiculous to state that it must be sold on a B.t.u. basis. 

The author had also stated that the disposal of large quantities 
of gas was also a perplexing problem. It must be remembered 
that the demand for gas doubled every ten years and that if low- 
temperature plants were not put in to take care of the increased 
fas supply, other means must be provided. Furthermore, 
the quantity of gas produced per ton was approximately 50 
per cent of that produced by high-temperature processes, so that 
no danger of flooding the country with gas was felt. He disliked 
‘o see an engineer of the author’s unquestioned eminence so pessi- 
mistic concerning the economic value of that which, to his 
mind, was one of the greatest economic industrial advances since 
the commercial establishment of pulverized fuel, and he wanted 
to assert that the K.S.G. system, upon which many years of effort 


and vast sums had been spent in Germany, had been considered 
a commercial operation at Essen for the last three years, and 
that the McEwen-Runge system was, barring a few minor mech- 
anical details, now in what might be considered practical, com- 
mercial operation at Milwaukee. 


L. PeNnpreEp*‘ said that the author had not mentioned one man 
who apparently had been almost forgotten in this country, but 
whose influence on coal carbonization in Great Britain had been 
very considerable: one Thomas Parker, of Wolverhampton, who 
patented what was called the Coalite process. His intention was 
to produce a fuel which was half coke and half coal by a low-tem- 
perature distillation process. The fuel was to be sold for do- 
mestic purposes and the gas produced in its manufacture was 
to be used by the gas companies. The gas companies would not 
take it up, and Mr. Parker lost a great deal of money. 

Some years ago Dr. Beilby, an eminent fuel chemist, in dis- 
cussing this question, came to the conclusion that low-temper- 
ature carbonization in England at any rate could never be success- 
ful. He showed, Mr. Pendred thought, that there would be a 
loss of three to four cents per ton of fuel consumed. 

In Great Britain, many experiments on low-temperature car- 
bonization were being carried out and Dr. Lander had said that 
they were now on a commercial basis. That might be so, but 
the commercial basis was such a small one and the product 
was so small that they were very little more than laboratory 
experiments. He thought that it would be unsafe at the present 
time to say definitely that low-temperature carbonization was an 
economic proposition. 


W. Trunks’ spoke of the development of by-product coke plants 
during the war and of the value of the toluoland benzol. 

Today, although the market for benzol, toluol, and am- 
monia was not as good as it was during the war, the steel plants 
recognized the value of coke-oven gas and tar as fuels for the 
open-hearth and heating furnaces. The use of coke-oven gas 
and tar did away with many gas producers. Gas producers 
had to use a good gas coal, and good gas coal was becoming scarcer 
all the time. Furthermore, there were coal handling, ash han- 
dling, gas-producer labor, and very often bad gas to contend with, 
all of which was overcome by the introduction of by-product cok- 
ing because by-product gas and tar could be pumped directly to 
the open-hearth furnace. Living in a district where benzol was 
made in large quantities, Professor Trinks had found that benzol 
did not compete with but supplemented gasoline inasmuch as it 
was mixed with gasoline and gave to it properties which very 
largely did away with detonation. Professor Trinks felt that 
there was a great field for the smokeless fuel from low-tem- 
perature carbonization processes in the central states where 
smoky coals had to be used domestically. 


A. E. Forstatv' said that if a low-temperature carbonization 
process could be made to pay 39 per cent as Mr. Savage had said, 
it would need no advertising but would sweep over the country 
and be adopted everywhere. It was well to call attention to 
the fact that up to the present time no carbonizing plants in the 
United States had been successful from the financial point of 
view except those which were connected with steel plants or those 
which had built up a domestic trade. He felt that it would be 
necessary for low-temperature plants to build up a domestic 
business with a high price on their fuel. 


4 Editor, The Engineer, London, England. 

5 Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 

6 Forstall, Robinson, and Luqueer, New York, N. Y. 
M.E. 


Mem. A.S. 
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The author was right in saying that the choice between high- 
and low-temperature carbonization processes was a question 
of which was worth the more: the combination of a large amount 
of gas, a comparatively large amount of good, hard fuel, and a 
small amount of tar (sulphate of ammonia was hardly worth the 
cost of making), or a small quantity of gas, a large quantity of a 
softer solid fuel, and a large quantity of tar. The relative merits 
of the two plants depended entirely upon the cost of installation 
in any particular case and the return from the different kinds of 
production. 

Replying to a question propounded by A. D. Bailey,’ Mr. 
Forstall said the sulphur in Illinois coal would not prevent its 
being used with the low-temperature process, since there was 
a new liquid purification process that would remove it from 
the gas at a cost of not over 2 cents per 1000 cu. ft. 


A. G. Curisti£® said that in the early days of the development 
of the steam turbine, every one was a pessimist about its success. 
It seemed to be the same at present in connection with low- 
temperature carbonization. He did not feel quite so pessimistic 
about the outlook. He had been following the different processes 
quite closely, and while there were difficulties involved, and while 
there might be many problems ahead and mistakes still to be 
made, it seemed to him that we were approaching more closely 
to commercial development. He felt that some of Mr. Savage’s 
figures were optimistic, particularly the price of the gas, because 
gas was being bought at wholesale in Baltimore from a by-prod- 
uct gas plant at a figure below the one quoted. The low-tem- 
perature carbonization process would have to stand largely on the 
ability to furnish fuel to domestic users. 

Dr. Klingenberg had pointed out that the opportunities for 
by-product propositions were greatest where fuel cost was lowest. 
Applying this to the coal fields of the United States showed that 
the possibilities of low-temperature carbonization should be great- 
est in the Middle West where fuel costs were lowest and where the 
lowest-grade fuels were located. 


Nevin E. Funk’ said that he was interested in the application 
of low-temperature carbonization to power plants. If an attempt 
were made to load all the central stations in the country with the 
low-temperature carbonization process, the market would be 
ruined for everything except the gas and the coke which might 
have to be burned in the plant in order to get rid of it. — 

If the coke was a domestic fuel, which from the discussion it 
seemed to be, then the gas that remained must be sold to the gas 
company. Why, then, was not low-temperature carbonization 
process a gas company’s process and not an electric company’s 
process? 

He believed that low-temperature carbonization could not be 
considered a cure-all for the supply of power. It undoubtedly 
would fit into specific niches, and there was no question but that 
the development would progress to a point where it would be 
successful. 


Joun T. WILKIN," speaking for the consumer, said that people 
living in the soft-coal regions of the Middle West were eager to 
get a smokeless fuel and were willing to pay more for it than 
for their local coal. He had bought briquets from Fairmont, 
West Virginia, for use in his own house. 


7Supt. of Generating Stations, Commonwealth Edison Co., 
Chicago, Ill. Mem. A.S.M.E. 

8 Professor of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md. Mem. A.S.M.E. 

* Operating Engineer, Philadelphia Electric Co., Philadelphia, Pa. 
Mem. A.S.M.E. 

10 President, Connersville Blower Co., Connersville, Ind. Mem. 


A.S.M.E. 


F. A. Scherrer" said that if those who were introducing the 
low-temperature carbonization process were as successful as those 
who had been installing pulverized-coal plants during the past seven 
years, they could be considered as doing remarkably well. There 
were now in the public-utility plants alone in the United Staies 
thirty-eight powdered-fuel installations with an annual output 
of over 9,000,000,000 kw-hr. which used 17 per cent or 7,000,000 
tons of coal out of the total of 41,000,000 tons used in all of the 
4000 plants reporting to the Chamber of Commerce. 


Watrer N. PoraKkov" said that from the point of view of the 
fuel consumer, it was well to remember that the consumption of 
domestic fuel was many times larger than that of central stations 
and stationary power plants. No one was looking for a panacea, 
but for the adoption of the most economical process and the one 
most suitable for the particular field of application. His personal 
experience with the domestic use of low-carbonization coke or 
briquets had been favorable. e 

He had had considerable experience with annealing furnaces, 
particularly annealing brass and bronze, in which low-carboniza- 
tion fuel proved superior to any other fuel, and in one instance he 
had burned it in a Murphy stoker, under high-pressure boilers, 
with loads varying from 60 to 120 per cent of rating and with 
a boiler efficiency from 3 to 5 per cent higher than the average 
obtained when burning New River coal. 


The AvursHor, in a closure to the discussion, called attention 
again to the question of power factor in the operation of low-tem- 
perature carbonization plants in central stations. In New York 
City, he said, a base-load plant was an impossibility. 

Referring to Mr. Forstall’s discussion, he said that the by- 
product industry had started on ammonium sulphate and was 
built up on ammonium sulphate. Today in the United States 
ammonium sulphate sold for fifty-three dollars a ton with a 
profit of a dollar aton. If the price dropped to fifty-two dollars, 
the profit was wiped out. At fifty dollars the loss was two dollars 
aton. In England it cost about forty dollars a ton to make sul- 
phate and it sold at the same price as in the United States. In 
Germany it sold at the same price as in the United States and it 
cost thirty dollars a ton to make. There was a large profit in 
Germany, a somewhat smaller profit in England, and in America 
a profit that could be wiped out by a single point on the market. 

Further, ten thousand tons of ammonium sulphate put on the 
market would reduce the price in America to forty-eight dollars. 
Every coke-oven plant knew this and doled the ammonium 
sulphate out in small lots, taking care not*to break the market. 

Mr. Polakov had brought up the interesting question of con- 
sumption of solid fuel. As he had said in the paper, the con- 
sumption of solid fuel for domestic purposes had been constant 
for the last fifteen or twenty years at about 2100 Ib. per capita. 
The central-station use had been of the order of 45,000,000 tons 
for the last eight or ten years. While the kilowatt-hours of 


output had increased, the use of coal itself as a fuel had been, 
if anything, a little smaller each recurring year, and the pounds 
of coal per kilowatt-hour had been very markedly reduced. 


About 40,000,000 tons of coal were used by the central stations, 
about the same amount in complete gasification processes in the 
metallurgical industry, about four to five times as much in do- 
mestic use, and about four to five times as much in railroad use. 

He also emphasized the fact that in any carbonization process, 
any complete gasification process, any plant in which coal was the 
raw material and power or by-products or domestic fuel were the 
result, the question was one of economics, and economics alone. 


11 Special Representative, Fuller-Lehigh Co., New York. Mem. 
A.S.M.E. 
12 President, Walter N. Polakov & Co. Mem. A.S.M.E. 
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The K.S.G. Process of Low-Temperature 
Carbonization 


By WALTER RUNGE,' NEW YORK, N. Y. 


This paper deals first with the development of the K.S.G. low-tem- 
perature process of coal carbonization, the principle of operation, and 
the field of application of the process. The constructional details 
of the retorts are then described, as are also the method of heating, 
fuel handling, gas and tar recovery, and the types of coals suitable 
for the process. The yields of products per ton of coal of a given 
analysis are tabulated, and expected yields based on typical Amer- 
ican coals are estimated. The schedule of heat and power require- 
ments shows that 1,630,000 B.t.u. is necessary to carbonize a ton 
of coal. The horsepower of the steam-driven units amounts to 
35 i.hp. per ton, while 68.6 kw. is required for motors. 

Passing on to the by-products, the quality of the coke and tar 
is discussed, and the amount, analysis, and heating value of the gas 
evolved are given. The paper concludes with a discussion of some 
economic phases of the process, the market for the by-products, 
the expected revenue per ton, coal data of the Essen plant transposed 
to American conditions for a capacity of 600 tons of coal per day, 
and the projected commercial development. 


Matthias Stinnes at Karnap, near Essen, Germany, was 

confronted by the problem of disposing of its fine sizes of 
coal. There was a steady demand for the large coal raised, but 
almost no demand for the fine coal, which formed a considerable 
proportion of the total coal brought to the surface. Part of the 
colliery equipment consisted of an extensive coke-oven plant. 
Here the fine coal, after being washed, was converted into metal- 
lurgical coke. It was found, however, that the sales of this 
metallurgical coke lagged far behind its production when all of 
the fine coal was thus carbonized. 

The accumulations of coke produced in this way grew to alarm- 
ing proportions, and pointed to the necessity of discovering 
another outlet for the small coal. Accordingly early in 1919 
experiments were conducted with the following objects: 

1 To develop a carbonization process capable of handling the 
screenings of bituminous coking coal from the Matthias Stinnes 
collieries. 

2 To make a coke capable of commanding a wide sale as a 
domestic fuel. 

3 To produce a gas of calorific value high enough for distribu- 
tion in the surrounding territory. 

4 To obtain the maximum yield of coal tay. 

Following two years of research on a semi-commercial scale, a 
full-sized plant was designed. In 1921 a contract was closed 
with the Kohlenscheidungs Gesellschaft which was organized 
to erect and operate this plant. Thus the K.S.G. process has 
become known by the initials of this organization, which means 
literally “Coal Separation Company.” 

Experiments were continued during the whole of the period 
1921 to 1924, when the plant was put into actual commission. 
Operations have been continuous from that period, with the ex- 
ception of a few short interruptions for the embodiment of im- 
provements. 


S) IRTLY after the close of the World War the colliery of 


_| Vice-President, International Coal Carbonization Co., a sub- 

sidiary of the International Combustion Engineering Corporation. 

- ontributed by the Fuels Division and presented at the Annual 
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It is of interest to record that during the whole series of op- 
era... + the utmost conservatism has been practiced with regard 
to g ing out data, and it is only recently that information has 
been released to the technical press. The enterprise has been 
an engineering development throughout, and at no time have 
extravagant claims been made in advance of the performance. 


Type or APPARATUS 


At the time the Stinnes engineers began their research, there 
were availuble many processes of coal distillation in various 
stages of development. The one that appealed to them the most, 
however, was the Thyssen process of low-temperature carbon- 
ization. This had already been operated on a large scale for 
some years with considerable success. The apparatus was simple 
and rugged. Much operating information was available, and 
the opportunity was present to note the defects. It was recog- 
nized that the fundamental principle was sound, and steps were 
taken to modify its mechanics in the direction of more economical 
operation. 

The Thyssen retort consisted of a single rotary drum about 
sixty feet long, mounted horizontally in a furnace setting. 
Fastened to the inside of the retort was a helical flange which, 
by the rotation of the drum, advanced the coal from one end 
to the other, where it was discharged as coke. Certain defects 
were seen in this design: 

1 The charging of cold coal containing some moisture, even if 
external drying had lowered it below 5 per cent, decreased the 
heating area of the drum effective for actual carbonization. 
Accordingly there was a proportionate reduction of capacity 
and increase of fixed charges. 

2 There was an extensive zone in the retort in which a coking 
coal was plastic and adhered to the inner walls. There was the 
further tendency, moreover, for the coke lumps to become ex- 
cessively large and plug the discharge mechanism. 

3 It was necessary to employ an extreme wall thickness to 
obtain the necessary strength in a steel cylinder 60 ft. long, 
supported only at the ends, heated to a metal temperature of 
1000 to 1100 deg. fahr., and bearing not only its own weight but 
a considerable tonnage of coal within. 7 

The essential constructional difference between the Thyssen 
and K.S.G. apparatus is that the latter comprises two concentric 
retorts which rotate as one. These are inclined slightly from 
the horizontal. The inner retort contains a helical flange. 
The coal is fed into the lower end of the inner retort, where the 
flange in conjunction with the movement of the retort raises the 
fuel to the upper end. Here it spills into the annular space 
between the two retorts, and thence gravitates back to the lower 
end, from which it is discharged as coke. 

Under the action of the heat radiating through the entire wall 
area of the retort, the coal is dried during its passage through the 
inner cylinder, and is passed into the outer retort at a temperature 
of about 400 deg. fahr. Thus the entire surface of the outer 
retort contained within the furnace is available for the actual 
work of carbonization. The capacity of a 72-ft. retort has been 
raised to the point where 80 tons per day is a conservative rating. 

The upper end of the outer retort is enclosed in the hottest 
part of the furnace. Here the coal is admitted from the inner 
cylinder and raised as rapidly as possible to a coke-forming 
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temperature without the opportunity for lumps of excessive 
size to be formed. The zone of possible plasticity is thus con- 
fined to the upper third of the length of the retort. Within this 
zone short chains are attached longitudinally to the inner walls, 
and by their scraping action prevent the formation of any de- 
posit. As an additional precaution superheated steam is admit- 
ted within the body of the coal charge itself in this section of the 
retort. Not only does this hot steam act to prevent carbon de- 
posits, but by depressing the vapor pressure of the tar, as it is 
formed, reduces thermal decomposition within the retort and 
makes for a maximum recovery of liquid condensates. 

Finally, the weight of the outer retort and its burden of fuel 
is carried at several points along its length upon the inner cyl- 
inder, which is supported at each end outside of the furnace 
setting. This inner cylinder is kept by its moving charge of cold 
coal at a metal temperature between 550 and 600 deg. fahr. 
Thus the load of the retorts is borne by steel at a temperature 
where, according to Goerens, it has its maximum strength. The 
walls are therefore thinner than in the Thyssen retort, and con- 
structional and maintenance costs have been proportionately 
reduced. 


FIELD OF APPLICATION 


It has been noted that the K.S.G. process of low-temperature 
carbonization was developed to solve the problem of a German 
mine in disposing of its surplus screenings. It should be apparent 
at once, however, that this process is susceptible of a much 
wider field of application. Yet no sweeping claims are made that 
it is in general the best carbonizing method. It is being in- 
creasingly recognized that there can be no “best’’ process of 
distilling coal, any more than there can be any “‘best’’” method 
of generating power. The fundamental differences in the coking 
characteristics of individual coals and the variety of uses to which 
the distillation products are put make it quite impossible to meet 
equally well all requirements in any one process. Once the ma- 
jor objective has been satisfied, other conditions must be accepted 
as they arise, and in this sense every commercial carbonization 
process represents some sort of a compromise between conflict- 
ing considerations. 

The K.8.G. process is not presented as a possible adjunct to 
large central stations. It is true that cheaper fuel can be ob- 
tained for raising steam if the tar and gas are first extracted from 
the coal and their superior value credited against the cost of 
the residual coke, which alone is burned. Yet the process that 


is to be successful in this field must reduce capital and operating | 


costs to an absolute minimum. It must be capable of handling 
all ordinary coals, coking, or non-coking, and must produce the 
coke in the form for which modern power plants are chiefly 
designed, i.e., in a pulverized condition. The K.S.G. process 
is obviously not well adapted to accomplish these ends. 

No competition is projected, moreover, with the familiar 
by-product coke oven in its chosen field of producing metal- 
lurgical coke. It is maintained, however, that in situations where 
there is a concurrent demand for a smokeless domestic fuel and 
an increased supply of city gas, the K.S.G. process has marked 
points of superiority over other methods of distilling coal. It 
has been designed specifically with this end in view and was not 
adapted to the purpose as a result of indirect evolution. As 
compared with high-temperature carbonization in a multiplicity 
of stationary retorts, the following points may be noted: 

1 The range of suitable raw materials is just as wide. 

2 The form value of the products is greater. The coke is 
superior in burning properties, and contains no higher a percent- 
age of breeze. The gas, while containing a smaller total of heat 
units, is higher in calorific value, and is suitable for enriching 
cheap blue gas to a salable standard. The tar is produced in 


double the quantity, is equal in actual value, and superior in 
potential value. The lower ammonia yield is scarcely a factor 
now that the advent of the synthetic product has brought the 
revenue from gas-works ammonia down to the cost of recovery. 

3 The investment cost is less. This arises from the employ- 
ment of a relatively small number of carbonizing units of high 
capacity and the reduction of the carbonizing time to two hours 
because of the higher rate of heat transfer through metal than 
through brick walls. 

4 The operating charges are lower. 
operation makes the labor requirement small. The heat neces- 
sary for carbonization is less since the products leave at a lower 
temperature, and the apparatus lends itself to a high thermal 
efficiency. 

Consideration may now be given to the actual data leading to 
the above conclusions. 


Continuous, automatic 


CONSTRUCTIONAL DETAILS 


The Retorts. The outer drum A (Fig. 1) is 71 ft. 9 in. long with 
an inside diameter of 9 ft. 9 in., while the inner drum B is 84 ft. 
2 in. long and has an inside diameter of 5 ft. 7 in. The outer 
drum is held to the inner drum by means of steel stays, attached 
tangentially, provision being made for the differential expansion 
of the two cylinders. The ends of the inner drum, which carries 
the entire load of about 150 tons, are carried on rollers. The 
alignment is self-adjusting, and torsional strains have been ob- 
viated. An 8-hp. motor drives the retorts at 3/4 r.p.m. by means 
of a pinion gear meshing with a circular rack around the lower 
end of the inner drum. The cylinders are inclined about 3 deg 
with the horizontal. The outer retort is enclosed throughout 
its length in a brick furnace setting. 

Both cylinders are made of mild steel. The wall thicknesses 
are 4/,, in. in the outer drum and 1 in. in the inner drum. The 
outer cylinder is fabricated in three sections of equal length. 
The longitudinal joints are lap-welded by water gas and forged. 
The circumferential joints are beveled on one side. The other 
side is expanded over the bevel a distance equal to the thickness 
of the metal. This lap is then also welded by water gas and 
forged. 

The inner cylinder comprises three distinct parts, a central 
section equal in léngth to the outer cylinder, and two end sections. 
All longitudinal joints are made as in the outer cylinder. The 
central section is made up of three equal lengths, butt-riveted 
together. The butt straps are welded for gas-tightness. The 
central section is also butt-riveted to the end sections. It & 
separated from the lower end section by a gas-tight casting carry- 
ing the coal-feed mechanism. It is separated from the upper 
end section by a gas-tight head. 

In erecting the retorts, the outer cylinder was brought to the 
site in one piece, and the inner cylinder in two pieces. These 
two parts of the inner cylinder were inserted through the ends of 
the outer cylinder, and hand-riveted in position in the field. 
These features of construction and erection represent past Ger 
man policy and are not necessarily to be construed as typic®! 
of future practice. 

Method of Heating. The heat necessary for carbonization is 
supplied by burning producer gas in a combustion chamber be 
neath the outer retort. The retort setting is divided into four 
passes between its lower and upper end. The general movemen 
of the combustion products is from the lower to the upper &¢ 
in an up-and-down path around the retort. While the heating 
gases thus move in countercurrent with the fuel in the outer & 
carbonizing retort, provision has been made to obtain the hotte 
temperatures in the upper, or entry end of the drum rather thse 
in the lower, or discharge end. The purpose, as mentioned above, 
is to accelerate the passage of the coal through the plastic stag® 


i 
id I 
if 
8 
0 
p 
a 
im 
| 


; 
4 
4 


FUELS AND STEAM POWER 19 


This progressive increase in the temperature of the combustion 
products as they move toward the stack is accomplished in rather 
a unique fashion, which is one of the features of the process. 
Producer gas is generated from any cheap fuel, such as raw coal 
or the coke breeze made in the process. It is burned in a com- 
bustion chamber in a single burner with low-pressure air. This 
combustion chamber communicates with a central duct running 
under the retort throughout its length. Between this duct and 
each of the four passes of the retort setting are sliding dampers 
by the control of which the combustion products are distributed, 
between the passes. 

Combustion is maintained to produce a maximum CO, con- 
tent in the flue gases, and any excess of air is avoided. Hence, it 


Here they are cooled to 600 deg. and withdrawn by an induced- 
draft fan. Dampers in the stack and the return line control 
the volume of gas that is recirculated. The steam enters the 
superheater at about 5 lb. (gage) pressure from a collecting 
header into which are discharged the exhaust steam from the 
various engines in the plant and the steam generated in the jackets 
of the gas producer. The superheater is composed of 144 tubes 
2 in. inside diameter and 3 ft. long. These tubes, which consist 
of five bends each, are connected between an inlet and outlet 
header. They are of seamless steel and are calorized externally. 
One hundred pounds of exhaust steam per ton of coal carbonized 
is raised by this superheater to a temperature of 900 deg. fahr. 

The superheated steam passes through the steam inlet J 
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is necessary to provide means to reduce the flame temperature (Fig. 1) into the rotary valve K. This valve is divided into 


below 1400 deg. fahr. to avoid overheating the steel shell and 
bringing about the thermal decomposition of the primary tar 
vapors coming into contact with it. This is accomplished by 
mixing the combustion products in the first pass with 600-deg. 
flue gases recirculated from the base of the stack. A mean 
temperature of 1000 deg. fahr. is thus established in the first two 
passes (7; and T, in Fig. 1). By the admission of an increasing 
volume of hot combustion products from the central duct, the 
temperatures are progressively raised to 1300 deg. fahr. in the 
third (7’;) and 1320 deg. fahr. in the final pass (7’,). 
| It is to be noted that this heating system accomplishes two 
important purposes. It reduces the flame temperature without 
increasing the volume of stack gases, as would result were excess 
air to replace recirculated flue gas as the cooling medium. For 
the temperatures employed, this amounts to a 50 per cent saving 
in the heat required for carbonization. Secondly, it insures a 
neutral rather than an oxidizing atmosphere in contact with the 
steel shell. Test pieces of mild steel attached to the shell have 
shown no signs of deterioration in the entire period of commercial 
operation. 

The setting of the retort is built of common red bricks and 
lined with low-grade firebricks and blocks. Transverse ex- 
pansion joints are provided, and numerous buckstays are em- 
Ployed. Access openings in the brickwork register with man- 
holes in the drums. 

The hot gases leaving the last pass at 1300 to 1350 deg. fahr. 
are directed over a steam superheater built into the retort setting. 


twelve chambers, each of which is connected by a pipe to the 
corresponding one of twelve steam chests L, spaced at equal 
intervals along the upper 35 ft. of the inside of the outer drum. 
The valve K moves with the inner drum, and automatically opens 
steam connection with only the two chests which are submerged 
in the fuel charge. The steam enters the retort directly from 
the chests. The connecting pipes between the valve chamber 
and the chests are provided with bends to allow for the relative 
difference in expansion, which amounts to five inches between the 
two drums. 

Fuel Handling. The raw coal, delivered to the plant from 
the screens of the adjacent colliery, is automatically tipped into 
hoppers of 250 tons capacity. From the bottom of these hoppers 
it is elevated and conveyed by a telpher system into the coal bin 
C over the lower end of the retort. There is also an auxiliary 
feed bin to enable the mixing of other materials, such as coke 
breeze, with the coal charged. 

The coal is fed continuously from the bin C into the retort 
through the screw conveyor D. This projects into the inner 
drum a distance of about 15 ft., and is carried upon a bearing 
in the head separating the inner chamber from the lower dis- 
charge end. The coal, falling from the screw conveyor into the 
inner drum, is carried by the helical flanges E in the rotating 
cylinder to the upper end. Here it spills through one of two coal 
openings F into the annular space between the two drums. 
Upon gravitating to the lower end of the retort, it is picked up 
as coke by the plows or scoops G, and dropped onto the plate H. 
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This directs the coke into the helical flanges in the lower end 
of the inner drum. Since they are opposite hand to the flanges 
in the main body of the drum, the coke is moved downward and 
out through a revolving sluice valve acting as a lock. A bucket 
elevator connects with the same telpher system, which is used 
in handling the coal and which forms a closed circuit around the 
plant. The coke at this point has a temperature of about 750 
deg. fahr. 

During the early operations of the plant is was customary to 
quench the coke with water. ‘This practice was not only disagree- 
able from an operating standpoint, but resulted in an excessive 
percentage of fines in the coke, and weakened the resistance of 
the lumps to shipping stresses. At present, therefore, the coke 
is conveyed hot to a two-roller crusher where the larger pieces are 
crushed to a salable size. The coke then passes through a rotary 
10-mm. screen which separates the lumps from the fines. 

The lumps are dropped at 600 deg. fahr. through a gas-tight 
lock into a closed bin through which a current of inert gas at 
100 deg. fahr. is circulated. After two hours in this bin the coke 
is discharged at a temperature only slightly above 100 deg. fahr., 
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a packed expansion joint, with the fixed pipe P, through which the 
gas is exhausted into the recovery system. At the lower or 
coke-discharge end of the retort the gas pressure varies from 
—10to+10mm. This fluctuation decreases to 0 to +4mm. at 
the upper or gas-discharge end. 

The hot gases and vapors leaving the retort are passed through 
a cyclone dust collector. This is provided with a jacket through 
which a portion of the hot flue gases are circulated to prevent con- 
densation of tar. The coal gas as this point has a temperature 
of about 500 deg. fahr., while the temperature of the gas in the 
jackets is 900 deg. fahr. The amount of dust collected is less 
than 0.1 per cent of the coal processed. Conventional washer- 
coolers are employed to condense the tar, which contains only 
2 to 5 per cent of free carbon. Dehydration is satisfactorily 
effected by simple settling. The light oil is removed from the 
gases by scrubbing with a paraffin oil obtained from a lignite 
distillate. A diagrammatic layout of a typical plant is shown 
in Fig. 2. 


OPERATING RESULTS 


at which there is no tendency toward smoldering. The inert Scope of Experience. The early operation of the full-sized 
Steam Chests 
SECTION D-D wilt 
Feed Revolvi Steam Chest 
WAP Orum Gas Holder...» 
Coa/ Feeder. D Cc 
Combustion Circulating fan Seal ot. 
Chamber 


Fie. 2. Diagrammatic Layout or Typrcat PLant Empiorine K.S.G. System 


gas leaves the hopper at about 400 deg. fahr., and is too cold to 
justify a waste-heat boiler. It is cooled again to 100 deg. by 
passage up a tower down which water is sprayed over cascade 
trays. Air is used as the cooling medium in starting this opera- 
tion, but it soon burns to N; and CO,. As the CO, is washed 
out by water the nitrogen content rises to an equilibrium value 
of 95 per cent. 

The coke fines are carried away from the screen by a screw 
conveyor in which a small jet of water is allowed to play. This 
cools the coke from 600 deg. to 350 deg. fahr. and binds the dust, 
which otherwise proves to be a great nuisance. The final cooling 
of the fines is completed in a closed cylindrical bin containing 
eight vertical pipes, 7 in. in diameter, open to the atmosphere at 
top and bottom for the thermostatic circulation of air. Twelve 
hours are required to cool the coke in this bin to 100 deg. fahr. 

The lump coke is screened and graded for sale. The fines from 
the cooler, in addition to those resulting from the last screening, 
are delivered either to the blending hopper for recirculation 
through the retort or to the producer plant for the generation 
of heating gas. 

Gas and Tar Recovery. The coal gas, tar vapors, and steam 
generated in the annular space between the two drums, escape 
from the retort through the ports O, around the circumference 
of the upper section of the inner drum. This section is separated 
from the coal preheating zone of the inner retort by a gas-tight 
head, and serves as a gas-collecting main. It connects, through 


plant, following its commission in April, 1924, was necessarily 
intermittent; yet, it was possible during the next two years 
until the spring of 1926 to process some 18,000 tons of coal. 
Certain mechanical troubles which developed in this period 
indicated that the rotating drums could be improved to permit 
continuous operation for long periods. Accordingly a new 
retort was constructed, installed, and placed in operation in 
November, 1926. 

This retort remained in continuous, successful operation until 
July, 1927, a period of eight months, distilling an average of 80 
tons per day. At this time the appearance of several rivets in 
the coke discharge made it advisable to close down for inspection. 
An examination showed that the rivets had come from the butt 
strap on one of the middle sections. Otherwise the drums were 
in excellent condition. There were no signs of abrasion, oxidation 
or distortion, and no carbon had been deposited on the walls 
The rivets were replaced, the butt straps welded, and ten days 
after the shutdown the plant was again in operation. It will 
be noted that this interruption amounted to only 5 per cent 
of the previous continuous run. In other words, only one 4" 
retort would be required for a plant of 20 retorts, although of 
course it is advisable to carry one spare for plants of much smaller 
capacity. 

The experience thus gained in the successful carbonization of 
50,000 tons of coal from various sources is the basis for the ©" 
clusions which follow. 
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Suitability of Coals. The K.S.G. process, in common with 
other carbonizing methods, is not equally well adapted to the 
treatment of all coals. The coking characteristics, yield of by- 
products, and the screen analysis of the raw coal are all factors 
which must be considered. 

Non-coking coals are not commercially feasible, since they 
impose upon the operation the very considerable expense of 
briquetting the char to make a salable domestic fuel. Moreover, 
it is well known that all coking coals do not behave alike in 
their agglutinating properties. Some coking coals yield a char 
which is too soft and friable and contains too high a percentage 
of fines. However, it has been found possible to extend the num- 
ber of coals producing a dense, hard, lumpy coke in the K.S.G. 
process by the following variations in the operating procedure: 

1 Change in the rate of revolution of the drum, controlling 
the depth of the fuel bed and the time that the fuel remains in 
the retort. 

2 Variation in mean coking temperature, controlling the final 
volatile of the char. 

3 Variation in the distribution of heat, i.e., the shifting of the 
hottest zone from one section of the drum to the other, affecting 
the relative speed at which various phases of the carbonization 
are accomplished. 

4 Variation in the quantity and temperature of the superheated 
steam used, affecting the transition of the coal through the plastic 
stage and the evolution of the by-products, in particular the tar. 

The plant at Essen has employed principally the coal of the 
Ruhr district, the coke from which is a splendid domestic 
fuel. Tests on a commercial scale have been made of the 
Ton Phillip Rhondda coal (Welsh), and of the Mines de Marles 
coal (French), Each produced a good quality of coke. No 
large-scale tests have been made of American coals, but nine 
samples have been examined in the laboratory at Essen. Of 
these, the Gem coal from Tennessee, the Harlan from Kentucky, 
the Elkhorn and Island Creek from West Virginia, and the 
O'Gara from Illinois each gave a satisfactory coke. The Brew- 
erton Mine No. 2, the Mason Mines No. 1 and 10, and the 
Pinkneyville coals, all of Illinois, on the other hand, yielded un- 
satisfactory cokes. It was reported, however, that they could 
be used in a 1:1 blend with a strongly coking coal. 

A finely crushed coal has been found to be preferable to a 
lumpy product in that it permits more complete carbonization. 
When a large coal is charged, there is a tendency for some of the 
lumps to become surrounded by plastic material, and be formed 
into balls before carbonization has been completed throughout. 
It is therefore advantageous to use mine slack to reduce the 
amount of crushing required, and to obtain whatever benefit 


may exist in the price of slack over run-of-mine coal. A typical 

screen analysis of the coal used at Essen is as follows: 
8.5 per cent 
20 per cent 
40 per cent 
Through 1/s-in. 95 per cent 

The percentage of ash in the coal is also a factor. A low ash 


content is not necessarily advantageous, as in the manufacture 
of metallurgical coke. It has been found, on the contrary, that 
‘relatively high percentage of ash, if of the proper composition, 
increases the density of the coke. This is commercially feasible 
since low-temperature coke finds its greatest outlet in the do- 
mestic field, where much of the trade has been accustomed to 
burn anthracite containing as much as 25 per cent ash. However, 
itis not necessary to go to this extreme. The ash content of the 
coal need not exceed 7 per cent, and in this case the coke contains 


only 10 per cent ash, or about half that ordinarily found in an- 
thracite coal. 


Since the recovery of by-products plays an essential role in 
the economics of this process, the coal should have a high volatile 
content. In general the yield of the coal gas and tar increases 
with the volatile content of the coal. Thus it has been found 
true of most bituminous coking coals that the number of gallons 
of tar obtained by low-temperature distillation in an assay test 
is indicated by a figure representing two-thirds of the volatile 
content of the coal. For example, a coking coal containing 
36 per cent of volatile combustible matter might reasonably 
be expected to yield 24 gallons of tar. This is not to be con- 
strued vigorously, however, since two coals of the same volatile 
content do not always give the same yield of tar. The content 
of oxygen is an important factor, and actual experiment must 
be the ultimate criterion in determining the by-product yield 
from any given carbonizing apparatus. 

Yield of Products. The following proximate analysis is typical 
of the bulk of the coal processed by the K.S.G. process: 


Proximate Analysis, Dry Basis: 
Volatile combustible matter......... 


3to 4 per cent 
23 to 25 per cent 


59 to 63 per cent 
ee 12,000 B.t.u. per Ib. 


It will be noted in the following that the relatively low volatile 
content of the coal is reflected in the gas and tar yields: 
Yields per ton of 2000 lb. (dry basis) 


Coke, 12 per cent volatile........ 84.0 per cent by weight 

Gas, 2000 cubic feet............. 5.5 per cent 

Light oil, 21/2 gallons............ 0.8 per cent 


The gas yield is substantially the same as that obtained in the 
assay analysis in the laboratory, but the tar yield is only 90 
per cent. There is apparently a slight amount of cracking of the 
tar vapor within the retort, with the result that tar is made into 
coke and some gas. On this basis, the following yields may be 
anticipated from American coals: 


-———Per ton of 2000 lb. of coal- 
Esti- 
Labora- mated Labora- 
tory com-_ tory 
mercial assa B.t.u. 


assay 
Coke, yield, yield, yield, per 
Coal lb. gal. gal. cu.ft. cu. ft 
Gem—Tenn............. 1460 28.0 25 2840 
Harlan—Ky.............. 1410 31.6 28 3470 772 
Elkhorn—W. Va...........-- 30.0 27 3940 737 


Island Creek—W. Va... ..1430 28.9 26 3470 765 


The coke and gas yields are the assay results, and of course 
will increase in proportion with the estimated reduction in the 
tar. 
Heat and Power Requirements. The gross amount of heat 
necessary to carbonize one ton of coal is 1,630,000 B.t.u. This 
must be generated by the combustion of producer gas in the 
furnace setting. The superheated steam does not contribute 
thermally to the carbonization, since its temperature upon 


leaving the retort is no lower than when it enters. 


The following steam-driven units are employed, and operate 


against a back pressure of 6 to 7 lb. per sq. in., the exhaust 
steam being used in the process as described above: 


Hangine for rotating retort. .... 8.0 ihp 
Engine for circulating fan (flue 8.5 ihp 
Engine for tar-oil pumps and exhauster............ 18.5 ihp 
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The electrical units employed, with the power required, are: 


TRANS 


Motor for driving fan supplying air to burners...... 


Motor governing regulation of coal to screw feed... . 3.7 kw. 
Motor driving screw feed for coal to the retort...... 4.0 kw. 
Motor driving fan for coke-cooling bunker.......... 7.4 kw. 
Motor driving coke crusher, separator, and elevator. 15.0 kw. 
Motor driving screening plant.................... 15.0 kw 
Motor working hoist of traveling crane............ 16.0 kw 
Motor driving traveling crane.................... 2.5 kw 


These motors are actually worked at little more than one- 
third of the above full capacity, the electrical energy used, 
other than for lighting, being only 550 kw-hr. per day of 24 hours 
at 80 tons carbonized per day. The power for lighting purposes 
is additional, and the average taken over summer and winter 
is 50 kw-hr. per day. 

Quality of Products. The volatile of the coke runs from 10 to 
15 per cent, averaging about 12 per cent. It is easy of ignition, 
free-burning, and quickly responsive to changes in draft. It is 
entirely smokeless, and during combustion emits radiant heat 
to a degree unknown with other solid fuels. Unlike high-tem- 
perature coke, it allows a small fire to be kept. This is a dis- 
tinct advantage since high-temperature coke will cease to burn 
unless a big body of fire is maintained. 

The percentage of lump coke has been very considerably in- 
creased since resort has been taken to dry quenching. Great 
importance is attached to this method of cooling the coke. Wet 
quenching tends to fracture the lumps and increase the percen- 
tage of breeze. Since dry quenching has been alia at 
Essen, the ratio of fines to coarse on a 10-mm. screen has been 
changed from 45:55 to 20:80. A recent screen analysis of the 
total coke after the final screening follows: 


Size Per cent 


The density is that of by-product coke. It has been trans- 
ported considerable distances in Germany without any unusual 
amount of disintegration. In regard to the weathering proper- 
ties of the coke, Dr. Mueller in his paper? on the K.S.G. process 
presented in November of last year before the International 
Conference on Bituminous Coal, made the following statement: 


A semi-coke (dry) cooled in this manner shows the interesting 
property that its surface is to a certain extent waterproofed. Large 
piles of semi-coke which lay in the open for about one and a half 
years, and were thus exposed to the changes of weather in both winter 
and summer, show today an average water content of not more than 
2 per cent and a maximum of 5 per cent, that is, the centers of the 
individual lumps are still practically anhydrous. This fact is 
easily explained if we consider that the semi-coke is to a certain degree 
a coke not completely de-gassed and is still fuming a little when it 
leaves the retort. The traces of tar vapors are obviously condensed 
at once on the surface and impregnate the lumps of coke somewhat 
when the coke enters the cooling chamber. The fact is that in every 
case dry-cooled semi-coke which has lain for days in heavy rain al- 
ways shows a perfectly dry interior. That this resistance to the 
weather of dry-cooled semi-coke is exceedingly advantageous in 
every respect needs no particular discussion. 


The K.S.G. tar is the usual low-temperature product and has 
a specific gravity of 1.05 to 1.06 at 60 deg. fahr. As recovered 
by the washer-cooler, it contains 3 per cent water, but after 
settling it has less than 1.5 per cent. The so-called “free 
carbon”’ amounts to only 2 to 5 per cent, indicating that the dust 
content is very low. A typical distillation analysis follows: 


2 “Low-Temperature Carbonization of Coal,’ by Dr. Fr. Mueller, 
Proceedings, International Conference on Bituminous Coal, Novem- 
ber 15 to 18, 1926, p. 766. 
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Fraction Per cent Specific gravity 
deg. cent. by volume at 15 deg. cent. 
93-180 7.5 0.856 
180-230 19.2 0.942 
230-270 13.6 0.994 
270-360 22.9 1.056 
Pitch 36.58 1.170 


The total distillate contains 25.5 per cent by weight of phenols 
or tar acids. Naphthalene, anthracene, and their related prod- 
ucts are of course absent. 

From a suitable high-volatile coal, 
light oil can be recovered by scrubbing the gas. 
almost entirely non-aromatic, but contains cyclic saturated and 
unsaturated hydrocarbons high in ‘“‘anti-knock”’ value when used 
asa motor fuel. Its specific gravity is 0.775 at 60 deg. fahr., and 
it distils as follows: 


2'/, to gallons of 
This oil is 


First drop 40 deg. cent. 


40 to 100 deg. cent............. 43.0 per cent 
100 to 120 deg. cent............. 15.0 per cent 
120 to 150 deg. cent.............16.0 per cent 


150 to 180 deg. cent............. 8.0 per cent 
180 to 200 deg. cent. ...7.0 per cent 
Above 200 deg. cent... .11.0 per cent 


.. 100.0 per cent 


The following is an analysis of the gas produced from the same 
coal for which the analyses of tar and light oil are given 


..4.5 per cent 
Colle ..0.2 percent 
.....1.6 per cent 
.15.0 per cent 
....46.7 per cent 


The specific gravity of this gas is 0.696 at 60 deg. fahr. Its 
gross calorific value is 814 B.t.u. per cu. ft., and its yield is 3200 
cu. ft. per ton (2000 lb.). The analysis is of a sample taken after 
the removal of the light oil in the scrubber. It will be noted that 
in this particular case the total number of heat units in the gas 
s 2.6 million. In general, the yield by low-temperature car- 
bonization is 2.5 to 3.5 million B.t.u. in the form of gas, depending 
upon the volatile content of the coal. 

No effort is made to recover the ammonia in the K.S.G. proe- 
ess. The yield rarely exceeds two pounds per ton of coal. It 
cannot be recovered economically at the present low price re- 
sulting from the production of synthetic ammonia. 

Market for Products. The coke produced falls into two groups, 
approximately 80 per cent lumps and 20 per cent fines. The 
lumps enjoy a ready sale as a high-grade, smokeless, free-lurning 
domestic fuel, and are sold on an equal price basis with competi- 
tive fuels of this description. 

Various fields are open to the fines. 
ized and burned with excellent results. Unlike metallurgical 
coke, the K.S8.G. product is not particularly abrasive, and the 
pulverizing mills suffered no abnormal wear. The fines have also 
been recirculated in the process, where they have been found 
valuable in blends with coals of particularly strong coking powers 
Finally, a regular and self-contained outlet for the material 1s 
always to be found as a producer fuel for underfiring the retorts. 
Here it may be assigned a value equal to the cost of any other 
material equally suited for the manufacture of producer £%- 

The tar produced at Essen was first sold on a contract basis 
at a price amounting to nearly 7 cents per U. 8. gallon. At the 
expiration of this contract a price of 10 cents was offered and re 
fused. The tar is now distilled directly by the producers, and 
sold as disinfectant oil, wood-preserving oil, and various other 
refined products. The great adaptability of low-temperature 
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tar to these special markets is well illustrated in England also. 
The Colliery Guardian in one of its September, 1927, issues re- 
ports the sales price of the Illingworth tar to be 4 pence per 
English gallon, or the equivalent of 62/; cents per U. S. gallon. 
A recent private communication from abroad states that Messrs. 
Page and Company are purchasing the output of Low Tem- 
perature Ltd. at Barnsley at 6 pence per English gallon, or at the 
rate of 10 cents per U. 8. gallon. 

There is no American sales price at present, since there is 
not a sufficient domestic production to establish a price. Past 
sales at 6'/2 cents per gallon, however, demonstrate that this 
is a conservative evaluation. Both the refiner and the consumer 
have been unfamiliar with this type of tar and its products. 
The inherent value of the tar acids, the high content of which 
is an outstanding characteristic of the tar, has yet to be realized. 
It is firmly believed, therefore, that once large-scale production 
is established, special refining methods developed, and new 
markets opened, a credit of 10 cents per gallon of crude tar will 
be the inevitable result. 

The entire production of coal gas is available for sale since 
the retorts are underfired by producer gas. The exceptionally 
high calorific value of this coal gas is best realized when it is 
used as a carburant for cheap gases of low calorific power to make 
a mixture capable of meeting the legal heating-value standards 
for municipal sale. A simple calculation will illustrate how a 
credit may be established in this connection. The mixing of 
1000 cu. ft. of 800-B.t.u. low-temperature gas with 1000 cu. ft. 
of 300-B.t.u. blue gas will give 2000 cu. ft. of a 550-B.t.u. gas. 
This mixed gas is worth 2 X 30 = 60 cents in the holder. The 
blue gas costs, say, 18 cents. The low-temperature gas, then, is 
worth 60 —18 = 42 cents per 1000 cu. ft. 

The predominant market for light oil is motor fuel. This 
commonly commands a price of 5 cents per gallon more than gas- 
oline, with which it is usually blended. Allowing 5 cents per 
gallon for refining charges, it should be worth 14 cents per gallon, 
a common net credit for motor benzol. 

On the basis of the foregoing remarks, the possible gross 
revenue from the operation of a K.S.G. plant under American 
conditions has been estimated. Such an estimate made in the 
absence of an actual working plant in this country involves, of 
course, the element of personal opinion, and is not presented as 
the final word on the subject. 


REVENUE PER 2000 LB. 


Coke, lump, 0.586 ton at $10 per ton.................... $5.56 
Coke, fine, 0.144 ton at $5 per ton................... 0.72 
Tar, 25 gal. at 6'/: cents per gal................-...00005 1.62 
Gas, 3500 cu, ft. at 42 cents per M...................-5. 1.47 
Light oil, 2'/: gal. at 14 cents per gal.................--.. 0.35 


Local conditions, of course, determiné the actual figures. 
So far as coke sales are concerned, Eastern seaboard conditions 
have been assumed, underselling anthracite coal by one dollar 
per ton, and allowing three dollars per ton as the cost of delivery. 
Un this basis, a gross revenue has been estimated of approximately 
ten dollars per ton of coal carbonized. 


Cost Data 


During the long period of operation at Essen, Germany, a 
careful record of all costs has been kept. In transposing these 
figures in terms of American conditions, however, allowance has 
been made for the higher wage scale in this country. It has been 
assumed, moreover, that the size of the plant in question is 
sufficient to carbonize 600 rather than 80 tons perday. By thus 
multiplying the number of retorts, the costs of supervision and 
fuel handling are considerably reduced. 


Costs A PLant CarsonizinG 600 Tons oF per Day 


Cost per ton 


4 4 of 2000 lb. 
Men required per day, 60 . 
Labor { Average rate per hour, 62 cents ............ $0.50 
Supervision (Superintendent, 2 assistant superintendents 
1 chief chemist and 3 assistants, 2 clerks, stenographer, 
1,600,000 B.t.u. required per ton of coal ) 
Heating carbonized » 0.80 
Producer gas used for underfiring 
Power, 500 kw-hr. per ton at 1'/2 cents................ 0.08 
Steam, 600 Ib. per ton, at 43 cents per 1000 Ib.......... 0.26 
Lubrication and 0.05 


It has been impossible to determine from the Essen data what 
the actual investment and maintenance costs have been in the 
German plant. Alterations have been made from time to time, 
and the only available figures show the accumulated charges 
from the beginning of operation. It was stated, however, that 
the total operating expense including the cost of coal was 380,000 
gold marks. Gross revenues were 790,000 gold marks. This 
left a difference of 410,000 gold marks for interest on investment, 
depreciation, and profit. Since the amount of coal treated was 
25,500 tons, the unit sum available for fixed charges and profit 
was 16 gold marks perton. It should be borne in mind, moreover, 
that much of the operation during this period was of an experi- 
mental nature. 

To summarize possible American conditions, therefore, it may 
be said that with coal delivered at $5.00 per ton, there will be 
a balance of $10 —$5 —$2 = $3 per ton to cover fixed charges 
and profit. 


ProJecTED COMMERCIAL DEVELOPMENT 


Commercial development of the K.S.G. process as controlled 
by the International Combustion Engineering Corporation is now 
well under way in both Europe and America. 

During July, 1927, a contract was signed with the Cooperativa 
de Fluido Electrica of the city of Barcelona, Spain, for the 
construction of a 500-ton plant. This plant is to be built by the 
International Combustion Engineering Corporation, but is 
to be operated by Spanish interests. 

The French owners of the Mines de Marles in France have 
contracted for a 200-ton plant. The exact site has yet to be 
determined, but will be somewhere in the neighborhood of Paris. 

Coal Oil Extraction Ltd. of London are completing negotiations 
to erect a 500-ton plant in the British Isles. 

It has already been announced that the International Combus- 
tion Engineering Corporation will build a 600-ton plant on the 
Raritan River in Piscatawaytown near New Brunswick, New 
Jersey. The preliminary engineering work is now under way, and 
it is planned to have the plant completed and in operation by 
March 1, 1929. Contracts have been completed with the Public 
Service Electric and Gas Company of New Jersey for the purchase 
of a minimum of 3,000,000 cubic feet of gas daily, and with the 
F. J. Lewis Manufacturing Company for the purchase of the low- 
temperature tar and light oil, estimated at respectively 15,000 
and 1800 gallons per day. 

The plant will consist of eight retorts. Seven of these retorts 
are to be operated continuously, with the eighth maintained as a 
spare. The low-temperature gas is to be blended with blue gas 
to produce a mixed gas with a calorific value of 530 B.t.u. per 
cu. ft. The retorts will be heated by producer gas. The general 
design of the German plant will be followed in so far as the re- 
torts and coke-cooling apparatus are concerned. The usual 
equipment for fuel handling and storage, gas purification, tar, 
and light-oil recovery will be provided. 
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Discussion 


A. G. Curistiz.* The objectives of various low-temperature 
carbonization processes in America are generally one or other 
of the following: 

1 To provide central stations with cheap fuel supplies by 
treating coal to remove some of its more valuable constituents. 

2 Tosupply a growing demand for a substitute domestic fuel 
from bituminous coal for use in place of anthracite in household 
furnaces. 

As the author points out, the K.8.G. system is obviously of 
the latter type, and this paper should be studied with this definite 
objective in view. Let us see how this major objective of se- 
curing a large return of smokeless domestic fuel is attained, and 
to what extent the by-products contribute to lower the cost of 
the processing. 

In the first place, this is a German process which has been 
developed to handle a particular variety of Ruhr coal, although 
small amounts of British and French coals appear to have been 
tried in this retort. Many engineers present will recall that 
about 20 to 25 years ago there was a widespread interest in this 
country in gas producers and engines to use producer gas. 
Several European designs of producers were tried, but these 
invariably got into difficulty either from limitations in capacity 
or inability to handle satisfactorily American coals. Their 
successful operation in this country only came after long and 
patient development to suit our fuels. It is therefore reasonable 
to expect that similar difficulties will be experienced in the 
application of the K.S.G. system to American fuels. In fact, 
other systems of low-temperature carbonization that have been 
brought from Europe have had to undergo such further develop- 
ment. These statements are not made to discourage the intro- 
duction of this or other processes, but rather to emphasize that 
a period of development must be anticipated before the new 
plant will function as expected. The cost of this development 
period will be a factor to consider in making up balance sheets 
on such processes. 

The figures given on page 5 and other data on low-temperature 
carbonization processes indicate that a coke yield of 0.7 ton 
may be expected from each ton of American bituminous coal 
that probably will be carbonized. It may be emphasized here 
that in this country in all probability only high-volatile bitumin- 
ous coals which have a low first cost will in general be carbonized 
by low-temperature-carbonization processes. This general state- 
ment may need to be modified later to suit certain local condi- 
tions, but would seem to be justified when the economic returns 
from the process are dependent on the yields of rich gas and 
other by-products. 

With the system of dry quenching described, the author states 
that 80 per cent of the coke is in lumps which would be suitable 
for sale as domestic fuel. In other words, 0.56 ton of such 
fuel may be expected per ton of coal processed. Unless this can 
be loaded into trucks for delivery to customers, there will be 
some handling loss which will lower the amount available for sale. 
A prime factor in the economics of low-temperature carboniza- 
tion is the selling price of this amount of domestic fuel. 

The writer has already discussed this matter of price of such 
domestic fuel before the Society. The author uses eastern sea- 
board conditions in arriving at costs and assumes that such 
fuel can undersell anthracite by $1 per ton. It may be possible 
to secure such high prices in those sections of the country where 
no fuel except anthracite is now used on domestic grates. When 
householders are in the habit of using bituminous coal in homes, 
a lower price must be assumed. Foreign engineers state that 
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this type of domestic fuel generally sells in Europe about midway 
between anthracite and bituminous coal. 

The author also states that 20 per cent of the total coke con- 
sists of fines and dust, or about 0.14 ton of such material is male 
per ton of coal treated. 

Will all of this fine coke be required to make producer gas 
and steam for the process, or must a market be found for the 
excess? The quantity will not be great enough to warrant any 
special equipment for its use except under certain local conditions. 

Engineers will be interested in the use of steam superheated 
to 900 deg. fahr. They would like to know how long the super- 
heater tubes stand up at this temperature, and what are the 
maintenance costs of superheater and piping. This temperature 
is greatly in excess of that which is regarded as conservative in 
central-station service. 

It is unfortunate that the author has presented no estimated 
first costs of this equipment. It cannot be particularly cheap, 
for it involves, besides the retort itself and the by-product 
recovery apparatus, coke coolers, gas producers, and superheaters. 
Unless steam can be purchased from another source, there must 
also be provided a steam-boiler plant. The electricity probably 
would be purchased. 

Engineers will follow closely the applications of this plant in 
America and will welcome any further cost figures and operating 
balance sheets. There is a real economic need in America for 
a satisfactory low-temperature carbonization process to supply 
domestic fuel, and it is to be hoped that the K.S.G. system will 
fully meet this need 


A. W. Botiensack.‘ The paper is a very complete exposi- 
tion of the mechanical development, operating characteristics, 
and economics of the K.S.G. process, and as such makes a valu- 
able addition to the general knowledge of low-temperature 
carbonization. 

From the paper and from other available information regard- 
ing this process, it appears that the inherent mechanical difficul- 
ties of low-temperature carbonization have been frankly met 
and provided for, more or less satisfactorily, by the developers 
of this process, and that further development work will be 
along the lines of improved mechanical operation and market 
conditions. 

It is generally recognized that the development of a suitable 
market for coke is probably the biggest problem to be solved. 
It is brought out that the K.S.G. process is not particularly 
well adapted for use in connection with the production of cheaper 
fuel for steam generation in large central stations, and that the 
market for the coke must therefore be looked for in other direc- 
tions. The process yields a coke having approximately 80 per 
cent lumps and 20 per cent fines when dry-quenched. The 
lump coke produced is well adapted for transportation, is weather- 
resisting, and can be satisfactorily used as a smokeless domestic 
fuel. The character of the coke eliminates the excessive addi- 
tional cost of briquetting which has always been an economic 
deterrent to the sale of low-temperature coke, and the market 
for this sale will be available in direct proportion to the amount 
of educational work as regards the purchasing public. 

As for the tars, the writer wonders whether consumers of 
creosotes have ever changed their specifications, or have been 
approached with this end in view, so as to make this large 
market available for low-temperature tars with their higher 
percentage of low-boiling constituents. However, creosoting 
oils should determine the market value of these tars to a small 
extent only, and their true worth should be evaluated on the basis 
of fractionated products. 


4 Assistant Mechanical Engineer, McClellan & Junkersfeld, Inc. 
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The revenue per ton, as given by the author, may be ques- 
tioned in several cases. For instance, it is assumed that the 
figure of $10 per ton of lump coke is taken at the coke pile in 
the plant. An additional $2.50 or $3.00 per ton would have 
to be added to this for rehandling, cartage, etc., making a com- 
petitive price of $12.50 or $13.00 to the retail buyer, or a cor- 
responding decrease in the revenue to the plant if the retail 
price was accordingly reduced 

The revenue from the coke fines is given as $5 per ton. Coke 
breeze having a fairly high volatile content and burned on grates 
and in producers in a certain plant with which the writer is 
acquainted, is given a bookkeeping charge of $1 per ton. The 
writer further understands that this is the practice in other 
plants. It is questionable, therefore, whether the fines pro- 
duced by the K.S.G. process could be marketed at a price in 
excess of $2.50 or $3.00 per ton when considering the apparent 
superiority of these fines over the ordinary coke breeze. 

The gas revenue is calculated in the paper to show a value 
of 42 cents per 1000 cu. ft. when containing 550 B.t.u. per cu. ft. 
The cost of a similar gas in the holder of a 2,500,000-cu. ft. gas 
plant, with producer-gas-fired horizontal ovens and coal at 
$5 per ton, works out at approximately 30 cents per 1000 cu. ft. 
Changes in these coke and gas values would somewhat reduce 
the $3 per ton figure given in the paper as available to cover 
fixed charges and profit. 

Finally, the results of the 600-ton plant which is being con- 
structed near New Brunswick, N. J., will be eagerly awaited by 
all those interested in the future of low-temperature carboniza- 
tion. 


Martin J. Conway. So much has been said and written 
about low-temperature carbonization and its possibilities that 
one is inclined to become skeptical when a new process is being 
talked about. The K.S.G. process no doubt has great possi- 
bilities, and in the writer’s opinion would find a great field of 
usefulness as a central gas plant in steel plants which are at 
present gasifying large quantities of coal in ordinary gas pro- 
ducers. 

To do this the K.S.G. process would of necessity have to pro- 
duce a residual coke which could be readily gasified in a blue- 
water-gas set; the resultant water gas could then be mixed with 
the K.S.G. gas, which would give a combined gas B.t.u. value 
equal to coke-oven gas of around 500 B.t.u. or better. 

The present method of making producer gas realizes only 
80 per cent of the B.t.u. value of the coal gasified for useful 
work at the port of the furnace, and involves a large capital 
investment per ton of gasification capacity. The coal must be 
sized and must be practically free from fines for best results; 
the gas mains need frequent cleaning, and a practice producing 
& gas having an average B.t.u. value of 150 B.t.u. per cu. ft. 
is considered good, which means large gas mains and large and 
expensive gas valves and flues. 

A combination gasification process as outlined would, in the 
writer's opinion, be a step in the right direction and would be 
favorably received by most steel plants, provided, of course, 
the ultimate cost per million B.t.u. is not higher than that of 
the present producer gas. 


C. H. Lanper.* The paper gives a most interesting and 
clear account of the K.S.G. carbonizing plant, to which the 
writer does not feel that anything need be added. He would, 
however, emphasize one or two of the author’s conclusions. 
First, he entirely agrees that there is no single ‘“‘best’’ method 

* Fuel Engineer, Coatesville, Pa. Mem. A.S.M.E. 
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Industrial Research. London, England. 


of low-temperature carbonization. The most suitable method 
in any given case depends upon the nature of the coals available, 
the type of products which will command the best market, and 
the process obtainable for them. 

The writer has had no personal experience with the K.S.G. 
plant in connection with bituminous coals, but it is of a type 
that general experience would suggest should give a high yield 
of tar from a somewhat limited range of suitable coals, although 
blending and temperature control might result in this range’s 
being less restricted than would appear at first sight. The 
coke is said to be very suitable for “domestic purposes.” Since 
this type of plant is being erected in several countries, it may 
be well to point out that the type of coke suitable for domestic 
purposes varies in different countries. In America a substitute 
for anthracite is required for burning in central heating plants, 
and the same applies to some extent to the continent of Europe; 
but in Great Britain there is still a great demand for a fuel which 
will burn more freely than anthracite in open grates. Low- 
temperature coke, if properly sized and clean, is excellent for 
this purpose, but anything approaching the 25 per cent ash 
mentioned in the paper would certainly be strongly objected to. 
Low-temperature coke as produced in England in stationary 
vertical retorts can be used not only in open fires but also for 
stoves and independent boilers; on the other hand, its low 
apparent specific gravity, which entails more storage room and 
more frequent stoking, is a disadvantage. 

The remarks on the value of the gas produced point a moral 
as to the advantages of the “therm” method of evaluation of 
this product. One thousand cubic feet of 550-B.t.u. gas is taken 
as worth 30 cents, i.e., 5'/2 cents a therm; 1000 cu. ft. of 300- 
B.t.u. blue water gas at 18 cents, i.e., 6 cents a therm; and 1000 
cu. ft. of 800-B.t.u. gas at 42 cents, or 5'/, cents a therm. On 
this basis of evaluating the gas, and taking the prices quoted, 
the blue water gas is actually worth more than the rich low- 
temperature gas. 

As regards the estimated balance sheet, the writer notes that 
the author expects to buy his raw material at $5 a ton and sell 
lump coke at $10 a ton; if these figures can be realized, there 
seems to be no doubt that several carbonization methods should 
pay, especially if a good market is obtainable for the gas. 


Wiuiiam H. Buiavvetr.’ As every one knows, there are in 
this country many coals which will not coke. One of the first 
questions of interest is: Will the K.S.G. process handle these 
non-coking coals, or must it confine itself to the coals which 
coke? 

A second question is: Can coals of varying coking capacity, 
or varying degrees of fusibility, be controlled conveniently or 
accurately in the K.S.G. process, and if so, what is the method 
of doing it? Dr. Powers’ process has been referred to, but this 
would seem to be nearer to the Wisner process. In this process 
the control of the coking, or melting of the coal, is determined 
by a partial oxidation in a preliminary cylinder before it reaches 
the temperature at which the volatile matter is driven out. 

So the second question is supplemented by asking whether 
any such chemical reaction as takes place in the Wisner process, 
for example, is depended upon in the K.S.G. process. It would 
seem that in a very strongly fusing coal, some such control 
would be required. As we start with the strongly coking 
coals of the Pittsburgh district, for example, and go west with 
the application of this process, this question would arise in 
almost every case. 

Reading the description of the process, the writer notes that 
highly superheated steam is introduced into the coal at the upper 
end of the outside cylinder, and that the mechanism provides 
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for shutting off the steam from the orifices as they arise above 
the surface of the coal. It would be interesting to know if 
any mechanical difficulties have been encountered in what 
would seem at first glance to be a rather difficult condition to 
maintain under the conditions existing in the cylinder at the 
temperature used. 

The writer also would like to know whether or not the char 
has been utilized in Germany by the inventors of this process 
for firing boilers, and if so, with what economy. 

Engineers have considered the advantages of utilizing red-hot 
fuel direct from such apparatus on automatic stokers. Naturally 
some advantages are to be found in using red-hot fuels. Since 
many stokers of the chain-grate type use 25 to 30 per cent of 
the grate area in bringing the fuel up to the ignition point, if 
this red-hot char could be used in the stoker as it comes from 
the low-temperature plant, the resulting economy would to 
some degree make up for the loss in combustible by the distilla- 
tion. 

The price at which the char can be sold is very important, in 
view of the fact that we have discovered that the domestic 
chimney is the principal source and cause of the smoky condi- 
tions of our cities using soft coal. If this material could be 
produced at a price attractive to the domestic consumer now 
using soft coal, it would seem that the field for such a process 
would be very large and the returns most satisfactory. 

It would also be interesting to know if it has been definitely 
shown in this country what the markets are going to be for the 
tar products, that is, the oils from this low-temperature dis- 
tillation. As we all know, the principal difference between 
this and the ordinary coal-tar oils is the greater percentage 
of tar acids, and also the different composition of that group 
of tar acids as compared with ordinary creosote oil. The writer 
would be very much interested to know to what extent in- 
vestigation has shown the commercial value of this oil as com- 
pared with creosote oil.. 


H. W. Brooks.* The writer recalls that during a visit to 
‘arbonization plants in Germany three years ago there was 
considerable difficulty with the dust problem in this process. 
Judging from the paper, this seems to have been very success- 
fully taken care of. It would be interesting to know what 
changes have been made over the original operation in order 
to accomplish the apparently successful result indicated in the 
paper. 

The author's personal idea as to the possibility of utilizing 
this process with fat coking coals, such as the Pittsburgh seam 
coal, is interesting. Pittsburgh coking coal seems to have proved 
the most difficult problem for most of the low-temperature 
carbonization systems on the market. Needless to say it is 
an important problem, because of the great availability of that 
type of coking coal. 

The question of oil supply and prices came to the writer’s 
attention very forcibly a number of years ago when he attempted 
to learn something of how to burn pulverized fuel in marine 
boilers. Here is a field which at that time was almost exclusively 
the province of oil, and to a large extent still is. There has 
been a wavering between oil and coal a number of times in the 
past, and it has cost shipping authorities quite a sum of money. 
As the price of oil soared, they would go to coal and would 
spend considerable money in so doing; when the price dropped 
they would then spend more money in order to go back to oil 


again. 


To obviate similar “miss-fires’ in the future, in an attempt: 


to settle upon a definite program representatives of three of the 
principal oil companies in New York were called together by 
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the Shipping Board and this question was placed before them: 
“Do you believe that with the increasing knowledge of fraction- 
ating processes becoming available, and with limited supplies 
of domestic oil, the average price of fuel oil during any year 
in the future will be lower than the average price at the present 
time?’’ The final definite answer was that neither one of these 
three companies could conceive the possibility of the average: 
annual price of fuel oil ever decreasing in the United States in 
the future. 

That is one thought the writer wishes to present, for he is 
confident that low-temperature carbonization as one means 
of aiding in the solution of our liquid fuel problem is bound to 


come. 


W. Trinks.’ With regard to the use of various coals in gas 
producers and low-temperature-carbonization equipment, we 
know very well that different coals behave differently. If the 
writer had to design a plant such as is proposed for New Bruns- 
wick, N. J., he would ask the company for an appropriation of 
ten or twelve thousand dollars for the purpose of building a 
small model to see what would happen. The writer has had a 
great deal to do with combustion devices, and he has come to 
the conclusion that a great deal can be learned with regard to 
the behavior of different fuels even in a small-sized machin 


J. R. Minervirces.”” One of the purposes of low-temperature 
carbonization seems to be the production of a smokeless domestic 
fuel. Professor Ward in the Fuels Division Progress Report 
has mentioned the fact that domestic oil burners have made 
great progress. Personal experience and data from the American 
Oil Burner Associations seem to indicate that domestic oil 
burners are rapidly replacing coal-burning furnaces. However, 
domestic oil burners receive a great deal of competition from 
specially designed boilers in which small-sized anthracite coal 
costing about $6.00 or $6.50 per ton is used. 

A user of $14-$15 per ton anthracite who wishes to change 
to a cheaper fuel naturally reasons that he can profit by pur- 
chasing one of these boilers instead of oil-burning equipment 

Now, unless coke produced by the low-temperature carbon- 
ization method can meet the price of small-sized anthracite. the 
domestic owner will not purchase the smokeless fuel. It seems 
that those who go in for low-temperature carbonization, expecting 
to find a profitable outlet for the coke, will have to meet this 
situation created by the oil burner and the boiler designed for 
cheaper grades of anthracite. 


R. V. Kierscumipt.'! The writer has had the good fortune 
and the very interesting task for over a year of studying the 
relation between the American gas industry and various buro- 
pean gas-making processes. The results of this study have not 
been so encouraging as it was hoped when the investigation was 
started. Offered in connection with this paper they might 
prove of some interest. 

All coal-processing methods, either complete gasification of 
low-temperature carbonization, must rely to a considerable 
extent on the sale of by-products. In the paper mention 18 
made of the great value of the liquid products, or at least their 
great quantity. In New England the gas companies are burning 
tar under their boilers as fuel. As long as this condition lasts, 
it would seem that an increase in the production of tar, regardless 
of quality, would be of no economic value. 
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Present processes of vapor-phase oil cracking allow the pro- 
duction of various aleohols and commercial solvents, which 
are substitutes, in a measure, for benzol, toluol, and the various 
by-products from the light oils of coal processing. 

Conditions in America are very different in this respect from 
those in Europe. We have a large supply of petroleum for 
motor fuel, so that the use of benzol, in spite of its advantages 
in producing anti-knock fuels, will not command prices com- 
parable with those obtained in Europe. 

As to the domestic coke market, the companies around Boston 
are receiving approximately $12 a ton for a very high grade of 
clean, free-burning product. By-product coke ovens produce 
a large percentage of domestic coke, even when they are operated 
for metallurgical purposes, and even where anthracite is $16 
aton and coke $12 it is difficult to dispose of the surplus domestic 
sizes. Here again there is a radical difference between American 
and European conditions. 

Oil burning is increasing to some extent, but the use of manu- 
factured gas in the city of Boston has given such satisfactory 
results and is developing so rapidly that it seems a question of 
but a year or two before it will seriously compete with oil. We 
are therefore more interested in gas production than in the coke 
which is the main product of the K.S.G. process. 

In conclusion the writer wishes the K.S.G. process every 
possible success, and he hopes that it will be possible to over- 
come this handicap of a glut on the American market of liquid 
coal-processing by-products, yet he cannot but feel that there 
is a very serious handicap to be overcome in this respect. 


T. E. Burrerrievp.'"? This process is judged, and properly 
80, on its commercial significance, but this is reduced in value 
very much by the low price of oil. As has been brought out in 
this discussion we are now suffering from an excessive produc- 
tion of oil in the United States. The difficulties these various 
processes are facing will be overcome as soon as the well-oil 
supply has decreased enough to increase the price of oil, so that 
the manufacture of oil by these by-product processes will become 
commercially profitable. 

The hazard undertaken by every commercial organization in 
the development of new processes is to find by trial whether or 
not the cost of production is low enough to make the product 
commercially successful. Professor Christie has mentioned the 
producer-gas industry in the United States. The writer hap- 
pened to build what he believes to have been the first suction 
gas producer for the manufacture of power in the United States. 
As Professor Christie says, ‘‘We followed European design very 
largely.” 

Now, the chief reason why the gas producer, for power, has not 
sueceeded greatly in America, the writer believes, is on account 
of the different characteristics of American coals, as Professor 
Christie has said, and also on account of the difference between 
labor costs in Europe and America, and the difference in the pur- 
chasing power of a dollar here and over there. As a matter of 
fact, the European anthracites made possible the development of 
the small suction gas producer. Both the Scotch and the 
Belgian anthracites are very low in ash, and they are known to 
have more volatile matter than the American anthracite coals. 
Both of these qualities are favorable to the successful operation 
of a small plant. 

The ash in American anthracites is so high that the rate of 


'? Professor of Engineering, Lehigh University, Bethlehem, Pa. 
Mem. A.S.M.E. 


to 


combustion must necessarily be lower in order to avoid clinker- 
ing difficulties. With these low rates of combustion, of course, 
the carbon dioxide content of the gas increases, the heating 
power decreases, and the fire has less vitality, or inertia, resulting 
in wider fluctuation of the gas quality and the power of the 
engine. 


A. J. German.'* As the writer understands the paper, neither 
a central station nor a large industrial plant alone should consider 
the large carbonization process. It appears that it is necessary to 
tie in with the city gas company directly. It would be interesting 
to know in the case of a gas company which is already supplied 
with equipment of sufficient size to produce gas for its locality, 
what would be the difficulties in the way of getting that company 
to operate with either the central or the industrial plant to set up 
such a system. Would there be a great expenditure of money 
involved in making the necessary changes? 


H. D. Savace.'* It has been the writer’s pleasure for the 
last ten years to have devoted his time to the promotion of 
new things in connection with the engineering field, and par- 
ticularly in the use of coal, pulverized fuel, water walls, and 
at the present time he has the good fortune to be associated 
with the author, Dr. Runge, in this endeavor of his in a com- 
mercial way. 

Whenever these new ideas and devices have been presented 
to engineering meetings and to engineers in person, they have 
always been received with pessimism. On the other hand, the 
bankers listen and then put up two or three million dollars’ 
backing. Up in New England, let us say, business men examine 
the figures placed before them, comparing their low prices and 
the cost of coke, and what they are paying for tar and gas, and 
they are willing to put up a couple of million dollars for a plant. 
Yet, when these ideas are placed before engineers in a meeting they 
are not willing to put their backs behind them in a receptive way. 
It seems wrong. 

When we are going through radical changes such as those 
of today in methods of doing, methods of using raw materials, 
and methods of using new by-products, it seems that engineers 
should ‘‘get wise to themselves,’’ and get behind these new 
things. 

We have been pleased to look at coal as something to be 
burned, part to be carried out through the ashpit, and part of 
it through the stack. It seems to the writer that, in line with 
the other changes, we must begin to look upon coal or fuel as 
a raw, basic product to be treated and processed, and to save 
all the by-products. 


W. M. Keenan.” It would seem that there must be some 
good chemical or mechanical reasons for the selection of this 
particular type of process. Perhaps labor costs are lower, 
production is better, investment costs are lower, or there is some 
other reason that governed the choice. In any event it would 
be instructive to learn from the author some of the reasons 
why the particular process he uses was selected by his company 
for commercial development, in preference to others. 


13 Chief Engineer, Scovill Mfg. Co., Waterbury, Conn. Mem. 
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Higher Steam Pressures 


PHILADELPHIA, PA. 


By NEVIN E. FUNK;,! 


In the following study of cycle efficiencies the author shows that 
the point is being rapidly approached where it is possible that the 
large additional investment cost necessary to go to higher steam 
pressure may not be warranted in obtaining high operating effi- 
ciencies. Hitherto it has been possible to obtain greater economy 
with so small an increase in investment cost that systems were 
warranted in building new stations for base-load operation and in 
using the older ones only on the peak-load periods. However, 
as the limit of economy is approached the differential between new 
and old station economy becomes so small that it does not pay to 
drop load from the old stations in order to carry base load on the new. 
In this case the building of peak-load stations, of small investment 
cost, might be warranted at intervals as an alternative to the present 
policy of base-load installations. 


HE purpose of this paper is to deal with the subject of 

higher steam pressures from the standpoint of the eco- 

nomic limitations of the use of the high-pressure steam itself 
and the conditions that must exist to justify that use, rather than 
from that of the development of materials and apparatus for its 
utilization. The past few years have seen a very considerable 
improvement in station efficiencies; accomplished by improve- 
ments in design of apparatus, development of steel-tube econo- 
mizers, air preheaters, water walls, deaerators, evaporators, 
etc., adoption of reheating and regenerative cycles, and the 
use of higher steam pressures and temperatures; and, in some 
cases, the new use of other heat-conversion mediums such as the 
mercury-vapor process. 


TREND OF PowER-GENERATION DEVELOPMENT 


The trend of improvement is illustrated in Fig. 1. The steam- 
cycle curve is based on the typical performance reports of 22 
generating stations of 60,000 kw. capacity or greater plotted 
against the date of installation. The flat portion of this curve 
from 1916 to 1922 is indicative of the retardation of power- 
station development in the period of stress during and following 
the war. The marked drop after 1922 shows the effect of in- 
creasing efficiencies to combat the high coal prices of the post- 
war period. The dotted portion of the steam-cycle curve shows 
an estimate of the future possibilities of the straight steam cycle. 
A similar estimate for the mercury-vapor-steam cycle is also 
shown. The line showing the B.t.u. in one kilowatt-hour is 
drawn to illustrate the wide margin between past and present 
performance and the theoretically perfect conversion of the heat 
in the fuel. This margin is of course largely due to the limi- 
tations of the cycles and mediums used, and in the present stage 
of the art a close approach to the theoretical seems rather remote 
despite the great improvements from 1913 to date. 

A comparison of the increase in station economy and the in- 
crease in coal cost is shown in Fig. 2. The coal costs are aver- 
age yearly values for bituminous coals taken from Government 
reports, and for purposes of comparison are expressed in per- 
centages of the 1913 cost. In view of the present strife in the 
coal industry it is hardly reasonable to expect any considerable 
reduction in the cost of coal for the immediate future. 

Fig. 3 shows the change in B.t.u. per kw-hr. and the change in 
coal cost per kw-hr. expressed in percentages of the 1913 value. 


1 Assistant Chief Engineer, Philadelphia Electric Company. 
Mem. A.S.M.E. 

Presented at a meeting of the Washington Section of the A.S.M.E., 
Washington, D. C., February 10, 1928. 


These curves show particularly the excessive post-war costs 
responsible for the present rate of improvement. It is interesting 
to note that although the B.t.u. rate in 1925 had decreased to 
65 per cent of the 1913 value, the cost per kw-hr. was prac- 
tically the same as in 1913. 


Cyc Le EFFICIENCIES 


The effect of higher pressures and temperatures with various 
steam cycles can be seen by reference to Fig. 4. The efficiency 
of the three cycles indicated increases appreciably with higher 
pressures, but more especially in the case of the regenerative 
cycle. At 200 lb. pressure the efficiency of the regenerative cycle 
is 3 per cent more than that of the Rankine; while at 1200 |b. 
pressure the efficiency is 7 per cent greater with the regenerative 
cycle. Increasing the temperature of the steam from 700 to 
800 deg. fahr. has a marked effect on the Rankine and reheating 
cycles, but shows a very minor improvement in the regenerative 
cycle. The advantage of the latter cycle is very apparent, es- 
pecially with higher pressures, and it is generally conceded that 
the gain in efficiency more than justifies the cost of the extra 
equipment involved in its use. An additional advantage of this 
cycle lies in the fact that there is a greater energy yield per unit 
volume of exhaust steam, thus reducing the size of condensing 
equipment. The limitations of the steam cycle are evident with 
a maximum cycle efficiency of 47.5 per cent at 1200 lb. pressure. 
Nevertheless the use of any other medium to replace or combine 
with the steam cycle must be justified in relation to increased costs 
of installation and operation compared with the thermal saving. 

The theoretical possibilities of the mercury-vapor process are 
illustrated in the temperature-entropy diagrams of Fig. 5. The 
total areas of the two diagrams are the same, representing the 
heat energy delivered from the fuel. The left-hand figure shows 
a mercury-vapor-steam cycle. The mercury vapor is generated 
at 70 lb. gage pressure and 884 deg. fahr. total temperature and 
expanded to 28.5 in. vacuum, after which it is condensed in a 
mercury condenser-steam boiler and generates steam at 255 |b. 
gage pressure at 417.5 deg. fahr. saturated temperature. The 
steam is superheated to 517.5 deg. fahr. total temperature by 
the exhaust gases from the mercury boiler, and expanded by 
the regenerative cycle to 29.0 in. vacuum. The cross-hatched 
area represents the work available from the mereury-vapor cycle, 
namely, 29.5 per cent; and the area between the 285-lb. gage 
pressure and 29-in.-vacuum lines that available from the steam 
cycle, or 27.5 per cent. The area below the 29-in.-vacuum line 
represents the heat rejected to the condenser, amounting to 43 
per cent. The total energy available is 57 per cent of the initial 
heat energy. The right-hand figure is the diagram for a rege®- 
erative steam cycle with steam generated at 1185 Ib. gage and 
700 deg. fahr. total steam temperature with one stage of reheating. 
The available energy is 46 per cent of the energy delivered from 
the coal, and the remainder, 54 per cent, is rejected to the cireu- 
lating water. From these figures it is apparent that 11 per cet 
more of the total energy is available with the mercury-vapor- 
steam cycle shown than with the regenerative steam cycle * 
maximum pressure. The pressures and temperatures of the 
mercury-vapor-steam cycle illustrated are not limiting values, 
but may be adjusted to give the best results for any particular 
installation. 


NEcEsSsARY CONDITIONS FOR Use or HIGHER PreEssURES 


The investment costs of installations using high pressures and 
28 
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temperatures and involving the more complicated cycles are 
higher than those of installations using the simple Rankine cycle. 
These higher costs must be justified by increased economy not 
only on the basis of the period of initital operation but of the 
total life period of the installation. 

A typical daily load curve for a cosmopolitan center is shown 
in the left-hand diagram of Fig. 6, the load being expressed in 
percentage of the peak kilowatts. The average load for the 
day is indicated by the dotted line at 58.8 per cent. This load 
curve may be put in a much more convenient form to determine 
the possible loading of the various generating stations of a large 
system. This new form is shown in the “occurrence” curve in 
the right-hand diagram. The ordinate of both figures is the 
same but in the second diagram the abscissa is the percentage of 
kilowatt-hours generated. For each ordinate value there is 
plotted, as abscissa, the percentage of the day’s total kilowatt- 
hours generated at or below that kilowatt value as indicated by 
the dotted lines: i.e., 100 per cent kw-hr. are generated at or 
below 100 per cent kw., 86 per cent kw-hr. are generated at or 
below 58.8 per cent kw., ete. The following may be an aid in 
understanding the occurrence curve. If the day’s total kilowatt- 
hours had been generated at 100 per cent load factor, the load 
curve would be represented by the complete block below 58.8 
per cent kw. in the left-hand diagram; including the shaded area. 
The occurrence curve would then have been the straight or 
100 per cent load-factor line extending from 0 per cent kw-hr. to 
58.8 per cent kw. in the right-hand diagram. However, in the 
actual condition this shaded area was not generated, causing the 
occurrence curve to fall away from the 100 per cent load-factor 
line as indicated by the arrowed line in the occurrence diagram. 
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Fic. 7 PosstspiLities OF A GENERATING STATION AS SHOWN BY 
OccURRENCE CURVES 


It is noticeable that all loads up to 26 per cent kw. occur at 100 
per cent load factor and fall on the straight line in the occurrence 
diagram. 

The loading possibilities of a generating station may be readily 
studied, using the occurrence curve just described. Fig. 7 shows 
two occurrence curves drawn on the same 100 per cent load-factor 
line. The smaller or left-hand curve is just one-half as large as 
the larger one. For the smaller curve, assume a system with 
two generating stations A and B,’, each capable of supplying 
half the load but B,’ being the more efficient. In this case B,’ 
would run as a base-load station with a load factor of 90.6 per 
cent as indicated, and A would operate as a peak-load station. 


Now let us suppose the system load doubled, as in the larger 
curve. Station A remains the same and continues as a peak- 
load station, but now only supplies one-quarter of the kilowatt 
load. The remaining load could be supplied in several ways, 
First by enlarging B,’ with the same type of apparatus; in which 
case it would become B”’ and have the load factor reduced to 75.8 
per cent. Secondly, and more likely, B,’ would remain the same, 
and a more efficient station, B’’’, would be built to carry the base 
load. * In this case the new station would have a load factor of 90.6 
per cent—the same as B,’—and B,’ would become By’ and have 
the load factor reduced to 49.8 per cent. <A third case might 
apply to large systems having a very sharp peak load. In this 
pase a peak-load station, of low investment cost, might be built 
to serve only over the peak period, thus improving the load fac- 
tors of existing stations. 

The above discussion has indicated that, with a growing svstem 
load, the load factor of a generating station will decrease with 
vears of service due to the construction of new, more efficient 
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stations. This fact materially affects the balance of investment 
and operating cost in choosing a new type of installation. 

The upper curve of Fig. 8 is an estimate of the reduction of 
load factor on a generating station over a 20-year period. The 
curves in the middle block show the cost each year for one uni! 
of output for two stations operated at the estimated load factors 
Station A is a high-investment-cost station with a low operating 
cost, and station B is a low-investment-cost station with a high 
operating cost. In the early years of operation the low running 
cost of station A overbalanced the high investment cost, an! 
station A operated at less cost than station B. However, !" 
the later years with low load factor the reverse was true an! 
B operated at the lower cost. The cumulative cost for the 
year period is shown in the two lower curves of the figure, 
with station A proving less expensive for the total period 
However, it is possible with certain conditions that the t? 
curves might have crossed, showing station B less costly for the 
total period. 


CONCLUSIONS 


It appears, from the foregoing study of cycle efficiencies, that 
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we are rapidly approaching a point where it is possible that the 
additional investment cost may not be warranted in obtaining 
high operating efficiencies. Until the present time it has been 
possible to obtain greater economy with so small an increase in 
investment cost that systems were warranted in building new 
stations for base-load operation, permitting the older stations 
to operate over the peak-load periods. However, as the limit 
of economy is ‘approached, it appears that the differential be- 
tween new and old station economy may become of so small 


a value that it would not pay to drop load from the old stations 
in order to carry base load on the new. In this case the building 
of peak-load stations, with low investment cost, might be war- 
ranted at intervals as an alternative to the present policy of base- 
load installations. 

It is granted that some of the factors mentioned herein are not 
easy to evaluate, but the time has arrived when they must be 
carefully considered in all studies relative to new installations 
if the best balance of economy is to be maintained. 
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High-Pressure Steam at Edgar Station 


By I. E. MOULTROP! anv E. W. NORRIS,? BOSTON, MASS. 


In this paper the authors describe the design of a generating plant 
for the Edison Electric Illuminating Company using steam at | 200 
lb. This plant, known as the Edgar Station, was the first in the 
country to use pressures of this magnitude. The equipment of the 
original plant is described and operating difficulties and results are 
discussed. An extension to the station is described and the results of 
experiences with the original plant as applied to the design of the ex- 
tension are set forth. As in the case of the original installation, the 
plant layout and equipment are described and operating results 
given. The capacities of the boilers, turbines, and auxiliaries are 
given. An interesting discussion of the possibilities of pressures 
above 1000 Ib. is included, as well as some of the problems likely 
to be encountered in high-pressure equipment. The inadequacy of 
existing data is also mentioned. A comparison of the space re- 
quirements of high- and low-pressure equipment closes the paper. 


N THE last few years the use of high-pressure steam in com- 
mercial power plants has developed from a pioneer stage far 
exceeding current practice to an important practical applica- 

tion. Both theoretical and structural problems have been 
studied, and their solutions have been worked out along the 
lines of commercial operation. 

The thermodynamics of higher pressures has been studied 
and presented in a number of excellent papers. The engineering 
design and the operating characteristics of plants operated as 
pressures of 500 lb. and above have received less attention, and 
this paper is devoted to a discussion of these aspects and the 
broader problems involved, with only such theory as may be 
necessary to make the subject clear. 


Epaar SratTion INSTALLATION 


In order to keep the presentation in concrete form this paper 
is based on the high-pressure-steam installation at the Edgar 
Station of The Edison Electric Illuminating Company of Boston. 
While high pressures were in experimental use abroad, the Edgar 
Station was the first in the world to include a commercial plant 
operating above a thousand pounds pressure. 

The design of the Edgar Station was begun some four years 
ago. At that time steam pressures ranged in the neighborhood of 
300 lb., while the first plant for 500 Ib. was in the early stages of 
design. The question of proper pressure for the new plant at 
once arose, and careful thermodynamic studies were made to 
guide the selection. It was found that owing to the improve- 
ment in turbine performance with increased superheat, the tem- 
perature of the steam should be made as high as possible, and 
700 deg. fahr. was decided on as the safe operating value. With 
this total temperature the efficiencies of various pressures were 
calculated and plotted as a curve. This showed that as the 
pressure rose the increase in efficiency became rapidly less, and 


- when this was combined with the efficiency of the single-ex- 


pansion turbine and the considerations of commercial design, it 
was found that the higher pressures were less favorable than an 
intermediate value, and a normal pressure of 350 lb. was selected. 

This study was based on the simple regenerative cycle. When 


1 Chief Engineer, Edison Illuminating Company of Boston. Mem. 
A.S.M.E. 

2 Engineer, Mechanical Division, Stone and Webster: Inc. Mem. 
A.S.M.E. 

Contributed by the Power Division and presented at the Spring 
Meeting, White Sulphur Springs, W. Va., May 23 to 26, 1927, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. For discussion 
see p. 5. 


the same ground was covered on the reheating cycle it was found 
that the limitations were largely removed and higher pressures 
became much more desirable. There appeared to be no limit 
to the desirable pressure except that of commercial design. 

An analysis of the cost of installation revealed the interest ing 
situation that the increased power developed by the high- 
pressure equipment, as compared with normal-pressure equip- 
ment of the same size, would about balance the increased cost 
of the heavier apparatus. 

It was therefore decided to install a high-pressure-steam plant 
of such a size that it could be kept continuously loaded at [ull 
capacity. A pressure of 1200 lb. was selected, the highest pres- 
sure for which commercial equipment could be obtained. 


The 1200-Ib. plant consists of one boiler and one turbine. 
The steam is generated and superheated to 700 deg. fahr. total 
temperature and delivered to the turbine where it is expanded 


down to 375 lb. and about 500 deg. fahr. It is then returned to 
the boiler and reheated to 700 deg. fahr. and discharged to the 
“normal pressure’”’ or 350-lb. steam header where it goes to the 
“normal-pressure” turbines for expansion to 1 in. absolute. 


About 3000 kw. are generated in the high-pressure turbine and 
12,000 kw. in the normal-pressure turbine, making a total of 
about 15,000 kw. generated by the steam from the 1200-lb. boiler. 


PERFORMANCE OF H1GH-PRESSURE EQUIPMENT 


No official tests have been run to demonstrate the perform- 
ance of the high pressure of the station. In order to form an 
idea of the effect of the high-pressure equipment on the rest of 
the plant, the weekly plant performance has been plotted so as 
to show the coal consumption with various percentages of out put 
generated by 1200-lb. steam. The curve shows that with no 
high-pressure-steam generation the average for the period was 
approximately 1.02 lb. coal per kw-hr., and with about one 
third high-pressure-steam generation the coal rate dropped to 
approximately 0.98 lb. per kw-hr., an improvement of 4 per cent. 
For a complete 1200-lb. installation the gain should be approxi- 
mately three times this figure or 12 per cent, which checks rather 
closely with the theoretical figures. In considering these data 
it must be borne in mind that they are not based on tests but 
on routine records taken from station instruments of commercial 
accuracy. 


OPERATING EXPERIENCE 


Operating experience with the high-pressure equipment has 


been remarkably satisfactory. It should be remembered that, 


the boiler, turbine, and other material were the first of their type. 
When they were designed, their operating pressure was more than 
three times that of any plant then in service. Great credit is 
due the designers of these units for the performance achieved. 

The boiler is of the cross-drum type with water tubes 15 ft. 
long and 2 in. in diameter, spaced 4 in. on centers. It has been 
found that there is a tendency toward the accumulation of slag 
on the lower tubes at heavy loads, due to the close spacing. This 
difficulty is intensified by the restriction of the gas passage by 
the 15-ft. tubes, as compared with the 20-ft. tubes used in the 
normal-pressure boilers. 

There was some initial trouble with gaskets on the handhole 
covers over the ends of the tubes. These are, of necessity, Ss‘ ated 
on narrow surfaces, and unless great care is used in their installa- 
tion, leaks are likely to develop. 

The boiler was installed without a water-level regulator. It 
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was found that hand regulation was rather troublesome, owing 
to the high steaming rate and the rather small drum capacity, 
the drum being 48 in. in inside diameter. The addition of feed 
regulators has entirely eliminated this difficulty. 

Experiments were carried out to determine the stability of 
steaming, or the resistance to foaming. With the water level 
at different points, the load was suddenly increased, in fact nearly 
doubled, and the change in water level checked and observation 
made to determine the presence of moisture in the steam. It was 
found that no trouble was experienced unless the water level was 
nearly at the top of the glass. Moisture was then carried over, 
but this is an extreme condition and does not affect normal 
operation. 

It was at first thought that safety valves might give trouble. 
Experience has shown, however, that these valves are as reliable 
as those operating at much lower pressures, and no trouble has 
been experienced from this source. Pilot safety valves were at 
first fitted which were set to blow and give warning at a pressure 
well below the popping pressure of the main valves. These 
pilots were found to be unnecessary and were removed. 

The boiler is fitted with an interdeck superheater and with 
a reheater located above the water tubes and subjected to the 
gases between the first and second passes. Neither of the super- 
heaters has given any trouble. 

The economizer is of the plain steel-tube type, and is operated 
at boiler pressure. It was found that the semi-metallic gaskets 
furnished for the covers over the tube holes were unsatisfactory. 
These have been replaced by compressed asbestos, which has 
been entirely satisfactory. No other trouble has been experi- 
enced with the economizer. 

The furnace under this boiler is very similar to those under 
the normal-pressure boilers. Coal is fired by underfeed stokers 
of standard type. The setting is of solid firebrick in all four 
walls. The furnace has the same depth as those under the normal- 
pressure boilers with 20-ft. tubes. In order to make up for the 
shorter tubes used in the high-pressure boiler, there is an arch 
5 ft. long over the front of the stoker. This arch gave some 
trouble until it was ventilated. There has been no other trouble 
with the furnace except that, owing to the reduction in radiant- 
heat-absorbing surface through the use of 15-ft. tubes, the fur- 
nace tends to run slightly hotter than those of the normal-pressure 
boilers, and slagging troubles are somewhat emphasized at the 
heavier loads. 

The turbine built for this plant is a twenty-stage, small- 
diameter impulse machine operating at 3600 r.p.m. It is coupled 
directly to a 14,000-volt generator rated at 3150 kw. at 80 per 
cent power factor. 

The problem of packing the shaft of the turbine against steam 

leakage was recognized as one of the most serious in connection 
with the unit. Packing»of two designs was originally provided, 
one using carbon blocks, the other using labyrinth rings. The 
turbine was started initially with the carbon blocks; but these 
failed, causing serious vibration. The machine was then care- 
fully overhauled and the labyrinth packings put in place. These 
have proved entirely satisfactory. 
When the turbine was inspected after 1800 hours of service, 
it was found that there was a light deposit of iron oxide on the 
interior of the machine, and the buckets showed traces of pitting. 
There were similar signs of pitting in the exterior piping, which 
Was assumed to be due to incomplete deaeration of feedwater. 
The first and last rows of buckets were bent at the edges, but the 
cause had entirely disappeared. 

When the unit was first discussed it was thought that it might 
be difficult to make the governor sensitive enough’ to permit 
synchronizing in the usual way. For this reason the generator 
was provided with a secondary winding of the short-circuited or 


“gquirrel-cage” type. This made it possible to put the generator 
on the line when considerably out of step with the bus. The 
secondary winding made it necessary to use a field built up of 
laminations and running above its critical speed. It was found 
that this arrangement produced vibrations that were extremely 
difficult to overcome. As the governing of the turbine proved to 
be perfect, it was decided to eliminate the “squirrel-cage” wind- 
ing and replace the laminated generator field with a solid field 
of the conventional design. This change entirely eliminated 
the vibration. 
AUXILIARIES 


Of the auxiliaries used with this high-pressure plant, only 
the feed pumps are of special interest. Two are installed, one 
motor driven for regular service and one steam driven for standby. 
Both pumps draw water from the normal-pressure feed headers 
and discharge it to the high-pressure system. They are of the 
multiple-stage, single-function type. In service both perform 
with entire satisfaction, but show a tendency toward rather 
rapid wear of the hydraulic thrust surfaces. 

As it is occasionally desirable to transfer steam from the 
high-pressure boiler directly to the normal-pressure system 
without its flowing through the high-pressure turbine, a bypass 
is provided. This consists of a simple nozzle having a discharge 
capacity approximately equal to that of the turbine and provided 
with an inlet throttle valve similar to that on the turbine. This 
valve and nozzle have been entirely satisfactory both at full 
capacity and when running throttled. 

The valves and piping used in connection with the high- 
pressure system follow closely the designs used for lower pressures 
except that metal thicknesses have been increased to correspond 
with the higher pressures. To insure the soundness of the 
castings used for valve parts and pipe fittings, these were examined 
for porous spots and hidden flaws by X-rays. It is interesting 
to note that no leaks developed in castings accepted after this 
test. The pipe joints are of the bolted, flanged type, welded for 


tightness only. There have been no difficulties of any kind with 
either piping or valves. 


Summary or EXPERIENCES 


To sum up the experience after nearly two years of operation, 
there seems to be no difficulty in handling high-pressure steam 
with apparatus of the conventional type made proportionately 
heavy, if great care is exercised in the design and in the selection 
and inspection of materials. In fact, there is an excellence of 
response in the equipment which has been found to render this 
part of the plant especially convenient to operate. 


Extension TO EpGar STATION 


In planning the extension to the Edgar Station the experi- 
ence gained with the initial installation was carefully considered. 
It was found that while the initial installation at the Edgar Sta- 
tion consisted of two 30,000-kw. units, the increase in system load 
justified an increase in the size of prime mover, and studies of the 
comparative economics and space available indicated that it 
would be desirable to change to main units having a capacity of 
60,000 kw. each. 

The operation of the high-pressure plant had shown a satis- 
factory degree of reliability, and an approximation of the expected 
efficiency. In addition, the actual cost of installation checked 
the original estimates which indicated that owing to the added 
output due to the higher pressure this part of the plant could 
be installed for approximately the same unit cost as the normal- 
pressure part. It was necessary, therefore, to give this develop- 
ment serious thought in planning an addition. Three arrange- 
ments were proposed and compared. The first contemplated 
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extensions on the basis of 350 lb. working pressure; the second, 
extensions on the basis of part 350-lb. and part high-pressure 
steam; and the third contemplated the use of high-pressure 
steam exclusively. In studying the aspects of each of these 
arrangements the estimated increase in load over a period of ten 
years was compared with the necessary additions in equipment 
required to carry the load and provide spare units. The increase 
in pressure from 350 lb. to 1200 lb. results in an increase of output 
in approximately the same building space of nearly 30 per cent. 
With high pressure there was of course a marked saving in the 
cost of fuel. Further, the introduction of high-pressure equip- 
ment would not in any way interfere with the use of normal- 
pressure equipment, should it be found desirable to return to the 
lower pressures at a later date. 

For these reasons it was decided to plan the first extension 
to the Edgar Station for the use of high pressure steam. To 
carry the immediate requirements of load, two high-pressure 
boilers are being installed with a 10,000-kw., high-pressure tur- 
bine, and a 65,000-kw. normal-pressure main generating unit. 
The auxiliary equipment will be electrically driven throughout, 
as in the initial development, and a 5000-kw. generator has been 
added at the end of the main generator shaft to supply auxiliary 
power. For this reason, while the output of the main generator 
is rated at 60,000 kw., 80 per cent power factor, the capacity of 
the turbine and the unit as a whole is 65,000 kw. The completed 
installation will comprise four high-pressure boilers supplying 
steam to two 10,000-kw., 3600-r.p.m., high-pressure turbines, 
which will exhaust through the reheaters in the boilers to the throt- 
tle of the 65,000-kw. main unit. Normally four boilers will 
be used for two high-pressure units and one main unit, giving a 
gross output, including auxiliary power, of 85,000 kw., or 106,250 
kva. 


STEAM AND WaTER FLow 


In planning the details of the station an effort was made to 
maintain the simplicity of heat balance and steam and water 
flow, which was a fundamental in the design of the initial installa- 
tion. The steam piping in the initial plant consists of a main 
header carrying steam at 350 lb., 700 deg. total temperature, 
supplied by leads from each boiler and delivering steam through 
supply lines to each main turbine. In the extension, a new high- 
pressure header is introduced, which receives its steam from the 
high-pressure boiler drums and primary superheaters, and delivers 
it to the throttles of the high-pressure turbines. From the 
turbines the exhaust is discharged to a reheat header which dis- 
tributes the steam to the reheaters in each boiler. From the 
reheaters the steam flows to an extension of the original main 
steam header. As this header supplies all the normal-pressure, 
it is evident that any of the high-pressure boilers and turbines 
can be operated in combination with any of the normal-pressure 
turbines, thus securing a maximum of flexibility. 

The water circuit comprises a continuous flow from the hot- 
well pumps through air coolers and oil coolers at the main unit 
to the low-pressure extraction heater, the evaporator condenser, 
and the deaerator which acts as an intermediate-point extraction 
heater. A cool surge tank floats on the line between the pri- 
mary heater and the evaporator condenser. The normal boiler- 
feed supply is from motor-driven boiler-feed pumps. These 
pumps are arranged in two pressure groups. The primary feed 
pumps draw their water from the deaerator and discharge into a 
boiler-feed header at from 400 to 500 Ib. pressure which operates 
in parallel with the boiler-feed header in the initial part of the 
plant. From this header the secondary boiler-feed pumps re- 
ceive their supply of water which they deliver to the high-pressure 
feed headers at approximately 1400 to 1500 lb. For emergency 
service a steam-driven feed pump is provided. This pump is 


built in a single unit which delivers the water directly to the 
high-pressure feed system. 

Between the primary and secondary boiler-feed pumps are in- 
troduced two extraction heaters. The first of these heaters is 
the high-point extraction heater of the main turbine. The 
second heater receives its steam from the exhaust of the high- 
pressure turbines. The use of a heater connected to the high- 
pressure-turbine exhaust header is an interesting feature. ‘The 
steam condensed by this heater represents heat circulated con- 
tinuously from the boiler to the turbine, to the heater, and then 
returned to the boiler in the feedwater. In passing through the 
turbine, power is generated at practically 100 per cent efficiency, 
for all losses are passed on to the heater and absorbed. The use 
of this heater permits the generation of approximately 2500 kw. 
in the high-pressure turbines in addition to the power generated 
by these turbines from the steam discharged to the throttle of 
the normal-pressure turbines. 


TURBINE CAPACITY 


The main turbine has a capacity of 65,000 kw., and is arranged 
single-flow in a single casing. It is the largest unit of this type 
yet constructed for operation at 1800 r.p.m. The turbine has 
17 stages, and 4 extraction openings for supplying steam to 
heaters and similar equipment. 

The high-pressure turbine is a 10,000-kw., 3600-r.p.m. unit 
having 16 impulse stages. An interesting development in the 
design of this turbine is the fact that the casing is made from two 
solid forgings. 

BoILeRs 


The high-pressure boilers are of the cross-drum type, modi- 
fied to suit the special conditions undet which they operate. 
In order to give larger heating surface and to increase the effective 
area of the gas passage, the lengths of the tubes have been in- 
creased over the initial installation. The boiler consists of a 
lower bank of tubes, 3!/, in. in diameter and 19 ft. long, carried 
in vertical headers. These tubes are set on 8-in. centers to pro- 
vide large gas passages and to prevent slag formations. Above 
these tubes is located the primary superheater, which is of the 
conventional smooth-tube convection type. The tubes in the 
upper bank are 2 in. in diameter and 18 ft. long, arranged in 
three passes with inclined headers. 

Above these tubes is located the reheater, which consists of two 
duplicate superheaters with tubes set transversely, similar in 
design to standard superheaters except that they are arranged 
for a much larger number of tubes in order to give the heating 
service required to reheat the necessary amount of steam with the 
comparatively cool gases available between the first and second 
passes. The two sections of the reheater are arranged so that 
the drums are located in the side wal]s and are piped up in 
parallel, half the steam passing through each section. Each boiler 
is intended to reheat the same quantity of steam as generated 
in its own water tubes. 


TURBINE GOVERNORS 


An interesting problem has arisen in governing the high- 
pressure turbines. In order to operate a number of high-pressure 
and normal-pressure units satisfactorily with the maximum 
flexibility of control, it was decided to govern the normal-pressure 
units in the usual way by means of a speed-actuated governor. 
The high-pressure unit is to be provided with a double governor 
actuated either by the speed of the unit or by the pressure in the 
350-Ib. steam header. In starting the unit it is proposed to place 
the pressure-actuating device out of operation and bring the 
unit up to speed and place it on the line with the speed governor 
in the usual way. After the unit has been placed on the line the 
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pressure governor will be put in operation and the speed-governor 
setting increased so as to place it out of operation except as an 
overspeed governor. The turbine will then operate so as to 
maintain a constant pressure on the normal-pressure steam header. 
In this way it is expected that changes of load will be divided 
between the normal-pressure and high-pressure units and that 
the proper constant pressures will be maintained in all parts 
of the system. 


PossIBILITIES OF PrREssuRES ABOVE 1000 LB. 


The successful use of steam at pressure above 1000 lb. prompts 
inquiry into the possibilities of still higher pressures. 

The efficiency of any power installation depends primarily 
upon the efficiency of the steam cycle on which it operates, and 
upon the effectiveness with which this cycle is realized. It is 
important, therefore, to consider the effect of variations in pres- 
sure on the efficiency of the turbines and boilers which form 
the principal parts of a power station. 

If a single type of turbine were used for all pressures, there 
would be a marked loss in efficiency with increase in pressure. 
This would be brought about by the higher leakage and the 
higher windage loss of high-pressure steam, and also by the 
fact that the velocity relations which prove most efficient for 
moderate- and low-pressure stages are entirely unsuited to the 
high-pressure stages. It is expedient, therefore, to adapt the 
type of turbine to the steam conditions. For the sizes of units 
most commonly used in our larger power stations it has been found 
effective to use a single-casing turbine for the more moderate 
pressures. For somewhat higher pressures, this unit has been 
compounded and frequently arranged for reheating between the 
high- and low-pressure sections. For ultra-high-pressure service 
the higher-pressure stages have been placed in a.separate unit 
and operated at a much higher speed. In this way it is possible 
to maintain approximately the same efficiency at all pressures. 

The boiler plant has proved equally flexible. To water-tube 
boilers of the accepted design have been added air heaters and 
economizers. It has been found possible by properly propor- 
tioning the surface of the boiler, economizer, and air heater, 
to maintain practically any desired gas exit temperature. By 
this means the overall efficiency of the boiler has been main- 
tained at a high point, and marked increases of pressure have been 
made without sacrificing boiler efficiency. 

A third element in the overall efficiency of a power station 
is the power required by auxiliaries. An increase in pressure 
involves a considerable increase in the power required by boiler- 
feed pumps, and the additional economizer and air-heater surface 
required involves a slight increase in fan power. This increase in 
auxiliary power requirements is not sufficient to affect seriously 
the advantage of an increase in pressure in the moderate-pressure 
range, but at very high pressures it becomes a serious considera- 
tion and tends to limit the advantages of such pressures. 

From these considerations it is evident that the efficiency of 
steam generation and use can be maintained almost independently 
of the steam pressure, except at very high pressures, and the 
eflicieney of the basie cycle remains the prime element in station 
economy. 


PropLeMs OF H1GH-PRESSURE-SERVICE EQuIPMENT 


The design of equipment for high-pressure service presents 
two fundamental problems: first, the mechanical strength re- 
quired to withstand the higher pressures, and second, the effect 
of the corresponding higher temperatures on the physical char- 


acteristics of the materials. The question of strength does not 
involve any problems which cannot be solved by familiar methods 
Provided the characteristics of the materials used can be main- 
tained at the temperatures required in service. Unfortunately, 


the higher temperatures used with high-pressure plants involve a 
serious reduction in the strength and stability of the materials 
normally used. The usual commercial steels, when subjected 
to temperatures noticeably in excess of 700 deg., lose so much 
strength that their use is almost prohibited. At the present time 
the only materials which are successfully resisting the ext:a-high 
temperatures are those alloy steels which contain a very high 
percentage of chromium or equivalent material. 

The physics of materials at high temperatures is still very 
imperfectly understood, but it is hoped that the large amount 
of research which is now going on will provide definite data on 
which to base designs of apparatus which can operate at ex- 
tremely high temperatures. 

Present practice is limited to total temperatures seldom 
exceeding 750 deg. fahr. This range has proved practicable with 
general equipment built of the ordinary commercial materials. 
Recently there has been considerable interest in the utilization of 
temperatures in the neighborhood of 900 or 1000 deg. fahr. The 
desirability of using these temperatures rests largely on the im- 
provement in efficiency by supplying dry steam to the turbine’s 
lower stages, which ordinarily operate on moist steam. Approxi- 
mately the same effect can be obtained by reheating the steam 
during its passage through the turbine. This can be accom- 
plished either by returning the steam to a reheater in one or 
more of the boilers or by passing it over the surface of a reheater, 
heated by high-pressure saturated steam. This latter method is 
not in general use at the present time, but appears to have in- 
teresting possibilities. 

The problem then lies in the choice of extremely high initial 
temperatures or more moderate temperatures in combination 
with reheating equipment. It seems very probable that the 
plan selected will depend very largely on the cost at which these 
two arrangements can be produced At the present time it has 
not been found possible to produce materials for service at tem- 
peratures in the neighborhood of 900 deg. to 1000 deg. without 
exceeding costs which are commercially feasible, but this subject 
offers an important field for investigetion. 

In the design of steam boilers, the drums, headers, and tubes 
can be made suitable for practically any desired pressure, but 
secondary considerations, such as the temperature effects already 
noted and the extreme weight of parts, make the difficulties of 
production increase very rapidly with advances in pressure 
much above the present limits. In superheaters especially, the- 
stress in the tubes due to the pressure is increased by the tem- 
perature differential between the outside and the inside sur- 
faces of the tube, and the physical properties of the tube material 
are greatly reduced in value by the high temperature at which the 
metal must be used. For this reason, it is evident that the com- 
bination of high superheat and high pressure is a very difficult one. 

The question of materials for use in turbine construction is 
somewhat less troublesome than in boiler work. As the temper- 
atures encountered are reasonably uniform, and owing to the use 
of comparatively small high-speed units for high-pressure service, 
the stresses in the materials can be controlled so as to prevent. 
high unit stresses in the high-temperature zones. It is possible, 
therefore, to keep pace in turbine design with the developments 
in steam generation. 

In the matter of auxiliaries, the most serious problems are 
presented by the boiler-feeding equipment and the valves neces- 
sary for controlling the steam and water. At the present time 
the ultra-high-pressure valves are following closely the standard 
designs, with such increases in metal thickness as are required by 
the more severe service. The valves which have been in service 
have shown no unusual tendency toward deterioration, and it may 
reasonably be expected that the standard designs with slight 
modifications will prove satisfactory. 
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The boiler-feed pumps involve more serious difficulties. The 
modern power station stresses the importance of large units. 
These in turn make it difficult to design casings and shaft packings 
that can be maintained tight at the extreme pressures required. 
It is fair to say, however, that acceptable designs appear to have 
been worked out, and, considering experience with present equip- 
ment, there seems to be no reason for anticipating difficulty in the 
operation of these auxiliaries. 

From such studies it is fair to say that mechanical design 
and construction will not limit the pressure at which steam may 
be generated and used. 


InapEquacy or Existina Data 


The inquiry into the theory of higher pressures must be based 
on the data available on the properties of high-pressure steam. 
At the present time the engineer has outdistanced the physicist, 
and our designs are built up from steam tables which are already 
extended far beyond the experimental data from which they are 
derived. For higher pressures it is necessary to produce still 
further these figures, which are already an extension. Bearing 
this in mind, it is obvious that any such extension is purely tenta- 
tive, and at best can show only the general trend of the char- 
acteristic curve. 

In examining the diagrams for steam, one finds that the 
values given by different investigators are not in agreement. 
After a consideration of the bases of the data available, it appears 
that the tables and diagrams prepared under the direction of 
J. H. Keenan and presented to the A.S.M.E. Committee on 
Steam Research, October 20, 1925, are closely in accord with 
the latest experiments. These data were therefore carefully 
plotted for extrapolation and the curves extended to 2400 Ib. 
absolute. 

Steam plants depend for their efficiency on the percentage 
of heat in the steam that is available for useful work. This is 
called the Rankine efficiency, and increases with the pressure. 
The increase is not uniform, however, for at low pressures the 
increase in efficiency with increase in pressure is very rapid, while 
at higher pressures the increase is comparatively slow. For 
example, the increase from 600 lb. to 1200 lb. is approximately 
6 per cent; the increase from 1200 lb. to 1800 lb. is approximately 
2 per cent, and the increase from 1800 Ib. to 2400 Ib. is approxi- 
mately 0.3 per cent. . 

These figures are based on steam at various pressures having 
a constant total temperature of 700 deg. fahr. At higher tem- 
peratures there is a tendency for the peak of the curve to move 
up to somewhat higher pressures. 

In considering both theoretical and practical problems related 
to the use of high-pressure steam, the most significant feature is 
the fact that while the efficiency of the cycle increases less and 
less rapidly at higher pressures the loss in auxiliary power, and 
the difficulties of equipment construction, increase steadily. 
It is therefore clear that a pressure will be reached at which 
the combination of thermal efficiency and economic effectiveness 
are at a maximum, and beyond which higher pressures represent 
aloss. It would be convenient if the values of the problem could 
be inserted into an algebraic formula and solved for the most 
efficient pressure, but unfortunately such a simple solution 
is not possible. 

The value of thermal efficiency depends almost entirely on the 
cost of fuel, and the importance of capital cost depends very largely 
on location and the type of load to be carried. These two factors 
vary so largely for different plants that no definite answer can be 
given as to the most economical pressure for power stations 
in general. Each problem must be considered separately, not 
only in regard to its immediate requirements, but also in regard 

to the probable changes that the immediate future will make in 
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the use of the equipment. For plants where fuel can be obtained 
cheaply and where the rapid growth of load means that any 
installation will presently be superseded by more efficient equip- 
ment, elaborate apparatus is under a great disadvantage regard- 
less of its efficiency. On the other hand, where fuel is expensive 
and where there seems to be a fair probability that the load factor 
can be maintained at a satisfactory figure over a considerable 
period of years, the more efficient types of installation are 
desirable. 


Space ReQquirREMENTS OF HiGH-PressurRE as CoMPARED WitH 
Low-PREsSURE EQUIPMENT 


At the Edgar Station the sizes of the individual boiler and 
normal-pressure tui bine units have been maintained the same in 
the high-pressure as in the normal-pressure plant, and the high- 
pressure turbines are added. The space occupied is nearly 
the same, for the high-pressure turbines are very small for the 
power generated. Their capacity is therefore practically a net 
gain, which approximately balances the increased cost of the 
equipment, so that the improved thermal efficiency represents 
very nearly a corresponding economic gain. 

This feature of effectiveness in the use of space is important 
in considering the pressure problem. It offsets the higher unit 
cost in many cases, but it should not be forgotten that as pres- 
sures increase the corresponding gain decreases rapidly and the 
law of diminishing returns becomes very evident. The highest 
pressure that is of economic value will probably increase slowly 
as the cost of fuel rises and experience with higher temperatures 
makes their use more convenient. For the present, however, 
the studies made indicate that there is very little inducement 
to increase the pressures now in use. 


Discussion! 


Joun ANDERSON.‘ Failure to follow an outstanding trend in 
power-plant development, namely, the use of greater radiant-heat 
absorbent surface in the furnace, has resulted in the slagging 
troubles which Messrs. Moultrop and Norris mention. Appar- 
ently furnace temperatures in the new installation will be re- 
duced but little, for only 25 per cent more radiant-heat surface 
will be provided by increasing the exposed length of boiler tubes 
from 15 ft. to 19 ft. Like the Chicago experience stated in 
Mr. Bailey’s paper, the need of high furnace temperatures for 
stoker operation is apparently genuine. It is unfortunate that 4 
paper describing a high-pressure installation should need to 
tell of slagging troubles, which in no way are chargeable to the 
high pressure employed. 

Radiant-heat-absorbing surfaces have been provided on all 
six exposures of the Lakeside installation at Milwaukee, and yet 
records in combustion efficiency have been obtained. Operation 
with 12 per cent excess air (16'/, per cent CO,) over a period of 
a month, with only '/; per cent combustible in the ash, and 8 
perfectly clear stack at all times, leaves little to be desired. 
Approximately 60 per cent of the heat released is absorbed by 
radiant heating surfaces before the gases enter the boiler. Ra- 
diant-heat superheaters and reheaters have averaged 45,000 
B.t.u. per sq. ft. per hr. heat transfer. 

The choice of boiler design for high pressure markedly influ- 
ences the amount of trouble during operation. A Stirling-typé 
boiler was chosen for the Lakeside installation, partly because 
of the absence of handhole plates, which were also avoided by 


3 Joint discussion of preceding paper by Messrs. Moultrop and 
Norris and the following paper by Mr. A. D. Bailey. : 

‘ Vice-President, in Charge Power, Milwaukee Elec. Ry. & Light 
Co., Milwaukee, Wis. Mem. A.S.M.E. 
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Leakage 


employing a large air heater instead of an economizer. 
troubles have been noticeably absent at Lakeside. 

High pressure is a boon to good boiler performance. Re- 

duction in the size of steam bubbles, with consequent increase 
in steam heat-carrying capacity of tubes and drums, affords 
operating features that are highly desirable. The water levels in 
the two upper drums of the Lakeside Stirling boiler are accurately 
coincident, and instantaneous stopping of all twelve feeders 
causes no discernible fluctuation of boiler water level in the 
water-glass drum. Popping of safety valves does not affect 
levels, and automatic tripping of the high-pressure turbine at 
full load and bypassing of high-pressure steam to 300 Ib. pressure 
cannot be detected when watching the water level. Higher 
boiler capacities are most certainly available with higher pres- 
sures. 
The behavior of the 7000-kw., 1250-lb.-pressure turbine at 
Lakeside has been excellent. The unit was not examined until 
after 2500 hours operation, and was then found in very good 
condition, no sign of pitting or blade distortion being found. A 
water-rate test performed upon it after two months operation 
showed an efficiency of 75.5 per cent. The seal leakage from 
1250 Ib. to 300 Ib. is only 0.9 per cent. Several times it has 
tripped from the station bus automatically and it has governed 
station load successfully; in other words, it has all the capa- 
bilities of its more standard brothers. 

Messrs. Moultrop and Norris state that low pressures were 
again considered in making plant extensions. This is not the 
case at Milwaukee, for there was no question but that the follow- 
ing installation to be installed next summer should be another 
1400-lb. boiler and a 12,000-kw. turbine, much like the present 
one. 

The writer agrees with Mr. Bailey that in general the troubles 
experienced at the Crawford Avenue Station are of the same 
nature as experienced in older stations. Power plants are too 
noted for their troubles. This should not be the case with 
proper coordination between design and operating forces. 

We have long known that any kind of castings, let alone steel 
castings, are susceptible to leakage at high pressures. One 
object of a designer should be to eliminate as many special fit- 
tings as possible and not to insist that manufacturers build 
every fancy shape he desires. However, we admire the Chicago 
engineers for not going to the medical profession for testing 
every one of their special fittings. 

Our experience with piping in the 1400-Ib. section of the Lake- 
side station has been highly satisfactory. Outside of the loss 
of a soft gasket in a flanged feedwater connection on the boiler 
drum due to poor workmanship, not a weep in the entire piping 
has occurred. 

Mr. Bailey’s paper contains the first published statement 
acknowledging the fact that stokers have not the ability of 
meeting all fuel-burning developments which many state they 
possess. He states that furnace temperatures must be main- 
tained high in order to obtain efficient combustion, and points 
out the need for installing expensive refractory water-cooled 
walls to obtain this condition. This is indeed undesirable for 
high-pressure installations, for if expensive boiler tubes are to be 
put into the furnace, they should work at high ratings to justify 
their presence there. 

Trouble with 300-deg. preheated air shows the inability of 
stoker installations to follow the trend in power-station de- 
velopment toward the use of larger air heaters. Economizer 
‘roubles must still be fought by those who continue to adhere 
to Stoker firing. Large air heaters entirely displacing econo- 
mizers are logically the trend in development, and should exert a 
considerable influence in directing the choice of fuel-burning 
equipment. 
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A 50-deg. deficiency in reheater temperature is mentioned. It 
was supposed that the installation of a separate reheat boiler would 
lend any desirable adjustment of reheat temperature, yet the 
author speaks of a drop of 50 deg. below the specified reheat 
temperature. 

As to the matter of investment and its relation to fuel savings, 
one can state with assurance that the slightly greater cost of 
1400-lb. equipment above 300-lb. is paid for by coal savings in 
one year. Many present-day medium-pressure plants are more 
expensive than a high-pressure one need be. Station costs are 
very largely a matter of equipment arrangement. 


H. W. Lerrca.’ In his paper Mr. Bailey gives the history of 
the use of water-cooled furnaces by his company and draws cer- 
tain conclusions which, while undoubtedly correct for the con- 
ditions under discussion, might possibly lead to wrong ideas 
as to general practice. Chain-grate stokers probably limit the 
amount of water-cooled surface in a furnace more than any 
other type of stoker or than any method of using powdered 
fuel. Illinois coal burned on a chain-grate stoker must of neces- 
sity receive a large amount of reflected heat from the furnace 
walls. An underfeed stoker needs practically none, and such 
methods of burning powdered fuel depending upon reflected 
heat for strong ignition can obtain such heat from the inevitable 
deposit of material on the water walls themselves. 

The earliest serious attempt to use water walls was made at 
the Hell Gate Station of the company with which the writer is 
connected, and on an underfeed-stoker installation two side 
walls were so equipped. 

At Sherman Creek Station on boilers burning powdered fuel, 
two water-cooled side walls were installed with a radiant-heat 
superheater on the rear wall. The boilers at the East River 
Station of our allied New York Edison Company are operating 
successfully with furnaces entirely water cooled and with no 
refractories. Their initial operation was anticipated with almost 
as much trepidation by some engineers as was the pioneer installa- 
tion at Hell Gate. 

In the Sherman Creek installation, finely divided ash particles 
collect on the walls, producing a slight insulating covering. 
This grows until an equilibrium is established between heat 
absorption and reflecting power. The portion of the coating 
next to the metal surface of the wall is soft and light in color, 
indicating that the constituents of the ash are in a highly oxidized 
state. Toward the outer surface the color changes from light 
gray through various shades to a reddish color within the center, 
and finally to a reddish black glaze of highly reduced furnace 
slag. With some forms of combustion the furnace side of this 
coating is not glazed but exhibits the characteristics of amor- 
phous or friable honeycomb material. With turbulent com- 
bustion the outer surface is not only glazed, but indications are 
present showing that molten ash actually flows over this surface 
within 1/, in. of the water-cooled walls. From these obser- 
vations it is quite evident that a large amount of reflecting power 
is retained by this coating. This is a striking illustration of 
the erroneous deduction which might be drawn from gas tem- 
peratures alone, since the gas temperatures at the point but a few 
inches removed from the molten surface are of the order of 
1600 deg. fahr. while the fusion temperature of the slag exceeds 
2400 deg. 

At the East River Station where the system of combustion is 
used in which the flame takes the form of a “U,” the deposit on 
the water walls exhibits somewhat different physical charac- 
teristics. This coating has an appearance of a grayish powdery 
ash, and seldom exceeds '/; in. in thickness. It may be brushed 


5 General Supt. of Power Plants, United Electric Light & Power 
Co., New York, N. Y. Mem. A.S.M.E. 
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off readily. This flocculent coating has somewhat less reflecting 
power than the glazed coating mentioned above. 

There is another point in connection with the amount of water- 
wall surface which would be dictated by good engineering. Ina 
paper by the late Mr. Broido [Trans. A.S.M.E., vol. 47 (1925), 
p. 1121], a curve is shown of furnace temperature at various 
rates of combustion with and without water-cooled furnace 
walls. These curves approach each other, indicating that if it 
were possible to operate a refractory-lined furnace at as high a 
rating as has been proved practical with a water-cooled furnace, 
the furnace temperatures would be practically the same. 


W. N. Potaxov.* I should like to emphasize the importance 
of higher pressures and temperatures not only to central stations 
but particularly and specifically to industrial power plants. 
About nine months ago I was called in consultation by a large 
corporation on a plant with generating capacity of about 600,000 
pounds of steam per hour. This was partly converted into 
electricity and partly used in various processes. The amount 
of electricity generated was inadequate, and over $150,000 
worth was purchased annually from a local hydroelectric plant. 
There was a need of adding steam capacity, and it occurred to 
me that it might be possible to also add generating capacity. 
Obviously the problem was not one of adding boilers of the 
same low pressure, but of superimposing the boiler room with a 
steam pressure of 500 lb. and 700 deg. of total heat, employing 
exhaust of the turbines at 175 lb. to run the existing recipro- 
cating engines and turbines with this exhaust steam. As the 
superheat would be objectionable to old engines after the pres- 
sure had been lowered, it was found necessary to install desuper- 
heaters which could as well be used partly for the excess steam 
generated and not used by the engines, but required for proc- 
essing. This desuperheated steam would pass through the 
reducing valves into mill lines. An additional amount of steam 
would be thus generated by the desuperheaters, valued at about 
$20,006 a year. 

Thus the advantages of such a high-temperature, high-pres- 
sure plant superimposed on the existing industrial plant appear 
in dollars as $75,000 per year on steam generation and $125,000 
on electricity. 

Bearing in mind that a 300,000-lb. per hr. capacity high-pres- 
sure plant with auxiliaries and turbo-alternators costs about 
$450,000, this economy of $200,000 represents an excellent 
return on the investment. 


Francis HopGxinson.’ Extra-high pressure is a means of 
improving power-plant economics. The limitation to the extent 
to which pressure may be increased, however, is entirely deter- 
mined by fixed charges. It seems to me that it is necessary 
that there should be some simplification of boiler practice so 
that these fixed charges might be very much reduced. As 
regards turbines, the high pressures mentioned present no par- 
ticular difficulty. It would be different, however, with increases 
of temperature. I do not entirely agree with Messrs. Moultrop 
and Norris that before temperatures may be increased very 
materialiy there must be new kinds of materials. What designers 
are concerned with is the behavior of materials after they have 
been subjected to continuous stress and high temperature for 
very long periods. There have been small turbines operated in 
Europe under temperatures as high as 925 deg. It should be 
possible to increase the temperatures to a maximum of about 
750 deg. today, but the general opinion seems to be that no 


* President, Walter N. Polakov & Co., Inc., New York, N. Y. 
Mem. A.S.M.E. 

7 Consulting Mechanical Engineer, Westinghouse Electric & 
Manufacturing Co., Philadelphia, Pa. Mem. A.S.M.E. 


higher temperature than that should be used for the complete 
expansion in turbines which has been customary in the last few 
years. 


A. D. Battery.’ As bearing on the paper by Messrs. Moultrop 
and Norris, I believe that the following letter written to me by 
Wm. 8. Monroe? will be of interest. 

“The first experiments on the Benson process were made at 
Rugby, England, but, as I understand, all the rights on the 
Benson process were bought by the Siemens-Schuckert Company 
and the entire enterprise moved to Berlin about two years ago. 
The boiler and turbine, which they are now installing at their 
factory near Berlin, form a large-sized commercial installation. 
The boiler is designed for a normal capacity of 30 metric tons 
(66,000 lb.) per hour, and is intended to operate at the critical 
pressure of steam, about 225 atmos. (3200 lb. per sq. in.). The 
steam leaving the boiler will be heated to about 450 deg. cent. 
(840- deg. fahr.). The steam from the boiler will be throttled 
through the superheater to about 180 atmos. (2560 Ib. per sq. in. 
and delivered to the turbine at that pressure. It will be ex- 
panded through the initial Curtis nozzles to about 60 atmos. 
(850 lb. per sq. in.), and the shaft packing is therefore at that 
pressure. The steam from the initial nozzles will pass through 
a two-stage Curtis wheel, and from that through three stages fo 
impulse wheels, expanding to 37 atmos. (525 lb. per sq. in.). 
At this pressure it will be reheated to about 440 deg. cent. (820 
deg. fahr.). After reheating, the steam will pass through seven 
stages of impulse wheels, exhausting at 6'/: atmos. (92 |b. per 
sq. in.), at which pressure the steam will go to a Ruths accumu- 
lator and will be used in the factory for various industrial proc- 
esses. 

“About 30 per cent of the steam will be extracted from the 
second stage for an evaporator, and the steam from the evapo- 
rator will be mixed with steam from the turbines at 6'/. atmos- 
pheres. 

“The Benson boiler is built around an octagonal-shaped fur- 
nace. This furnace is about 12 ft. in diameter and about 25ft. 
high. The boiler is provided with vertical tubes 20 mm. ((.786 
in.) inside diameter, which are arranged so that they form the 
inside facing of the walls of the octagonal furnace. There is a 
forced circulation in the tubes. 

“Immediately back of the boiler tubes are eight compart- 
ments formed on the eight sides of the octagon and divided by 
piers which carry the boiler. In the bottom part of four of these 
compartments are the superheaters, and in the alternate com- 
partments are the reheaters. Above the superheaters and the 
reheaters are the air heaters. Pulverized coal is supplied to the 
top of the furnace by special burners, and after combustion 12 
the furnace the gases pass from the bottom of the furnace cham- 
ber up through the eight compartments in which are the super 
heaters, reheaters, and air heaters. It is expected that the alr 
will go into the furnace at a temperature of about 400 deg. cent. 
(750 deg. fahr.). 

“The pulverized-coal equipment and air heaters are al! being 
installed by the International Combustion Engineering Com- 
pany. 

“An interesting feature of this Benson installation is the feed 
pump built for 30 metric tons (66,000 lb.) of water per hour against 
a pressure of about 240 atmos. (3400 lb. persq.in.). This consists 
of two 7-stage pumps on the same shaft and operating in series 
and driven by an electric motor of about 550 hp. 

“The feedwater regulation is necessarily somewhat com- 
plicated, the steam supply of the turbine and the feed supply 


8 Supt., Generating Stations, Commonwealth Edison Co.., ‘hicago, 
Ill. Mem. A.S.M.E. 
® President, Sargent & Lundy, Inc., Chicago, Ill. Mem. A.S.M.E. 
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to tHe boiler being controlled in a general way by the pressure 
in the exhaust from the turbine in conjunction with an ‘overflow 
valve’ on the steam pipe to the turbine. The fuel and air supply 
to the furnace will be controlled by the temperature of the steam 
leaving the superheater. The speed of the turbine will be con- 
trolled by the generator running in synchronism with the electrical 
system, but the steam supply to the turbine will be provided 
with an emergency overspeed governor. 

“The Benson process represents a very bold and radical ad- 
vance in steam-plant design. The boiler, being constructed of 
small tubes, without any drums, without a constant water level, 
and with a forced circulation, is a type of boiler different from 
any that has been used in large power stations. The engineers 
who are developing the Benson process feel that this boiler is the 
proper type to use for any pressures above 600 or 700 Ib. per 


sq. in.” 

F. H. Moreneap.” I donot agree with Mr. Bailey in regard 
to the general unreliability of steel castings. The steel-castings 
industry, during the past few years, has progressed even faster 
than the central-station industry. There has been recently 
built a central station of considerable magnitude employing many 
tons of steel castings. None of the steel castings in this station 
has developed a leak, and it has been in operation for some 
four or five months. 


V. M. Frost.'! My experience with steel castings for steam 
and water pipe-line fittings is similar to that of Mr. Bailey’s. 
In building our new station, we have used as few of them as we 
possibly could. Mr. Norris says that one of his feed pumps 
is steam-driven. I should like to ask whether it is driven by 
a 1200-lb. turbine or by a 300-lb. turbine from the low-pressure 
system 


A. G. Curistigz.'* Mr. Norris says that his company has had 
little difficulty with the steel castings which they have submitted 
to their method of inspection, while Mr. Bailey experienced 
much trouble with steel castings. It would be interesting to 
determine whether in Mr. Norris’ case there was little difficulty 
because of the X-ray inspection employed, or whether he actually 
had better castings in the first place. As regards high tem- 
peratures, we are rather ultra-conservative in not exceeding 700 
to 750 deg. fahr., because apparently the oil refineries have been 
using very much higher temperatures with high pressures and 
have had few difficulties. Some computations which I had 
made on reheating with about the same steam conditions as those 
presented in Mr. Bailey’s paper show that if 850 deg. fahr. 
Steam temperature were employed, there would be no need for 
areheater, 


A. E. Wurre."* It is not difficult to get reasonably good 
steel castings in relatively small sizes, but quite difficult if the 
size Is relatively large. As to temperature at the present time, 
most plants draw a deadline at about 750 deg. I see no reason 
why they should not consider getting to 850 or 900 deg., and in 
the light of further information which we confidently hope to 
have within a year, to even a higher temperature. 

"Chief Engineer, Walworth Manufacturing Co., Boston, Mass. 
Assoc-Mem. A.S.M.E. 

a Assistant to General Supt. of Generation, Public Service Electric 
€ Gas Co., Newark, N. J. Mem A.S.M.E. 

_ Professor of Mechanical Engineering, Johns Hopkins Univer- 
sity, Baltimore, Md. Mem. A.S.M.E. 

"* Professor of Metallurgical Engineering and Director, Dept. of 
Engineering Research, University of Michigan, Ann Arbor, Mich. 
Mem. A.S.M.E. 


LOUGHNAN PEeNpDRED."* I came particularly to America to see 
its power stations and to learn the most economical pressure and 
temperature possible in them, and also what trouble had been 
experienced with high-pressure, high-temperature steam. After 
five weeks of travel and study, I am as yet in the dark as to 
what American engineers consider the most economical pressure 
and temperature. The only clear expression that I know of on 
the subject is one given by Mr. Guy of the Westinghouse Com- 
pany in Manchester, England, a year or more ago. He gave 
at that time a series of curves of the economic pressure and 
temperature, and these led to a point of about 450 lb. When 
Mr. Guy was pressed on the matter, he came to the conclusion 
that possibly 600 lb. was the better pressure to employ. One 
thing that has impressed me very much has been the trouble 
experienced in American stations with condensers. In some 
cases I have been told that they had to be cleaned every four 
to six days. It would appear that this is a matter on which 
research and experiments might profitably be carried out. If it 
were possible to find some means of depositing the matter before 
it gets into the condensers, it would save an enormous lot of 
work, 


GrorGe A. OrroKx.” As Mr. Bailey has put it, it is the eom- 
mercial cost—-the economics of the situation—that counts, and 
not the thermodynamic efficiency. I am inclined to agree with 
Mr. Guy and should put the limit a little higher than he does, 
say, at 750 to 800 lb. instead of 600. However, before we can 
find that out it will be necessary to build a number of stations 
and work them for sufficient length of time to determine the 
matter. Regarding temperatures, at the Langerbrugge Station 
they were running at 750 lb. and 850 deg. I happened to be 
there one day when they were having trouble with a chain- 
grate stoker which had melted into one piece, and had a good 
opportunity to examine the superheaters. As far as I could see 
they looked exactly the same as our superheater tubes that had 
been in service for eighteen or nineteen years at Waterside Station 
working on 600 deg. In other words, these tubes, which are 
made of plain open-hearth steel, showed no signs of any action 
whatever. When I saw the turbine, which was using steam at 
850 deg. steam, the magnesia covering had been removed from 
the case and the machine seemed to be red hot; it was impossible 
to get within eight feet of the turbine, and yet it had been run- 
ning successfully at that temperature for two years. As to the 
use of high temperatures in oil stills, which Professor Christie 
mentions and which run from 900 to 1000 deg., it should be 
remembered that the refineries expect to scrap their stills every 
few years. Central-station engineers want something that will 
last for at least ten years and should last for twenty years, which 
is about the average life of a power station. Regarding Mr. 
Pendred’s remark concerning cleaning condensers, I have oper- 
ating data showing that the actual part it plays in the cost of a 
kilowatt-hour at the switchboard is a very insignificant item. 


AutHors’ CLOSURES 


E. W. Norris. Regarding Mr. Pendred’s comments concern- 
ing economic temperatures and pressures, this is still the most 
serious question relative to station design. None of us pretend 
to know whether the steam pressures at which we are working 
are the most economic to employ. High pressures are now at a 
point where everything connected with them is special, and this 
class of equipment must be standardized before we can come to 
an equilibrium in the choice of pressures. We do feel that the 
increased capacity of a plant operating at high pressures very 
largely offsets the additional cost, because if you increase the 


14 Editor, The Engineer, London, England. 


18 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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capacity of your whole plant by a given percentage you may in- 
crease the cost of the high-pressure power equipment by a much 
larger percentage without increasing the overall unit cost. We 
believe that the 1200-lb. experiment as originally made at the 
Edgar Station proved that there was practically no difference in 
the unit cost at that plant. 

With our present equipment the actual economic pressure 
depends upon local conditions—cost of coal, load factor, etc., 
so that it is hardly possible to lay down a rule for power plants 
in general. 

As to steel castings for high-pressure steam service, we have 
made it a rule to submit them to X-ray inspection, and this 
has brought about the rejection of about 25 per cent of the cast- 
ings received. It has not been our experience that large castings 
are more difficult to make than small ones. 

In regard to troubles, we agree with Mr. Bailey that none of 
those which we have experienced could really be laid at the door 
of high pressure or high temperature; in fact, we have had no 
troubles which are not normally experienced with boilers and 
turbines and operating at ordinary pressures and temperatures. 


A. D. Bamey. I shall have to stick to my contentionmwith 
regard to steel castings in spite of what Mr. Morehead has said. 
It has been our misfortune not to be able to obtain the quality 
of castings of which he speaks. 

We have had trouble with grates heating at high temperatures, 
but fortunately have never had any of them melt. We operate 
with temperatures up to 275 deg. and think that we can go to 
350 or even 400 deg. by properly cooling the chain grate on its 
return. 

As for Mr. Leitch’s comments, I would say that I spoke inten- 
tionally regarding conditions at Crawford Avenue only, and made 
no attempt to discuss water-cooled walls or other matters. The 
conditions vary so much in various installations that it is difficult 
to make comparisons or a general statement which will fit all 
cases. I was much impressed with the fact that the paper hy 
Messrs. Moultrop and Norris, who wrote primarily from the 
standpoint of station design, came to practically the same 
conclusions as those expressed in my paper, which was pre- 
pared from the standpoint of one interested in the operating 
end. 


bi 

ur 

ha 

ty; 

to 

in 

Ne 

| vic 

J in 

: git 

ne 

the 

tal 

bo 

| is 

uti 

| hac 

ins 

| but 

bee 

cor 

ato 

| } 

ler 

| anc 

to 

mo 

ing 

= 

that 

; q 

Mer 

Tue 


FSP-50-31 


High Steam Pressure and Temperature at 
Crawford Avenue Station 


By ALEX. D. BAILEY,! CHICAGO, ILL. 


This paper discusses some of the problems encountered in the op- 
eration of the Crawford Ave. Station of the Commonwealth Edison 
Co. This station is designed for 550 lb. steam pressure at the tur- 
bines and 725 deg. fahr. temperature. The fuel used is central 
Illinois coal having an average heat value of 10,255 B.t.u. This is 
fired on forced-draft, chain-grate stokers. 

In the first three units the steam is reheated after passing through 
the high-pressure turbine by means of a special reheat boiler on each 
unit. The specified reheat temperature is 700 deg. The fourth unit 
has no reheat. The first three turbine units are bled at three points 
and the fourth at four. The boilers are of the interdeck superheater 
type, built by the Babcock & Wilcox Co., with a capacity of 150,000 
to 200,000 Ib. of steam per hour. 

Unit No. 1, 50,000 kw., built by Parsons Co., England, was put 
into service in May, 1925. Unit No. 2, 60,000 kw., built by the 
General Electric Co., was put into service in November, 1924. Unit 
No. 3, 50,000 kw., built by the Westinghouse Co., was put into ser- 
vice in March, 1925. Unit No. 4,75,000 kw., built by the General 
Electric Co., was put into service in August, 1926. Unit, No. 5, 
90,000 kw., built by the General Electric Co., is under construction, 
and will be put into service in August, 1927. Unit No. 6, 100,000 
kw., is on order with the Westinghouse Co., and will be in operation 
in the summer of 1928. Detailed description of the station has been 
given in various reports and printed articles, so it is considered un- 
necessary for this discussion. 


HEN the Commonwealth Electric Company started 

to build its Fisk Street Station nearly 25 years ago a 

radical step was taken which caused many to shake 
their heads with doubt and misgiving for the success of the under- 
taking; but out of the grief and trouble of that installation was 
born the present central station with its large prime movers, which 
is today the foundation of central-station service and electric- 
utility development. The men who built the Fisk Street plant 
had the courage of their convictions to attempt a prodigious 
installation with steam turbines, a new type of prime mover; 
but ten years before this inception, Harrison Street Station had 
been started with much higher steam pressure than was then in 
common practice. In this installation the individual units were 
high-speed, triple-expansion engines with direct-connected gener- 
ators; large units for their time. 

Needless to say both jobs presented their full quota of prob- 
lems when they were started up, but out of the worry and heat 
and sweat and dirt there emerged in each case a power station 
justifying the dreams of its originators and designers; a credit 
to them and the profession they represented. 

Crawford Avenue Station is the last undertaking of the Com- 
monwealth Edison Co., and involves a rather radical change 
in operating conditions. This time the step was again in the 
direction of higher steam pressure as well as temperature. As 
was the case at the Harrison Street and Fisk Street stations, this 
was no small experimenial installation, but one of such magnitude 
that it formed the backbone of one of the greatest utility sys- 

' Superintendent, Generating Stations, Commonwealth Edison Co. 
Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Spring 
gl White Sulphur Springs, W. Va., May 23 to 26, 1927, of 
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tems in the country. On it depends the service of a great public 
utility. It was a ground-hog case; it had to perform. 

As in the past, new problems had to be met and solved after 
the equipment was started, but before the kinks could be worked 
out of the initial installation of 160,000 kw., load conditions de- 
manded that additional equipment be provided to take care of 
load increases, and plans were made and equipment purchased 
for additional capacity equal to the original installation. 

A steam pressure of 550 ib. and a temperature of 725 deg. 
fahr. looked like a real problem, but the preliminary studies and 
experience of the engineers, the operators, and the manufacturers 
eliminated many of the difficulties in advance, and most of the 
real problems of the installation have been occasioned by con- 
ditions entirely outside the questions of pressure and temperature. 
High capacity, which is more and more demanded by economic 
necessity and which is a measure of our ability to speed up the 
almighty dollar and make it produce more in a given time, has 
been respor~ble for more troubles than pressure and temperature 
combined. When to this is added the devilish characteristics 
of the fuel which is used, the question of pressure and temperature 
sinks into the background. Most of the problems are no greater 
than those encountered with lower pressures and temperatures; 
in fact they are in general the same. 

Higher steam pressure and temperature were attempted pri- 
marily of course to get the benefit of the greater heat range, al- 
though it also afforded greater opportunity for bleeding as well 
as reheating. Increase in the size of generating units followed, 
although this may not be directly credited to higher pressure 
and temperature. As compared with the company’s most re- 
cent previous installation, Calumet Station, the increase in steam 
pressure meant a saving of over 5 per cent, while the increase 
in temperature was good for nearly 2'/; per cent more; a total 
of over 7!/, per cent. The saving due to reheat was about 5'/: 
per cent, and the additional bleeding 2'/: per cent. In a station 
the size of Crawford Avenue, which this year will consume 95,000 
tons of coal in a single month at a cost of over $350,000, this 
is worth while. The study of the thermodynamic advantages 
of higher pressure and temperature has been gone over so many 
times in the last few years and the matter has been so completely 
explained and is now so generally understood that a repetition 
is not necessary for this discussion. 

The next question naturally follows: if such gains were possible 
with 550 Ib. pressure and 725 deg. temperature, why were not 
still higher pressure and temperature gone to? The answer 
can be readily given. At the time of the inception of Crawford 
Avenue Station, 600 or 650 Ib. was the limit for riveted drums 
and for standard types of boilers. The turbine manufacturers 
did not care to consider higher pressures for units of the size 
contemplated. Furthermore, the properties of steam at pres- 
sures above 600 lb. were not definitely proved, and the figures 
for the higher range were more or less hypothetical. All things 
considered, 550 lb. at the turbine and 650 lb. at the boiler seemed 
the logical safe limit for this installation. 

As for temperature, every one agreed and still agrees that 
725 deg., or possibly 750 deg., is the safe limit of temperature 
for the metals which are available for this type of equipment. 
While reports would indicate that somewhat higher temperatures 
are being used in central stations in Europe, it seems to be the 
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opinion here that we have reached the safe limit of temperature, 
at least for large base-load installations. All the studies of the 
available metals at high temperature have strengthened this 
conviction. 

In passing it should be noted, however, that the parts subjected 
to this extremely high temperature are few in number and rela- 
tively small in extent, and it is probable that our old friend, 
economic necessity, will cause metals to be developed which 
will enable us to get the benefit of the high efficiencies possible 
with higher temperature. 

It might be expected that the changes described and the addi- 
tional equipment required would increase unit investment costs 
considerably, but the contrary was true, although the reduction 
was primarily due to increased capacity of boilers and turbines. 
Since the two stations are owned by the same company, and 
the standard of design and construction is the same in both, 
comparisons can be safely made. Investment costs in dollars 
per kw. installed are as follows: 


Crawford 
Unit 4 
23.33 
32.13 
30.20 


Crawford 
Calumet Units 1-2-3 
Turbine equipment 
Boiler equipment 


Building 
PERFORMANCE OF EQUIPMENT 


So far as the performance of the generating units is concerned, 
Fig. 1 shows a typical performance curve for the first three units. 
As these three machines were designed for approximately the 
same operating conditions and are quite similar so far as reheat, 
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have met the guarantees and have justified the expectations 
of the manufacturers and the engineers. 

There have of course been some turbine troubles, but. rela- 
tively few were due to pressure and temperature. The turbine 
units have performed most creditably. Only one case of trouble 
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Fig. 2 Revation BETWEEN Capacity Facror, Frxep CHARGES, AND 
ANNUAL FueL By DirFeERENT Metuops oF REHEATING STEAM AT 
CRAWFORD AVENUE STATION 


can in any way be attributed to high temperature, and this 
the manufacturer remedied promptly and effectively. Blades, 
wheels, packings, casings, etc. subjected to high pressure and 
temperature have given no cause for worry whatever, due 
primarily to improvements in designs. These casings have 
been tighter than some of the old 200-lb. installations 
Because of the prospect of the State Line Station, which 
it was anticipated would contain exceedingly large units and 
would carry base load, it was anticipated that the first three 
units at Crawford Avenue would take care of base load at 
this station for some time to come. When unit No. 4 was 
specified, therefore, it was purchased with the understanding 
that its load factor would not be so good as that of the pre- 
vious units; that it would probably be shut down every 
night and that its load during the greater part of the time 
would be at some point below the maximum, in order to 


3000.5 60 70 80 i00 
Per Cent Full Load 


Fic. 1 TurBINE PERFORMANCE, CALUMET AND CRAWFORD AVENUE 
Stations. Heat CONSUMPTION 
_A—Calumet, units Nos. 1 to 6; B—Crawford Avenue, units Nos. 1 to 3, 
without reheating; C—Crawford Avenue, units Nos. 1 to 3, with reheating; 
D—Crawford Avenue, unit No. 4, no reheating. 


CALUMET CONDITIONS 
Units Nos. 1 and 6 Units Nos. 2 to 5 


Initial pressure, Ib. per sq. in... 300 300 
Initial superheat, deg. fahr 225 228 
Vacuum, in. Hg 1 1 
CRAWFORD AVENUE CONDITIONS 
—— Units Nos. 
2 


Initial pressure, Ib. per sq. in 5 550 

Initial superheat, deg. fahr 245 

Vacuum, in. Hg 1 
700 


bleeding, etc., are concerned, a typical curve may be used for 
the three, both with and without reheat, in order to compare 
this type of turbine with the Calumet units and with the next 
unit installed, which is not equipped with reheat. These units 


have this unit carry a part of the system reserve. The char- 
acteristics of this unit are therefore entirely different from 
those of the first three. The expense for the reheat instal- 
lation applied to the first three could be not justified, and an 
effort was made to obtain the greatest capacity possible in 
the space allowed; also to simplify the equipment as much 
as possible, so that variations in load could be readily 
taken care of. The manufacturer was asked to provide 4 
turbine unit which could be readily started and shut down 
without danger of mechanical trouble. 

Before this unit was installed a method of reheating was 
devised which, while it did not give the amount of reheat pre- 
vided in the original installation, afforded a limited amount at 
a greatly reduced cost. This installation, which is being 4P- 
plied to unit No. 5 now under construction, consists of a 
reheater between the two elements of the turbine in which the 
steam passing from the high- to the low-pressure turbine !8 
heated by live steam. This can be justified by the p sssible 
saving even at reduced load factors. 
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This subject of reheating, which in the original installation 
was a boiler-room problem rather than one for the turbine room, 
was most interesting, and the problem presented was one which 
was susceptible of easy solution. Fig. 2 shows the relation of 
fixed charges on both types of reheating equipment with relation 
to load factor and to savings effected. Although the saving 
with the steam reheater is only 3 per cent as compared with 
5!/2 per cent for the boiler reheater, its cost is so much less that the 
advisability of its installation is obvious. In addition the build- 
ing-space requirements are much greater for the boiler reheater, 
and the maintenance cost will doubtless be greater. 

The vertical condensers with the tubes rolled into the tube 
sheet at one end and packed at the other have worked very 
well indeed. ‘The circulating water at Crawford Avenue 
is exceedingly bad, as it contains not only sewage and 
dirt but has a great amount of organic matter which 
congeals on being heated and which most effectively 
blocks off the tubes. The company has been experiment- 
ing with chlorine treatment of the water going to one 
of the generator air coolers, and with the cooperation of 
the manufacturers of chlorine-treatment apparatus has 
obtained results quite encouraging. Although previous 
tests with chlorine on one of the condensers at North- 
west Station three years ago did not justify this system of 
treatment, it is possible that the extreme conditions at 
Crawford Avenue will justify some such means of keeping 
the condenser surfaces clean. It is known that chlorine 
treatment will prevent or at least retard the formation of 
slime in the tubes and on the tube sheets. 

As for tightness, these condensers have given better 
results than any previous installation. Leakage has been 
reduced to a minimum, and with little effort or expense. 
The rolled joints have given no trouble whatever, and 
the various types of tube packing used have all been effec- 
tive. The cleaning of condensers because of bad water 
conditions is the only problem so far as this equipment 
is concerned. 

The boiler-feed pumps are a part of the equipment with 
which very little, if any, trouble was expected. On the 
contrary, considerable work was necessary with the high- 
speed, steam-driven pumps, to make them _ perform 
satisfactorily. The motor-driven pumps are a new de- 
velopment, being four-stage, 3600-r.p.m. pumps with 
split cases. There was some trouble with these, due to 
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Sargol joints are used for all the larger pipe sizes in the steam lines, 
the joint being held by the flanges and the weld serving only 
as aseal. On the feed lines, recessed joints are used, made up 
with soft gaskets. Valves in general have been quite satisfac- 
tory. Defective steel castings, however, have caused nd end 
of trouble, and there is yet to be found a line of fittings which 
will stand the service. Although these may be tight at first, 
leaks develop after relatively short service. While the X-ray 
mcthod of testing might detect these faults, it has been considered 
impractical for an installation as large as Crawford Avenue, 
and no other system of testing has apparently been devised which 
will serve the purpose. Apparently so far as steel castings are 


__ Tube Type Air 

Preheater 


leakage between stages, thrust-bearing troubles, etc., 


IIT.) 


which was soon remedied, and the pumps have since given I I I 

no trouble whatever. However, a six-stage, 1800-r.p.m. —_— 
pump has been resorted to for this service on the fourth Divine <_< 


and fifth units. The water supply to these pumps is 
pumped from the condensers through the bleéder heaters 
directly to the pump suction, and a pressure of about 

20 lb. maintained at this point. Any excess is discharged to 
the makeup-water reservoir and any shortage is made up in 
the condenser hotwell from this source. 

In the original installation the turbines were bled at three 
points, while unit No. 4 was bled at four. Packing failures in 
the bleeder heaters were numerous and troublesome at the start, 
and heater leaks were the order of the day. A molded asbes- 
tos packing has been found which has eliminated this difficulty, 
and heater troubles seem to be a thing of the past. This cannot 
be charged to high pressure or temperature, however, as the 
Pressures encountered are at the most only moderate and gen- 
erally low. There was some slight trouble also due to improper 
Venting, but this was soon taken care of. 

The piping which is subjected to high pressure and tempera- 
ture has given little trouble so far as the joints are concerned. 
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concerned, conditions are very little better, if any, than they 
were when the station started. 

The pipe covering installed has given very satisfactory ser- 
vice, both from the standpoint of heat insulation and mechanical 
strength. This is the result of a series of rather exhaustive tests 
of various kinds of covering extending over a period of a year 
or more. 


BorLeR-EQuIPMENT PROBLEMS 


It is in the boiler room, where the greatest changes have been 
made because of the high pressure and temperature, and where the 
effect of the poor coal is noticeable, that most of the real prob- 
lems have been presented. As attempts are made to make the 
boilers and furnaces more efficient by increasing furnace tem- 
peratures and reducing stack temperatures, the destructive 
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characteristics of the fuel are met at every turn. The analysis 

of this coal is as follows: 

14.50 per cent 

12.71 per cent 

54.59 per cent 
4.00 per cent 
3.86 per cent 
0.87 per cent 
9.47 per cent 

10,255 

The ash has a fusion temperature of 2000 deg. or less, there 
is a lot of it, sulphur is everywhere, at least its effects are, and 
the excessive moisture, to say nothing of the hydrogen, causes 
high moisture losses in the stack gases. 

Cross-sections of the boiler and furnace at Calumet and boiler 
and furnace at Crawford are shown in Figs. 3 and 4. In the 
Calumet boiler there is no water-cooling surface in the furnace, 
with the exception of the bridgewall water back and water boxes 
at the base of the side walls to prevent slag from running down 
on to the grates and to eliminate the slicing of fires, which is 
so common with the older installations. As an experiment, the 
installation of a limited amount of cooling surface in the walls 
of one of the Calumet furnaces was tried about three years ago, 
and the operation of this addition was so satisfactory and the 
protection afforded the refractory side walls was so effective 
that, beginning with two of the boilers of unit No. 3, at Craw- 
ford Avenue Station, all the subsequent furnace installations 
are water-cooled. 

So far as furnace efficiency is concerned, the changes in boiler 
and furnace design have offered many interesting problems. 


Double Inlet 
Lnduced 7 
Dratt-fan 


at Calumet. (See Fig. 5.) It has, however, been rather defi- 
nitely determined that there is a limit to the amount of water- 
cooled surface which can be installed in the furnace walls. If 
this is overdone the ignition of the coal is retarded and the final 
burning out of the coal is delayed. The boiler equipped with a 
refractory-lined furnace apparently gives the best efficiency, 
but in order to maintain the high capacities necessary, the main- 
tenance of the refractory lining would be excessive and the fur- 
nace could not be operated continuously for sufficiently long 
periods. It is evident, therefore, that a compromise will have 
to be made, and a furnace enclosed on three sides with water 
tubes alternated with rows of refractory and with a refractory 
arch will probably be not only the cheapest to install but the 
most efficient. None of these water-cooled furnaces have given 
any trouble whatever. 

So far as feedwater conditions are concerned, the make-up 
was originally treated in zeolite softeners, sulphuric acid being 
added to maintain the proper sulphate-carbonate ratio in the 
boiler water. With the boilers operating at high capacity, dirt 
was carried over into the steam lines and into the turbines, where 
it was deposited on the turbine sereens and in the initial nozzles 
and blades. An evaporator has recently been installed in which 
all the makeup will be treated and the concentration of the boiler 
water thus reduced. It is hoped that this will eliminate the 
trouble referred to. Just how this dirt is carried over has not 
been definitely decided—whether by water in the steam or in 
the form of dry dust. Every one seems to agree, however, that 
the possibility of foaming is reduced rather than increased by 
the higher steam pressure. 

The boilers have given a good account of themselves. 
Some trouble with handhole gaskets was soon taken care 
of and eliminated. There has always been considerable 
trouble from slag which is carried up with the gases and 
lodged between the tubes, and the conditions in this re- 


gard were worse with the Crawford Avenue boilers than 
with previous installations, due to reduced tube spacing 
and higher capacity. As this accumulation could not be 
blown off with steam, attempts were made to crack it 
off with a fine water jet. It was found, however, that this 
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S 1 j loosened the tubes in the rolled joints, so it was necessary 
to rely on steam blowers for cleaning. 
The auxiliary equipment on the boilers has also given 
Se little trouble. Safety valves, which it was anticipated 
Air = ] $ would be very annoying, have performed, as they do oc- | 
Apparatis casionally, very creditably. This has been a very agree- pr 
able disappointment, although a decrease in the amount th 
Ss of blowdown required would be appreciated. Feedwater of 
3c regulators have gone along fairly well, although their tu 
ES work has been reduced by the installation of differential Ne 
pressure regulators ahead of them in the feed line to each ha 
boiler. With increasing capacity a variable differential th 
pressure regulator will be required to take care of this job th 
satisfactorily. 
: Forced Drak.” In order to guard inst excessively high steam tem- 
more than was later found necessary. This, together he 
Fic. 4 GENERAL ARRANGEMENT, BoiLer No. 5, Unit No. 4, CRawrorpD with the fouling of the tubes externally, resulted in tem- ov 
Se Dee Oe Effective grate area, sq. ft... 444 is being added which will provide for this deficiency. ‘ 
This is being taken care of in advance on the equip- tio 
wala og ment now being installed. Suparhoater troubles bere 
* been due apparently to poor circulation, rather than to 


Front... . 


dirty steam and imperfect gas distribution. 
In the first three units there was originally considerable 


The new type of boiler employed at Crawford Avenue is apparently 
a more efficient heat-absorbing machine than the 350-lb. boiler 


burning of the superheater tubes, particularly in the reheat boilers 
where the amount of steam was reduced. Very seldom, if ever, 
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was any deposit found in the tubes in these cases. The installation 
of steam baffles in the superheater boxes is helping this situation 
both in the original installation and the new. The tubes being 
installed in the new equipment are of Enduro metal. 
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stations where lower pressures are employed, the deluge of trouble 
encountered at Crawford Avenue was not anticipated. Although 
the temperature of the water entering the economizers and the 
temperature of the gas surrounding them are higher than in 
previous installations, the deterioration is much more rapid. 
Mechanical strains set up in the joints caused minute leakage 
which resulted in rapid deterioration due to the sulphur in the coal. 
Although this equipment at first gave no indication of trouble, 
it was only after one and one-half or two years of service that this 
leakage became so serious that it was impossible to keep the 
economizers in service. 

In order to avoid this on the fourth unit, a change was made 
in the design in that the boxes are eliminated at one end of the 
economizer, the tubes being bent in hairpin form, the open ends 
being rolled into boxes similar to the previous installation. The 
final design which has been adopted for unit No. 5, and which 
is being used in replacing the economizers on the first three units, 
consists of straight tubes with return bends bolted on the ends. 
These tubes are supported in cast-iron plates, the openings being 
packed so that the flue gas cannot get at the joints. It is of 
course anticipated that the natural external corrosion of the 
tubes due to the sulphur in the flue gas will continue, but this 
is such a slow process that the tubes should last for several years. 
In addition, this type of installation adapts itself to the use of 
enameled tubes on which the manufacturers are diligently work- 
ing at the present time. These types of economizer construc- 
tion are shown in Fig. 6. 
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Fic.5 Borer PerrorMances, CALUMET AND CRAWFORD 
AVENUE STATIONS 
The reheat boilers have probably been the greatest sur- 
prise of the installation. Before they were put into service 
these were looked upon with considerable awe, and all manner 
of prophecies were made as to what would happen in case the 
turbine lost its load or in case of sudden variations in load. 
None of these anticipated troubles have developed, and it 
has been found that the reheat boiler can be ‘operated with 
the steam temperature as a guide. The reheater part of 
this installation has given no trouble whatever. Not only 
has there been no difficulty in cutting in and cutting out 
this piece of equipment, but its continued operation has 
offered no new problems. As was the case with super- 
heaters, the manufacturers were apparently anxious to avoid 
overheating the steam in the reheaters between the high- 
and low-pressure turbines, and this, combined with the super- 
heater troubles previously mentioned, has resulted in the sta- 
tion’s operating with lower reheat than that designed. This de- 
ficiency, amounting to 50 deg. or more, seriously reduces the 
efficiency of this part of the steam cycle. The means for cor- 
tecting this deficiency have not yet been determined. 
The greatest source of trouble in the boiler room has been 
the economizers. Although there has always been considerable 
‘rouble and expense in maintaining economizers in the older 
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Fic.6 Types or Economizers in SERVICE AT CRAWFORD AVENUB 


STATION 


At the time this station was designed two air preheaters were 
in service at the Calumet station. These had been in opera- 
tion only a short time, and due to previous experience with econo- 
mizers it had been anticipated that the corrosion in the air pre- 
heaters would be very excessive. Accordingly preheaters were 
installed only on No. 1 row of boilers at Crawford Avenue, where 
the feedwater is supplied to the economizers at 300 deg. The 
preheaters at Calumet have shown little if any corrosion, but 
after some 2'/: years of service those at Crawford Avenue show 
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considerable corrosion. A good part of this is attributed to 
moisture coming over with the gas from leaking economizers. 
Consequently the company is going ahead with the installation 
of preheaters on No. 2 and No. 3 units of boilers, and No. 4 unit 
is already equipped. 


SrokeR PrRoBLEMS 


The subject of high preheat has introduced stoker problems 
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which were not fully appreciated in advance. Although air 
heated to 180 deg. or 190 deg. had previously been employed, 


this was the first experience of the company with 300-deg. air 
under chain-grate stokers. There was some trouble due to heat- 
ing of the chains, resulting in burning of links and uneven fires, 
but this is being remedied by cooling the chain on its return or 
by means of water-cooled drums at the rear of the stoker. It 
is anticipated that somewhat higher temperatures than those 
employed at present can be safely employed. 


CONCLUSIONS 


In conclusion, let it be repeated that in general the problems 
at Crawford Avenue Station have been the same old problems 
or have been similar to the problems encountered in the older 
stations of the company. Some bad conditions have been aggra- 
vated by the higher pressure and temperature, but generally 
there have been other contributing causes. No longer does the 
operating staff stand in awe of so-called high pressure, and it 
sees no reason why still higher pressures cannot be used if they 
prove economically advantageous. The design of steam-gener- 
ating equipment is undergoing many rapid changes and improve- 
ments, and more will doubtless be necessary before higher pres- 
sures will be generally adopted. Aside from the troubles with 
castings previously cited, piping should offer no serious problems 
As for turbines, none of the manufacturers have said how far 
they are willing to go in size for pressures over 600 lb. As for 
higher temperature, this seems to be entirely a matter of metals, 
and materials for this service will have to be developed before 
there can be any material gain in this direction. 

It is generally agreed, however, that the gain resulting from 
increased pressure decreases as the pressure increases, until the 
point is reached where the increase in fixed charges overcomes 
the savings effected in operation. The thing to be striven for 
in the utility business at least is the best possible service at the 
lowest possible cost, and this cost depends on investment costs 
as well as operating. High thermodynamic efficiency is only 
part of the story. From Fig. 7 it will be seen that under the 
conditions at Crawford Avenue the fixed charges per ton of coal 
burned per hundred dollars unit cost amounts to slightly more 
than three dollars at 60 per cent capacity factor. This means 
that an increase of 10 per cent in investment cost must effect 
a fuel saving of approximately 9 per cent in operating cost in 
order to be justified, in fact to break even. One dollar added to 
the investment cost per kilowatt installed has the same effect as 
adding three cents per ton to the price of coal. Although this 
may be an old story it will bear considerable study. 

In high capacity lies the hope for reduced investment cost. 
If higher steam pressure and temperature will help to accomplish 
this end and give also additional operating efficiency, the way 
clear. If, however, the two are opposed, then each problem will 
merit the most careful analysis, with the emphasis always on the 
investment side of the argument. 
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High-Pressure Steam Boilers 
A Study of the Principles Underlying Their Design and Construction — 


By GEO. A. ORROK,' NEW YORK, N. Y. 


After briefly referring to the work of Munzinger, Hartmann, and 
Mellanby and Kerr, the author proceeds to discuss the lines of 
further investigation which to him seem to offer the most promise. 
In so doing he discusses the effect of tube inclination; the circulation 
problem; releasing surface and steam space; safety in operation; 
increase in capacity; boiler materials; temperature margins; and 
stresses in superheater tubes, riveted drums, and headers. Among 
other things, it is brought out by this discussion that (1) a high- 
pressure boiler must consist largely of banks of tubes; (2) that 
headers in great variety are available up to at least 1400 Ib. pres- 
sure; (3) that drums must be of small diameter and should not 
contain over 10 per cent of the water content of the boiler; (4) that 
below 1000 Ib. there is no need of employing alloy steels, but above 
that pressure such steels are available and should be used if the 
temperature margins so require; (5) that for superheats higher than 
800 deg., alloy steels are indicated; (6) that 20 or more different 
designs of boilers are successfully operating at pressures of 500 Ib. 
and over, six at 1000 Ib., and one at 2000 and over; and (7) that 
enough work has been done to show that their efficiencies are com- 
parable to those obtained with boilers of lower pressure. In closing, 
the author states his conclusions as to the type of high-pressure 
boiler best suited to present limitations. 


OME years ago in a paper presented to the Society, the 
author commented on the “Possibilities of High Pressure 
and Temperature in the Central Station,’’ and came to the 

conclusion that much higher pressures were a commercial possi- 
bility but that we had reached about the limit as to temperatures 
until constructional materials other than the usual boiler steels 
were available. 

In February of this year in a paper before the Midwest Power 
Conference the author presented a list of forty installations of 
boilers operating at above 500 lb. pressure, and from the operat- 
ing results came to the conclusion that the higher-pressure 
operation was justified from both the thermal and commercial 
point of view. 

It has often been stated that the customary boiler designs 
which have been found so suitable and satisfactory for the 
ordinary pressures (150 to 400 lb.) would be at a great disad- 
vantage when much higher pressures were considered and such 
constructions as the Schmidt, Blomquist, Loeffler, and Benson 
boilers have been developed to meet the difficulties which the 
ordinary types presented. In this country the Weymouth 
and Milwaukee boilers (1200 to 1400 lb.) are a development 
of the standard types, and the very real difficulties of construc- 
tion have been overcome by the selection of costly materials 
and the use of thickness of metal never before attempted in boiler 
constructions. Miinzinger, in his paper at the World Power 
Congress, investigates the materials and designs of two common 
types of boilers for various pressures, and stresses the steam 
accumulator as being necessary with the smaller-water-content 
Sectional boilers. The papers of Hartmann (V.D./., 1921, no. 26, 
p. 663, and “Hochdruckdampf,” V.D.J., 1924), Jacobus (World 
Power Congress), and that of Mellanby and Kerr (Proc. I.M.E., 
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1927, p. 53) bring the discussion of high-pressure steam genera- 
tion and boiler construction up to the present time. Neverthe- 
less it appears to the author that none of the preceding authors 
has laid down basic principles, nor indicated the general trend 
which successful design and construction should follow. This 
paper is an attempt to bring the problem nearer to solution by 
suggesting the lines which to the author appear to offer the most 
promise. 

Credit in the past should be given to Oliver Evans, who first 
proposed and used high-pressure steam, and to Perkins, whose 
use of high pressures is well known, but the work of Ernest 
Albans about 1840 should be mentioned as forecasting the prin- 
ciples upon which such boilers should be designed. In his book 
he condemns cast iron and recommends wrought metals. He 
insists that members should be cylindrical in section and as 
thin as possible with due regard to stress. He urges small 
diameters and small water and steam spaces. He condemns 
fusible plugs. He favors water-tube boilers with horizontal 
tubes and small drums (never over 16 in. in diameter). He 
even recommends painting the internal surface of drums to 
prevent corrosion, and finally he lays down the axiom that the 
tubes should be so placed that the heated gases cross them at 
right angles, and the grates should be so far below the tubes that 
the flame will not touch the tubes until combustion is complete. 
In addition he repeatedly mentions the necessity of keeping the 
tubes full of water (i.e., keeping them far below the water level) 
and sets forth the fact that the steam bubbles in high-pressure 
boilers are much smaller than in low-pressure boilers. He 
worked at pressures from 200 lb. to over 1200 Ib. 

In practice it has been observed that all reasonable boile r 
designs can be made to operate at a reasonably high degree of 
efficiency. Boilers of such wide difference in design as the Lan- 
cashire type and Babcock & Wilcox type when tested by careful 
experimenters have developed equally high efficiencies. The 
design problem then becomes a question of capacities versus costs, 
and the smallest and lightest design of equal strength and capacity 
is, within limits, the best commercial proposition. Certain 
operating desiderata must also_obtain. Inspection and cleaning 
must be easy, circulation must be sufficient, the gases must be 
brought into intimate contact with the heating surface through- 
out their course in the boiler, and finally steam-making, super- 
heater, economizer, and air-heater surfaces should be propor- 
tioned for the work the boiler is designed to do. From the 
manufacturing side the parts making up the boiler should be 
small but not too small, combining light weight with strength 
(i.e., drawn tubes and cylinders), easily and quickly put together 
and easy to replace. It is from such considerations as these 
that the modern water-tube boiler has developed. As a rule 
these boilers today consist of a steam drum or drums, a nest of 
tubes connected to the drum directly or by front and back 
headers of various construction, and a mud drum. Integral 
superheaters and economizers may accompany this construction, 
or a portion of the tube surface may be used for these purposes. 
The arrangement and the proportioning of the separate parts 
vary greatly. 

In studying the various designs of tubular boilers it appears that 
most of the water content of a boiler is contained in the tube 
bank, the drums rarely containing as much as 15 per cent of the 
total water content. In general the weight of water in a boiler 
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with 1-in. tubes will not exceed 0.9 Ib. per sq. ft. of heating sur- 
face, which increases to about 3.5 lb. per sq. ft. of surface for 
the standard 4-in. tube and is directly proportional to the internal 
diameter of the tube. Multiple drums, outside downcomers, 
large mud drums, and water-wall headers may increase these 
figures. 


Errect oF INCLINATION 


Many experiments have been undertaken to determine what 
inclination of boiler tubes is most conducive to evaporative 
capacity and efficiency. The Babcock & Wilcox Company 
after exhaustive experiments with slopes varying from 5 deg. 
to over 20 deg. have chosen 15 deg. as their standard. The 
Heine Boiler Company and the Edge Moor Boiler Company 
use a slope of 4'/, deg., approximately, as do most boilers of the 
stayed-header type. In the Parker, Belleville, and several 
other boiler types the slope is nearly horizontal. In the Wickes 


maximum velocities in tubes of Babcock & Wilcox type boilers 
in excess of 100 ft. per sec., but it is safe to assume about 20 ft. 
per sec. as about the usual maximum. There have been attempts 
to measure this velocity but the results have been inconsistent, 
so that we may say that the circulation velocity of the water 
in the tubes varies from 2 ft. per sec. to about 20 ft. as a maxi- 
mum in this boiler. In Bulletin 214, Bureau of Mines, 1924, 
Kreisinger reports velocities between 0 and 25 ft. per sec. in a 
Heine-type marine water-tube boiler in which the velocity of 
circulation should be comparable with the velocity in the Bab- 
cock & Wilcox type. These circulation velocities were obtained 
by means of a propeller wheel placed in the tubes, the stem of 
the wheel leading through a stuffing box outside to a counter. 
This plan was first used by Thielmann in Germany in 1881, 
Other tests using similar apparatus have been run by such 
authorities as Miinzinger, whose curves from the World Power 
Congress paper are reproduced in Fig. 2. His figures for a 


TABLE 1 DATA ON MODERN BOILERS 


ss 
Steam 
space, 
cu. ft. 


Types of boilers and drum sizes 
—_—— (S.S. Charlemagne), 20 in. X 7 ft. 6 in., 7 elements, 16 


ubes 
S.S. Monterey) . 

W. (U.S.S. Cincinnati), cross- -drum 42 i in. x ‘12 ft. 
(Connors Creek), two 48 in. and 154 in. X 28 ft. 
Almy, 66, 1‘/:s-in. tubes 
B. & W. (Dayton), cross-drum 60 in. 
B. & W. (Waterside), three 42 in. t 
Return tubular, 60 in. X 18 ft., 125 boiler hp.............. / 


Ladd (Fordson plant), 7-drum 60 in. X 27 ft., 54 in. X 28 ft., 
36 in. X 25 ft 


B. & W. (Colfax), cross-drum 60 in. X 33.7 ft., 20 X 47 tubes. 
B. &. W. (Gould St.), cross-drum 60 in. X 32.8 ft.,18 X 51 tubes 


B. &. W. (Stanwix), cross-drum 60 in. X 33.7 ft., 20 51 tubes. . 
nen ous Gate), cross-drum 54 in. X 29.5 ft., 16 K 54 


Atmos., element, 12in. X 15 ft. 
Schmidt- rm (SHG), 36 i in. X 10 ft. 10in 


(a) Water level in tubes. 

(b) Evaporation at 100 per cent of rating and maximum evaporation. 
and certain other boiler types the tubes are nearly vertical, 
and the Hornsby, Stirling, and Garbe types use all slopes from 
45 deg. to the vertical. Only a few experiments have been made 
to determine the tube slope for maximum efficiency, and such 
experiments as have been made are not conclusive. Watt’s 
experiments reported in Transactions of the Institute of Naval 
Architects, London, 1896, showed maximum efficiency at about 
10 deg. slope, but his conditions were not conducive to accurate 
measurements nor to comparable results. The experiments 
of Thornycroft were directed toward the circulation problem, 
and most of the other authorities quote deductions from boiler 
tests in which the many other unknown conditions preclude the 
possibility of a correct judgment. As a matter of fact, equivalent 
efficiencies have been obtained with tubes of practically all 
degrees of slope. 


CIRCULATION 


In shell boilers the circulation problem is quite serious, and 
many troubles have developed from this source, resulting in the 
introduction of mechanical aids to circulation such as the hydro- 
kineter, but with the water-tube type these difficulties do not 
appear to be of much moment. Some authorities have figured 


RS HS 
Releasing 
surface, 

sq. ft. sq. ft. RS SS ~ hour, min 
Ib. 


Ww Time to 
Water evaporate 

evaporated boiler 
coutent, 


Heating 


surface, HS HS 


Steam Pressure, 200 Lb. 


0.61 (a) 


16,100 13. 
Steam Pressure, 250-400 Lb. per Sq. In. 


29,500 56.5 25.6 206,000 7.0 97.000 (5) 
460,000 
98,000 
29,780 181 90.5 113,000 3.8 300,000(0) 
104,000 


29,070 181 90.5 106,000 3.65 


416,000(0) 
105,000 


32,070 194 97.0 119,000 3.72 300,000 (b) 


13,900 104 59.2 70,000 5.04 225,000 


17,830 134 77.2 103,000 5.78 350,000 
High-Pressure Boilers, 1200-3200 Lb. per Sq. In. 
47 2 15.7 425 9.1 


283 9.8 13.7 2,320 8.2 
1850 680 0.37 


vertical tube reach a maximum of about 75 ft. per sec. Un 
published tests available to the author show velocities up to 5) 
ft. per sec. in vertical tubes and up to 40 ft. in tubes whose slopes 
approach the horizontal. In certain other types of boiler, such 
as the Almy or Ward and the Belleville, conditions approximating 
the flash boiler exist, and the water circulates only once through 
the tubes. This is particularly the case with the Belleville type 
(Fig. 1), where the tube element is about 150 ft. long with the 
water line at about half the length of the tube. The tube also 
contains check valves similar to those used by Parker. Here 
the circulation velocity is extremely sluggish, not exceeding ? 
in. per sec. Higher velocities exist in the Ward and Almy 
boilers, where a portion of the water is entrained with the steam 
and circulates more than once. Miinzinger also shows that the 
water circulation of necessity slows down with an increase of 
pressure, and advances the opinion that “insufficient water 
circulation at very high pressures is not to be expected.” 

We may take it as a fact that with water-tube boilers, circula- 
tion may be rapid or sluggish, depending on the arrangements 
which the designer has used, and that the more nearly the boiler 
approaches the flash type, the slower is the circulation. A’ * 
corollary to this conclusion we can state that the water content 
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of a boiler and the necessity for speed in circulation increase 
with the departure in type from the flash boiler and must be at 
their maximum in a shell boiler. Miinzinger and other authori- 
ties agree with Albans that the size of the steam bubbles and 
therefore the percentage of vapor in the tubes decreases with 
increase of pressure. His curves show that the percentage of 
solid water increases largely with the pressure—thus the circula- 
tion at high pressures may be more sluggish without detriment 
to boiler operation—and this leads to the Benson contention 
that the best results should be obtained at the critical point 
(3200 Ib.) where steam and water have the same density and 
therefore no bubbles exist and no line of demarca- 
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Similar action takes place in the passage through superheaters, 
and in many boiler types the steadiness of steaming is greatly 
enhanced by this effect. 

The earlier boiler builders understood these facts very well. 
James Watt, Albans, and Bourne allowed from 8 to 10 &q. ft. 
of heating surface per cu. ft. of water evaporated per hour. 
This corresponds roughly to 200 per cent of rating (6.25 lb. to 
7.8 lb. evaporated from and at 212 deg. per sq. ft. of heating 
surface). Their rule for releasing surface was 5 sq. ft. per cu. 
ft. of steam per sec., which corresponded to 37 sq. ft. per 1000 
lb. of water evaporated per hour in the atmospheric boilers of 


tion can be drawn between water and steam. 


RELEASING SURFACE AND STEAM SPACE 


It is usually stated that there must be a water 
surface of sufficient area to release the steam bub- 
bles from the water to prevent priming, and that 


TYPES OF BOILERS 


asteam-storage space must be provided to allow the 
water particles not evaporated but entrained in the 
steam to settle out. The usual allowance for steam 
space in a shell boiler is about one-third of the vol- 
ume, and the ratio of heating surface (HS) to releas- 
ing surface (RS) is HS/RS = 3.5. This ratio in 


SHELL 


the ordinary return tubular boiler is 17, in the 
standard three-drum 14-high 21-wide Babcock & 
Wileox is 31, in the Babcock & Wilcox cross-drum 
type, 96, in the Connors Creek Stirling, 71, and in 
the boilers of the Almy, Ward, and Belleville types, 


from 2000 to 7000. 


As all of these boilers prime 


oRums 
TUBES 


Baw 
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occasionally and all can be run without priming, 
it will be seen that releasing surface has nothing wa 
to do with priming. As a matter of fact, priming 
will not occur unless the boiler water is impure or 
soapy due to the presence of colloids. This is a 
matter of concentration of solids in the boiler water 
and must be considered in connection with feedwater 
treatment. Entrained water is a different thing 
and will occur in all boilers to a greater or lesser 
degree, depending on the location of the tubes enter- 
ing the drum and the dry-pipe arrangements. 
Efficient dry pipes are an essential part of all boilers, 
and the greater capacity (higher rating) obtained 
requires a better and more liberal design of dry 
pipe. Steam domes and steam drums in addition 
to the ordinary drum have been used to assist in ob- 
taining dry steam. Superheaters should not be used 
for evaporators, and the releasing surface should - 
be such that particles of water under maximum con- 
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ditions should not reach the dry pipe. . 

The steam-space ratio (HS/SS) also varies largely 
—from about 4 in shell boilers, 22.5 in the longitudinal-drum Bab- 
cock & Wilcox, and 50 in the Babcock & Wilcox cross-drum to 
over 100 in the Belleville and 150 in the Ward, and was very 
large in the earlier Belleville boilers and almost infinity in the 
Herreshoff coil boiler and other flash boilers. All of the high-ratio 
boilers made special provisions for feedwater regulators and safety 
valves, and these features appear to be necessary for operation. 

It should be noted that either a time element (i.e., steam- 
Storage space) or pressure reduction (i.e., throttling of the 
steam) appears to be necessary to good running. In the drum 
types the steam must rest for a short time before entering the 
dry pipe, while in the Almy, Belleville, and coil types the steam 
nipples connecting the boiler tubes to the steam drum or dry 
Pipe are extremely contracted in area, so that there is a large 
Pressure drop and consequent drying or superheating of the steam. 


Fic. 1 Types or BorLers 


Watt. At 200 Ib. gage the figure is roughly 3 sq. ft. per 1000 
lb. per hour, while at 1200 Ib. the surface is 0.5 sq. ft. per 1000 
lb. evaporated per hour. Corisidering the 200-lb. boilers (in 
Table 1) the 3 sq. ft. per 1000 lb. per hour is 5 cu. ft. of steam 
per sq. in. of releasing surface per hour. The table shows nor- 
mal values of ten times this ratio at 100 per cent of boiler rating. 
On the actual maximums, twenty to thirty times the early figures 
are shown. De Laval and Serpollet, working at or above 1000 
lb. per sq. in., had no trouble from lack of releasing surface or 
steam-storage space. The Serpollet steam and water passages 
were °/x in. wide, and the water contents very small indeed. 
Boilers with tubes as small as 1 in. O.D. work very well in quite 
large sizes, but 2 in. is about as small as has been used to any 
extent in land practice, although Yarrow used 1*/,-in. tubes in 
the Dunstan and Barking boilers. The Almy boiler has a ratio 
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one-twentieth as large, while the Ward and Belleville boilers 
have a releasing surface only about one-hundredth as large as 
Watt’s standard. These two types have very restricted circu- 
lation and the releasing surface is in the tube, but they were 
able to carry heavy loads without serious entrainment troubles. 
Many boilers have been operated at 150 cu. ft. of steam per sq. 
in. of releasing area per hour, or a steam velocity leaving the 
water surface of 6 ft. per sec., and a simple calculation will show 
that at this rate the tube area itself furnished ample releasing 
area. This same calculation will show that a 4-in. water-wall 
tube 70 ft. long will have sufficient releasing area in itself if the 
water level is carried in the tube, a fact which has been a 
stumbling block to some designers. Similar calculations also 
show that conditions improve with increase of pressure. 

- Watt and Bourne allowed a volume of 20 times the high- 
pressure cylinder for the steam space. At the steam speeds in 
vogue at that time this allowance was equivalent to about one 
minute’s storage in the steam drum, but this rule was not followed 
and ratios of (HS/SS) instead of being 4 were of the order of 12 
to 16 as in our return tubular boilers. Since the invention of the 
turbine, intermittent-flow troubles have ceased and the ratio 
may be much larger. 

In general, because of the lower specific volume, high-pressure 
steam needs ‘much less releasing surface and steam space than 
low-pressure steam. Boilers should work much better at high 
pressure, and much less trouble is to be expected with increasing 
pressures. 


SAFETY IN OPERATION 


As a general rule, that design is the safest which has the 
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smallest volume of water content, since “superheated water” 


is the chief source of danger in a boiler; therefore drums should 
be made as small in diameter as possible in order to avoid this 


danger. The tearing of drum sheets, so common in explosions 
of low-pressure boilers, allowing large volumes of superheated 
water to flash into steam, should not occur in high-pressure work. 
It has been observed by all operators of high-pressure boilers 
that split tubes or bulges which open do not lead to explosions 
In many of the cases reported the fact of the split tube became 
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Fie. 3 Creep Stresses aT Various TEMPERATURES 


known only by the extinguishing of the fire, the slight hissing 
noise not having been noticed by the operator until after the 
fire had been extinguished. 


INCREASE IN CAPACITY 


The most important development in boilers in the twentieth 
century is the great increase in capacities which are now being 
secured from all types of modern boilers. Improvements in 
furnaces, water-cooled furnace walls, and combustion control. 
and the introduction of powdered coal have enabled the boiler 
operator to greatly increase the 7 lb. of water evaporated pet 
hour per sq. ft. of heating surface recommended by Watt, whieh 
had been cut in half by the Centennial Boiler Testing Committee. 
Fifteen to twenty pounds at good efficiency has now been & 
cured, and 25 to 30 lb. is in sight. This condition exaggerates 
an operating difficulty more or less common in earlier boiler 
plants, namely, the “loss of water” or the lowering of the water 
level in the boiler drum below the gage-glass level when the 
forced draft failed or the coal feed was interrupted in the 
powdered-coal installations. In most modern boilers less than 
15 per cent of the water is contained in the drum, and when 
steaming at a high rate more than 20 per cent by volume of the 
water is steam bubbles. As long as the operation is continuous 
no troubles are encountered, but in an emergency when the co! 
feed is interrupted or the forced draft is cut off the bubbles 
absorbed and the water contracts rapidly, the water level falls, 
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and the automatic feed regulators open wide, filling up the drum. 
When steam making starts, the volume increases, the water level 
rises, water enters the dry pipe, and slugs of water may pass 
through the superheater and steam mains with serious results. 
In flash boilers and boilers above 600 lb. pressure this difficulty 
is not of much moment, but at pressures from 200 to 600 Ib. 
and high ratings as much as 40 per cent contraction may be en- 
countered and the water level brought well down into the tube 
body. This has always been considered a dangerous condition, 
even though it is well known that Manning and other vertical 
TABLE 2. CHANGE OF MODULUS OF ELASTICITY OF BOILER- 
TUBE MATERIAL WITH TEMPERATURE 
(0.08 to 0.14 per cent Carbon) 


t t t t 
deg. Et deg. Fe deg Ft deg Ft deg 
fahr. | fahr. fahr. fahr. Ex fahr Ex 


690 0.855 910 0.710 
700 850 920 0.702 
710 0.845 930 
720 =0.840 940 0.684 
730 950 0.675 
740) 360.829 960 80.666 
750 970 
760 0.817 980 0.646 
770 0.810 990 
780 80.804 1000) 0.625 
790 =60.797 1010 
800 0.791 1020) =—-0.603 
S10 «0.784 1030 
820 0.777 1040 =0.579 
830 0.770 1050 0.566 
840 1060) 0.553 
850 0.755 1070 0.539 
860 0.748 1080 0.525 
41 1090) 
33 1100) «0.494 
25 1110 0.477 
900 «60.718 1120) 0.459 


30 «61.000 250) 0.975 470 
40 0.999 260 0.975 480 
600.998) 0.973 490 
60 0.997 280 0.972 500 
rill 0.996 290 0.970 510 
80 0.995 300 0.969 520 
90 0.994 310 0.967 530 
100 «60.993 320 0.966 540 
1100 330 0.964 550 
120 «640.991 340 962 560 
130 0.990 350 0.960 570 
140 =0.989 360 0.958 530 
150) 98S 370 0.956 
160 0 987 380 0.954 600 
170 0.986 «390 «60.952 610 
180) «60. 985 400 0.950 620 
190 0.084 410 0.947 630 
200 0.983 420 0.945 640 
210 =U. 982 430 0.942 650 
220 «0.980 440 0.940 660 
230 «60.979 -0.937 670 
240 80.977 460 0.935 680 


fire-tube boilers carry the water level much below the tube tops, 
and all flash, coil, Belleville, Ward, Thornycroft, and some other 
water-tube boilers have the water level somewhere in the tube 
bank. To prevent siphoning over the auxiliary steam drum, 
multiple drums as in the Borsig and similar designs or an increase 
in the size of the main steam drum will obviate the difficulty. 
The two latter devices do not appear to be good practice, since 
they increase the water content and multiply the sources of 
danger from superheated water. A number of methods of work- 
ing the feedwater regulator have been suggested which can take 
care of this condition in a better and easier way, and such devices 
are being developed. It is also a question whether a dropping 
of the water level into the tube bank of high-pressure boilers is a 
dangerous proceeding. To the author such a procedure is much 
less of a menace than an additional drum with its content of 
superheated water. 


BorLer MATERIALS 


As an appendix to the paper on high pressures and tempera- 
tures before referred to, the author gave a resumé of the knowl- 
edge then available on the variation of strength of boiler ma- 
terials with temperature. This body of facts has been largely 
augmented and the newer theories of fatigue and creep have been 
developed. Fatigue phenomena are apparently reasonably 
consistent and only rarely enter into the boiler problem. Creep 
phenomena, on the other hand, are still highly controversial, 
Some authorities holding that creep does not occur below certain 
limited stresses which may be well above the limits of propor- 
Uonality. The opposing theory that creep occurs at all tempera- 
tures and stresses and that the condition must be chosen to limit 
the creep to safe values over a period of time, is also strongly 
held. Mellanby, Lea, Tapsell, and others in England and France, 
and Lynch, Malcolm, MeVetty, White, and others in America, 
have presented excellent papers in which the known facts and 
theories have been ably discussed. The diversity of opinion is 
best shown by the curves of Fig. 3, where curves obtained from 


various boiler materials are shown. Since the “creep limit” 
is usually placed at or around the proportional limit, or perhaps 
the yield point, or something around these figures, the actual 
yield point of tube steel as manufactured by the National Tube 
Company is also included. From many observations of actual 
boilers the author’s own preference is for the curve of French, 
and he has used it in calculations for factors of safety for tempera- 
tures 

It has long been known that the modulus of elasticity E— 
Young’s modulus—varies with temperature (see Table 2), 
experiments as far back as 1860 having been conducted to obtain 
values of E at boiler temperatures. Martens in 1886 conducted 
similar experiments. Most of the early results gave a straight- 
line formula quoted in Kaye & Laby, and Sutherland’s formula 
came later. However, all experiments became uncertain above 
1200 deg. fahr., which is near the first recalescence point. A 
discussion of all obtainable experiments leads to two formulas, 
one a straight-line formula for alloy steels, and the second a 
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modified Sutherland formula, which fairly well represents the 
low-carbon boiler steels up to 1200 deg. fahr. This formula 
(plotted in Fig. 4) is: 

Ex (t — 32)? 


= 1— 
Ex 1700 


It is highly probable that the elastic law does not hold at increas- 
ing temperatures; indeed Bailey in his paper before the I.M.E. 
on April 21, 1927, states: ‘The relation between stress and 
strain will no longer be represented by Hooke’s law, but an ex- 
ponential expression tending toward this law at low stresses.’’ 
He also concludes that there are good reasons for expecting better 
service from metals at high temperature than would be expected 
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from elastic considerations, citing the Langerbrugge experience 
as an example. 


TEMPERATURE MARGINS 


Mellanby and Kerr in their 1926 I.M.E. paper showed excess 
temperature margins in boiler, water wall, and superheater 
tubes, from which they drew the conclusion that the temperature 
margin with the ordinary boiler steels was too small and that the 
use of alloy steels was indicated when higher pressures and tem- 
peratures were to be used. They developed formulas for and 
calculated heat strains in addition to the pressure strains in the 
body of the tubes. Their figures are made on 0.35C steel while 
the author’s are on 0.12 to 0.15C National Tube Co.’s steel. 
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Comparative temperature margins on 4-in. boiler tubes at 108,000 
B.t.u. absorbed per sq. ft. per hour are as follows: 


PRESSURES 
200 Ib. 600 Ib. 1000 Ib. 1400 lb. 
Mellanby...... 420 deg. 275deg. 180 deg. 120 deg. 
480 deg. 300 deg. 200 deg. 100 deg. 


An investigation of the total stress in the tube walls due to both 
pressure and temperature showed that the minimum thicknesses 
allowed by the Boiler Code for boiler tubes was usually a little 
heavier than the thickness for minimum stress, and just about 
at this point for radiant-heat superheaters. In convection super- 
heaters, however, the allowable thicknesses were considerably 
lighter than the thickness giving minimum stress since the heat 
transfers are much smaller and the pressure strains play a larger 


part in the total. Fig. 5 reproduces the results of calculations 
for a 4-in. boiler tube of minimum Boiler Code thickness for 
internal pressures varying from 200 to 1400 lb. The inner 
surface of the tube is assumed to be 20 deg. higher in temperature 
than the saturation pressure of the steam. Assuming a transfer 
of 100,000 B.t.u. per sq. ft. per hour, the temperature of the outer 
surface has been calculated, also the stresses at both surfaces. 
Using the temperature limits given for these stresses by Lea and 
French, the maximum-temperature curves have been plotted, 
from which the temperature margins have been taken. These 
temperature margins, which may be called margins of safety, 
run from 480 to 600 deg. at 200 Ib. down to 70 to 185 deg. at 
1400 Ib. All the curves referring to the inner surface are repre- 
sented by full lines, while those for the outer surface are dotted, 
From experience obtained with different boilers at high- and low- 
pressure stations both here and in Europe it would appear that a 
200-deg. temperature margin was safe for all ordinary work, 
particularly as 100,000 B.t.u. per sq. ft. per hour is above the 
maximum ever obtained in any of the experiments except the 
plate experiments of Witz and Nicholson, which do not represent 
boiler conditions. The experiments of Witz are very interesting 
since the point of the inner cone of the Bunsen flame which he 
used impinged on the surface of the plate, a condition similar to 
the blowpipe action shown in a forced-draft installation with 
small holes in the fire bed. When the flame point touches the 
tubes the outer surface of the metal became red hot and resulted 
in local bulging or a split tube. The flame temperature at the 
point of the inner cone is of the order of 3000 deg. fahr. or higher, 
and this action was well known as far back as Alban’s time. 
The temperature of the outer cone is much lower, but in all cases 
the flame should not impinge directly on the tube surface. The 
absorption of radiant heat is usually sufficient to reduce the gas 
temperature to a safe figure. In this connection it is instructive 
to note that high-pressure tube failures, i.e., explosions, in varia- 
bly occur in very limited areas and usually make themselves 
known by putting out the fire. The openings are usually very 
small, and probably the higher velocity at the point induced by 
the outflowing steam introduces sufficient cooling action to 
prevent the spreading of the opening. 


STRESSES IN SUPERHEATER TUBES 


Convection superheaters show very low heat-transmission 
rates, the maximum reported being about 6000 B.t.u. per hour 
per sq. ft. for a straight convection superheater, which has only 
been increased to 8000 to 9000 for the usual interdeck variety. 
Steam velocities must not fall below 40 to 50 ft. per sec. or the 
temperatures of the outer and inner surfaces will equalize and 
tend toward the gas temperature. This fact was well known very 
early, and was the reason for flooding during the warming-up 
period. The temperatures and stresses for standard conditions 
in convection-type superheaters and flows (750 deg. fahr. total 
temperature) are shown in Fig. 7. It will be seen that the tem- 
perature margins are of the order of 400 deg. fahr. for 200 |b. 
and around 200 deg. fahr. up to 1400 lb. This figure has been 
calculated for a heat transfer of 10,000 B.t.u. per hour per 84 
ft. Radiant-heat superheaters suffer much more severe punish 
ment since the transfer rates may be as high as 60,000 to 70,000 
B.t.u. per hour per sq. ft., although the highest reported rate § 
around 30,000 B.t.u., and the tube is frequently exposed to the 
flame tips, both inner and outer, as well as to direct radiation. 
Fig. 8 shows stresses and temperatures calculated for both 50,000 
and 100,000 B.t.u. per hour per sq. ft. Temperature stresses 
play a very important part and the total stress is about twit 
that occurring in a convection-type superheater for the same 
pressure. The temperature margin has been reduced to 25) 
deg. fahr. at 200 lb., is only 200 deg. at 500 Ib., and 100 deg. # 
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1200 Ib. Under these conditions the life of the superheater 
tubes must be much shorter, and bulges and failures must occur 
at short intervals with comparatively low pressures. Flooding 
is dangerous even at the lower pressures and would probably not 
increase the life of the superheater tubes materially. No attempt 
has been made, so far as is known to the author, to increase 
steam speeds to the point where the 200-deg. temperature margin 
could be maintained. In general, with ordinary 
boiler material radiant-heat superheaters are much 
more subject to troubles than the usual convection 
type. Radiant-heat superheaters have been in- 
stalled of chrome-nickel or chrome-iron alloys. This 
material has a much higher creep limit than ordinary 
open-hearth steel, and temperature margins of a 
much higher order may be obtained. Comparatively 


TABLE 3 


WELDED 


RIVETED Max, 3.75°——— 
Max. 2.25" 


hardening due to cold working. Many drums of this type are 
in successful use in Europe for pressures in some cases as high as 
2000 Ib. per sq. in. Since the Boiler Code allows the use of 
35,000 Ib. ultimate fiber stress on welded joints of this character, 
the use of the welded joint will not affect thicknesses whete the 
ligament efficiency is less than 65 per cent, as it is in most con- 
structions. It is also generally conceded that a drum which has 
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Licament Err. 43% on 54,000 T.S. 


Tree , 4°& Ben Stiarina 3% 


little experience has been obtained with this ma- 1 
terial, but a much longer life may be expected at a ntssueze 200 400 S00 800 4 iia aint 
very considerably increased first cost. A number PD ‘ ” 
of such installations are at present in use in this pip30o * b= Deum Trickness] 
country, and Mellanby and Kerr in England recom- In. | : 
mend the use of similar material. Radiant-heat  '.29 12.58 287 5.16 
superheaters of cast steel and forged steel of the 54 116 1232 134 4 i 
rectangular box type are also in use. Here the ‘60 
stresses are indeterminate, and the reported results 48 1.03 2.06 | 3.09 ' 4.12 ; 5.15 
have been satisfactory although length of service : | 
has been too short to determine safe life limits. 42 1.808} 2.712| 3.61614.52 5.424 
Riverep Drums 36 -TT5 1.55 |2.32 3.1 3.87 465 542 
The st rength of riveted drums as prescribed by the 30 .645 ey 1.935 2.58 1.3.73 i>: 87 4.52 5.\G 


Boiler Code is determined by the efficiency of the 
joint, which may vary from 80 to above 90 per cent. 24 ‘5161.03 1.55 206/258 3.1 15.61 4.13 
Allowing 80 per cent for the joint efficiency, the 26 43 86 1.29 1.72 '2.15 |2.58 3.01 3.44 
code formula with 54,000 Ib. tensile strength steel * : — 
16 .6881.03 1.38 51.72 206]2.41 2.75 
* 
PD 12 258 516 .T%4 1.03 41.29 1.55 1.81 2.06 
17,250 
NeHores- .86 Joiny Err, 
where ¢ is the thickness of plate used. Pipe con- 1 t 
nections to headers or tube holes must be provided co 7 1.4 2.03 | 7.78 ae. 4.18 ! 
for, and thus the ligament spacing becomes the de- — : 
termining factor. Either reinforcing must be intro- 24 
duced or a thicker plate employed for that portion 48 .556 1.11 1.67 2.25312.78 | 3.34 3.9 4.451 
of the shell in which the tube holes are drilled. For ey é 
the standard Babeock & Wilcox, Springfield, or 42  .486 .9T4 1.46 1.95 282 __3.89! 
Stirling spacing with 3-, 3'/:-, or 4-in. tubes the 
ligament efficiency is around 43 per cent and the 
code formula reduces to 24 .278 .557 635 1.12 1.39 1.67 14.95 2.23 : 
2O .232 464 625 .927 1.16 1.39 1.627 12.09 
9300 * 
1G 175) .742 1.3 1.494 
Table 3 shows that drum thicknesses rapidly be- + ! 
come unmanageable and at around 1000 Ib. 12 139 .278 .41%7 (556 .695 .635 .975 1.111 


pressure amount to more than 10 per cent of the 

drum diameter. The forged drums for the Edgar 

and Lakeside stations are over 4 in. thick for a 48-in. inside diam- 
eter, but here the steel is of higher tensile strength and the liga- 
ment efficiency is much higher than the standard 43 per cent 
usually employed. All values to the right of the dotted line in 
Table 3 are above the 10 per cent of the outer diameter. Ham- 
mer-welded drums of the type made by Thyssen, Krupp, and other 
European manufacturers offer certain advantages over forged 
drums. In this construction in testing, the shell is subjected to 
Stresses above the elastic limit and the deformations are carefully 
measured, disclosing every weak place in the material. The 
shell is then carefully annealed to remove heat strains and the 


* BeLow Minimum THICKNESS Br Cope 


been tested above the elastic limit, with its deformations care- 
fully measured, and then annealed to remove all internal stresses, 
is much more trustworthy than a drum bent into shape cold, 
riveted, ahd calked. 

It is due to considerations of this sort which led the Massa- 
chusetts Board of Boiler Rules to approve the use of a similar 
method for determining the safe working pressure of the forged 
headers of the Edgar 1200-lb. boilers. In this case the allowable 
pressure is the cold hydrostatic pressure at the proportional limit 
divided by two, which corresponds roughly to a factor of safety 
of two and one-half on the elastic limit, and five or less on the 
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tensile stength. Nothing was said in the Massachusetts rule 
about annealing the headers when permanent deflections resulted 
from the hydrostatic test, since the headers were tested nearly to 
destruction. 

Drums of high-pressure boilers should be kept away from the 
fire. Many boilers protect the shells by firebrick or high- 
temperature cement. Lower drums are protected by brick walls 
and arches so that their surfaces cease to be heating surface and 


are now made from welded forge steel and open-hearth cast stee|, 
from electric-furnace alloy cast steel, and swaged or forged from 
seamless drawn steel tubing. All these types are in satisfactory 
operation at the present time. The cast headers perhaps take g 
little better care of the strains as variations are very easily made 
in the thickness of metal and radius of fillets. Also bosses, ribs, 
and external and internal lips to stiffen the section are more 
easily secured. Alloy steels of especial rigidity and composition 
may be used, but would be impossible if the ma- 


° terial had to be welded. As the header in most 
4 0.0. TUBE 
2 4° 00. Lain 30.0. TUBE 3 cases is directly exposed to the fire, heat strains 
\ enter into the problem and thickness of metal should 
18 “4 es aN woo # be kept as small as possible under the circum- 
Y | i200 stances. Maximum strains, however, do not occur 
4 bo0 1000 on the hot surface where support is secured from 
“Af, 200 the tubes, but on the cold side in the neighborhood 
ye VA Y, 400 WF 800 of the handholes and in the oblique ligaments 
tH, G47, £00 The temperature margins are somewhat uncertain 
= AY L\// is 4, wo but are around 400 deg. for most cases. 
L w A Superheater headers in many cases are circular in 
= i LOA section, and the stresses are determinate and can 
ae y A readily be figured. The header is generally set 
3 ae Vv a i apart from the flow of hot gases and the temperature 
a... “ A margins are high. Even when the rectangular box 
is used the protection of the baffles is such that the 
a ™ header and joints are not exposed to a high temper- 
HEAT TRANSFER 60,0090 ature. 
. Water-wall headers are usually circular in section 
P and the stress can be determined by the usual 
methods, ligament efficiency being the critical factor 
RATIO: THICKNESS TO OUTER DIAMETER ‘ 
2 ° The headers are usually made from seamless draw 
2"O.D. TUBE 134"0.D. TUBE 134"0.0. TUBE sections and in some cases have been thickened on 
18 the side where the drilled holes occur, or the hole is 
RADIANT HEAT CONVECTION — 
an SUPERHEATER SUPERHEATER eccentric with the outer surface, allowing thicker 
16 neat taagsren metal where the tube holes are drilled. In many 
N 10000 BTU/sa.FT constructions these headers are entirely outside th: 
r . 
: 4 -— a path of the hot gases, while in other cases th 
et kh header is protected by firebrick as well as the tubs 
$ \ joints. Temperature margins are thus large, much 
N in excess of 400 deg. 
° The Massachusetts Board of Boiler Rules has 
fo} 
2» \ considered another method for determining allow- 
pin DSF 400 able working pressures of headers where the materia 
w 6 of the header has been tested and the proportions 
Fe limit determined. The formula is P = (H T.S)- 
5E, where H is the hydrostatic pressure at 
HEAT TRANSFER 60000 HOUR +00 portional limit, the proportional limit of the tes 
2 ; 200 coupon, and 7'.S the ultimate tensile strength 
9 This formula corresponds to a factor of safet) 
“OF -06 Oh 0H varying from 1.5 to 3 on the proportional lim 
RATIO THICKNESS TO OUTER DIAMETER and gives higher working pressures as the pr 
Fic. 6 Srress iv Inner Freers or Tuses at Dirrerent Steam Pressures portional limit is a smaller percentage of the ult- 


are rarely hotter than the saturated-steam temperature. Tem- 
perature margins are thus very high, in most cases over 400 deg., 
with very little chance of surreptitious reduction. 


HEADERS 


The stresses in rectangular sinuous boiler headers of cast, 
forged, or drawn steel are indeterminate, but for purposes of de- 
sign they may be taken as double the stresses in a circular header 
of equal area and thickness, with the usual allowances for liga- 
ment efficiency, welds, and eccentricity. No design should be 
used without hydrostatic tests to destruction where the deflections 
at all weak points are accurately measured. The actual design 
is stiffened in most cases by fillets, ribs, and bosses. Headers 


mate strength. The method quoted on a precedilz 
page under the heading “Boiler Materials” allows higher working 
pressures when the proportional limit exceeds 40 per cent of thr 
ultimate tensile strength, which is most generally the cas 
From many considerations it is better to determine the pressu" 
which stresses the metal of the header to the proportional lim! 
in its weakest place and consider the safe working pressu 
as some fraction of this test pressure depending on the amout 
of exposure to the heated gases. When castings or alloy steels 3" 
used the proportional limit may be more than 60 per cent of the 
ultimate tensile strength, showing the material is much more mg! 
than welded material. Temperature margins are equally high 
as the proportional limit does not fall off so early, although the 
legal factor of safety of five on the ultimate is in most cas* 
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considerably decreased. A study of the physical constants of 
alloy steels gives creep curves extending to much higher tempera- 
tures than those for usual boiler material. (See Fig. 3.) In 
other words, the temperature margins of safety are greatly in- 
creased as Shown by Mellanby and Kerr. 
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In CoNVECTION-TYPE SUPERHEATERS AND FLOws 


It is now plain from our discussion that: 

1 A high-pressure boiler must consist largely of banks of tubes. 

2 Headers of almost infinite variety are available up to at least 
1400 Ib. pressure. 

3 Drums must be of small diameter even when forged, and 
should not contain in excess of 10 per cent of the water content 
of the boiler. ; 

4 Many good designs are available if the usual canons of boiler 
designs are followed. 

5 Up to at least 1000 Ib. there will be no necessity of going to 
alloy steels, but above this pressure alloys steels are available and 
should be used if the temperature margins so require. 

6 High-pressure work will show less difficulties of operation 
than lower pressures. 

7 For higher superheats than 800 deg., alloys steels are 
indicated. 

5 Contemporary technical literature shows twenty or more 
different designs of boilers operating successfully at pressures of 
500 Ib. and over, while at least six entirely different designs are 
Working at 1000 Ib. and over. One type is working at 2000 Ib. 
andover. There is nothing to show the best design since all these 
types work well and they differ only in capacity and in the care 
‘t which the details have been worked out. The test data are 


insufficient to show real efficiencies, but enough work has been 
done to show that the efficiencies are comparable to those ob- 
tained with boilers of lower pressure. An inspection of the steam 
table shows that the latent heat at 200 lb. is about 850 B.t.u. 
per lb., while at 1200 lb. it is 610 B.t.u. Regenerative heat should 
be used to heat the feedwater from the hotwell temperature to 
the temperature corresponding to 400 Ib. (450 deg. fahr.). 
Beyond this an economizer should be used nearly up to the 
saturation temperature. If a sufficient amount of air heating be 
included in the design, little heat will be wasted, and boiler 
efficiencies will be maintained even at very high pressures. 
Actual evaporations should be higher in inverse proportion to 
the latent-heat content at the saturation pressure. 
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ConcLusions as TO Best Tyre or Hicu-Pressure BoILer 
Unper Present LIMITATIONS 


We may now state our conclusions as to the type of high- 
pressure boiler best suited to our present limitations. 

1 Very high-pressure boilers (2000 Ib. and over). Flash 
type, tubes 2 in. or less in diameter, no header, no drums, all 
welded joints, except at collectors and manifolds where flanged 
or coned joints should be used. These boilers may consist of a 
single coil for small outputs or multiple coils as in the Benson 
boiler. 

2 High-pressure boilers (800-1600 lIb.). Water-level type, 
consisting of a bank of tubes of larger diameter than those in- 
dicated for the flash type, with walls not to exceed one-tenth of 
the outside diameter in thickness. Tubes to be expanded in 
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headers or small-diameter drums whose thickness when exposed 
to fire should not exceed one-tenth of the outer diameter. Water- 
line drum should not contain when half-full more than 10 per 
cent of the water content of the boiler. The boiler should be 
high rather than low, so that the water in the tubes may be under 
sufficient static head to insure steadiness of steam, and restric- 
tions in discharge opening to steam drums should be sufficient to 
obviate serious moisture in the steam. Dry pipes or separators 
should precede the superheater. Steaming economizers should 
not be used, but the feedwater should be heated by economizer or 
the regenerative system so that little water heating is left to be 
done by the boiler itself. Water-cooled furnace walls should be 
used in sufficient amount to make the furnace repairs a negligible 
quantity. 

3 With temperatures in excess of 750 deg. fahr. we must 
be content with a shorter life of tubes and be prepared to replace 
coils or tubes from time to time. The only alternative is the 
use of much-higher-cost alloy steel. 

In conclusion, the author’s thanks are due to his many friends 
who have helped in the preparation of this paper by criticism and 
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suggestion, and particularly to his assistant, N. Artsay, for his 


work in preparing the drawings and calculations. 


Appendix No. 1—Thermal Stresses in Boiler 
Tubes 


Let Q = heat transfer in B.t.u. per hour per square foot 
R, = radius of outer surface, in inches (see Fig. 10) 
R, = radius of inner surface, in inches 


dD, 


outside diameter, in inches 


D, inside diameter, in inches 
y = radius of a layer in the metal 


= heat-conduction coefficient for the metal jy 
B.t.u. per hr. per deg. fahr. per sq. ft. per inch 
of thickness. 

ry = thickness of the tube in inches. 


For a tube one foot long. 


it 
— = @ X (1) 
dy 
Integrating [1], 
[2] 


If t; is the temperature of the metal outside and f; that of the 
metal inside, then 


QR, R, 
R, 
Log R, = log , and for usual thickness, 
2 
1+ th 
—]= 
og us 
R, Qs OD, 
t 
2 K Rs or 2 K [3 


Let c be the coefficient of thermal expansion of steel and equa: 
to 6.5 X 10-8 The outer layer of the tube will be expanded 
relatively to the inner layer by the amount 


C(t, — t:) per circumferential unit of length. 


Let e- be the uniform hoop strain of tension in a cold stat’ 
produced by the inner pressure. In a heated state, with hes! 
transfer going on, the effective strain on the whole section, W hict 
is counterbalancing the pressure, will be reduced. Assuming 4 
linear temperature gradient in the metal we can write an 
pression for the effective strain of outer hoops 


(t, — tr) 
2 


=ee—e 


Consequently the hoop strain in inner layers must be greater 


balance the pressure; in other words, the heat transfer ‘ ‘unloads 
the outer hoops and shifts the load on the inner hoops. 
The actual strain in inner hoops e; due to pressure is 
c(t, — te) (4 
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If E, is the modulus of elasticity at t deg. and » the factor of 
modulus decrease with temperature, 


= nE x. 


If p. is the stress due to cold pressure and P is the pressure per 
square inch, then 


_ PD 


Let p, be the stress in a heated state for the inner layer: 


£—t 
For the outer layer: 
— te) 


2 


c = 6.5 X 107-8; Ex = 30 X 105, consequently 
Pr = Pe 97.5(t4, — t)n, or, roughly, 
Pr = Pe = 1000y 


where 6 is the temperature difference between the outer and 
inner surfaces, the + sign being used for the inner layer. 

The effect of heat transfer on stresses acts in one more di- 
rection. The hotter outer layers expand longitudinally, dragging 
the colder inner layers, consequently in the most loaded inner 


T = 

| 

| 

| 

| 

| 


Compression 


Tension 


Fig. 11 


layers there will be a longitudinal tension stress. The latter 
will result also in the transversal contraction in Poisson’s ratio. 
Assuming 6 small (Fig. 11), the longitudinal tension stress in 
the inner layers will be 

Ex 


(—t 
2)c 


Consequently, if m is Poisson’s ratio, 


Pr = Pe + 1006n + (i —b)e 
taking m = 0.30, 
For the outer layers 
= Pc — 1306n. 
Discussion 


0. H. HarrmMann.? It has been a great pleasure to me to con- 
iribute to the discussion of Mr. Orrolk’s paper on high-pressure 
steam boilers. 

This excellent work brings forward in condensed form the trend 
of the development of high-pressure boilers during recent years. 
Mr. Orrok refers to some of my articles and remarks that I 
did not give any new outline for the construction of dependable 


Engineering Director, Schmidt'sche Heissdampf-Lesellschaft, 
m.b.h., Kassel-Wilhelmshdhe. 


high-pressure steam generators. This is correct for the first ar- 
ticle on “High-Pressure Steam,” which appeared in the Z. V. D./., 
1921, no. 26, p. 663. On account of the scope of the subject 
treated therein it was not possible to go into details. For this 
reason on that occasion only the first Schmidt high-préssure 
boiler was described, which was constructed as a vertical boiler, 
but early in 1922 I gave an outline of the construction of de- 
pendable economical high-pressure steam generators in an ad- 
dress at the Ausschus fiir Bergtechnik des Bergbaulichen Vereins 
in Essen, Ruhr, published in Glickauf, February and March, 
1923. 

Essential references in Mr. Orrok’s paper refer to the water 
circulation in different types of boilers, the dimensions of steam 
and water space, and the material for boiler and superheater. 

I agree with most of the conclusions drawn by Mr. Orrok. 
I have at all times advocated that riveted drums should not be 
used above 450 lb. per sq. in. pressure (30 atmos.) and that these 
should be protected from being heated by furnace gases. The 
first Schmidt high-pressure boiler manufactured in the year 1910 
and also the Schmidt-Borsig boiler in 1923 for 900 lb. per sq. in. 
(60 atmos.) working pressure was designed with the drums pro- 
tected. 

Mr. Orrok mentions that the protection for the drums are 
made of firebrick or cement. A better solution is water tubes 
located close to the drum wall between the boiler tubes. These 
tubes could be part of the superheater or the boiler surface, the 
latter being used in a boiler in Rummelsburg power plant built 
by Hanomag, Hannover-Linden. 

The use of welded and forged drums with swaged ends has 
made great progress in Germany. The number of unriveted 
drums, made in Germany is considerable; it amounts to 1022 
of which 687 are welded and 335 forged of one piece. It is to be 
noted that on account of the favorable experience a large num- 
ber of such drums are used for working pressures below 450 lb. 
per sq. in. (30 atmos.). 

Manufacturers of forged drums are Fried. Krupp, A.G., 
Essen, Ruhr, Press-u. Walzwerk, Reisholz, A.G., Diisseldorf, 
and for welded drums, Vereinigte Stahlwerke, A.G., Abteilung 
Thyssen, Mulheim-Ruhr, and Mannesmann Werke, A.G., 
Diisseldorf. The welded drums are mostly used for pressure 
up to 600 Ib. per sq. in. (40 atmos.) but it is now possible for 
Thyssen to weld plates of a thickness of 3'/; in. (88 mm.) fault- 
lessly by means of water gas. For the highest working pressures, 
only the forged drums are given consideration, and they can be 
made in any thickness of nickel steel, which has higher tensile 
strength with high temperatures than the usual low-carbon steel. 

Mr. Orrok remarks that all water-tube boiler designs can be 
built for high pressures. He thinks the water circulation prob- ° 
lem is without importance and bases this on different boiler 
systems. Also I am of the opinion that the water circulation by 
far does not have the importance which is attributed to it from 
many sides, at least not as long as the service is normal. Water 
circulation is always sufficient, no matter how long the boiler 
tubes are. When the resistance against the rise of the steam 
bubbles is comparatively large, then the motion of the steam and 
water mixture is not continuous but periodic. I have made this 
observation myself during the first experiment with the high- 
pressure boiler for indirect firing constructed by my company. 
I have heated a pipe coil on the inside, the coil being wound as 
a firebox 20 in. in diameter (500 mm.). The pipe was 140 ft. 
long (42 m.) and 7/; in. (22 mm.) inside diameter. The single 
coils were close against each other so that the incline for the 
steam bubbles was very small. None the less the water circula- 
tion took place at 1470 lb. per sq. in. (100 atmos.) pressure 
and under a small head of the return water, without any over- 
heating of the pipe coil. 
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I agree with Mr. Orrok that the water content of a high-pres- 
sure boiler should be kept low. But he refers to the danger that 
arises from a sudden disturbance in the operation, resulting in a 
lowering of the water level in the upper drum. When the 

drums are removed from the influence of the furnace gases and 

the protecting wall is located at a certain distance below the 

drums, then a lowering of the water level is absolutely without 

danger, according to my observations. In my opinion dis- 

turbances in the water circulation, caused by a sudden change 

in the load, are much more serious. When the drum pressure is 

lowered by a sudden increase in load, all the water in the boiler 

will boil up on account of the sudden steam liberation, and the 

most heated tubes will be blown free from water, causing them 

to become red hot. A similar phenomenon can happen for a 

sudden interruption of steam consumption. In this case water 

tubes of small diameter are dangerous. 

Mr. Orrok’s comparisons of boiler-tube stresses are very in- 
structive. It follows from these, that the wall thickness should 
not exceed !/\ of the tube diameter. Mr. Orrok recommends 
not going below boiler tubes 2 in. in diameter. This is of great 
advantage for operation and attendance, but with this dimension 
the upper limit for steam pressure is soon reached when special 
expensive steel is not used. 

Especially do I agree with him in regard to the pipe-wall 
thickness. I am of the opinion that for the highest pressure the 
tubes should be as small as possible, in order to keep the pipe- 
wall thickness below */;. in. (5 mm.). For instance, for 1470 
Ib. per sq. in. (100 atmos.) working pressure and a heat trans- 
mission of 55,000 B.t.u. per sq. ft. per hr. (150,000 kg-cal. per 
sq. m. per hr.), I would recommend a tube of 2 in. (51 mm.) 
outside diameter and a wall thickness of 0.177 in. (4.5 mm.) 
which gives a total stress (pressure stress plus temperature stress) 
of 12,860 Ib. per sq. in. (875 kg. per sq. cm.). The safety factor 
is then 1.75 based on the elastic limit for the usual soft steel. 
Mr. Orrok is of the opinion that the size of the releasing surface 
has no influence upon the priming of a boiler. I would in general 
not agree with this, as the diameter and length of the tube, and 
the length of the steam path, have an influence which should not 
be neglected, but I agree with him that the cleaner the boiler 
water the less priming there is in a boiler. In Germany the 
alkaline concentration is not allowed to rise above 1.5 deg. Bé., 
if safety against priming is wanted. Only in the boiler of my de- 
sign, manufactured by the Schmidt’sche Heissdampf Gesellschaft, 
with indirect firing, is it observed that water first is carried over 
for an alkaline concentration of over 7 to 8 deg. Bé., without any 
steam separator. The indirect steam generation has the ad- 
vantage that the steam bubbles have only a short distance to 
travel and do not influence overboiling and priming. 

In Germany the cause of split tubes has been only material 
defects and scale deposits on an overheated part of a boiler tube. 
Only in one case by an experiment with a portable tube boiler 
for 1765 lb. per sq. in. (120 atmos.) was insufficient water circula- 
tion the cause of a split tube. Disaster or large disturbances 
from split tubes is never confirmed in any of the observed cases. 

As far as the material for boiler tubes and drums is concerned, 
I am of the opinion that for pressures up to 750 lb. per sq. in. 
(50 atmos.) the usual low-carbon soft steel is suitable; special 
steels are desirable only for higher pressures up to 1500 lb. per 
sq. in. (100 atmos.), but are not absolutely necessary when 

properly proportioned. 

In high-pressure boilers the location and design of the super- 
heater is of greatest importance. I am of the opinion that unpro- 
tected radiant superheaters should be avoided when possible, as 
these arealways unreliable at high temperatures and their longevity 
islimited. It is an advantage to locate that part of the convection 
superheater in which the steam is at the highest temperature, in a 
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temperate gas zone, in order to keep the wall temperature and 
heat stresses down. When these points are kept in mind, then 
superheaters for pressures of 750 lb. per sq. in. (50 atmos.) and 
above can be constructed with no objectionable features, even 
when the material is the usual soft steel. The proof of the just- 
ness of this opinion is given in the two experimental boilers for 
900 Ib. per sq. in. (60 atmos.) working pressure from the 
Schmidt’sche Heissdampf Gesellschaft. It is an advantage to 
all superheaters that they not be exposed to the radiation from 
the brickwork when the boiler is shut down, as this is often the 
source of superheater failures. Also the superheater can burn out 
by overfeeding one boiler in a large group of boilers, as under this 
condition superheated steam flows from the superheated-steam 
main back to the overfed boiler and the steam temperature is 
then raised to 1100 deg. fahr. (600 deg. cent.) or higher. This 
happens not only to high-pressure boilers but to low-pressure 
boilers also. 

The possibility of building a high-pressure boiler as a standard 
design water-tube boiler is proved by a number of constructions, 
yet in these boilers it is especially necessary to watch the quality 
of the feedwater. Small impurities in the feedwater, due to a 
leak in the condenser, can cause very serious disturbances. [ 
think for this reason that water-tube boilers are not suitable for 
high-pressure service when absolutely pure feedwater is not at 
hand. For these reasons I have developed the boiler with in- 
direct firing, the scheme shown by Mr. Orrok in Fig. 2. 

The drum which delivers the working steam of this boiler is 
in this case only heated by steam of still higher pressure, which 
gives off its latent heat in coils located in the boiler drum. Such 
a boiler has the advantage of a pipe-coil boiler, without having 
its disadvantages. It is absolutely safe from explosions. The 
heating surface in contact with gases consists of narrow pipe 
coils, which are able to stand a pressure several times the working 
pressure, even when red hot. The boiler part, located in the 
furnace, and evaporating the primary steam, has a very smal 
amount of water content, so if a tube should burst only a small 
amount of water escapes. The indirect heat transfer makes 
possible the use of any kind of feedwater. Scale contained in the 
feedwater is deposited as a soft pulp in the working steam drum 
and on heating elements located in the drum. This soft pulp 
is easily washed off. The heating surface in contact wit! ga: 
on the other hand, is always free from scale, as the heating sys 
tem is filled with distilled deaerated water, which is recirculating 
all the time. 

These favorable conditions have been observed both in 
high-pressure boiler in the experimental plant of my company 
Wernigerode and in the high-pressure locomotive built after my de- 
sign for the German State Railroad by Henschel & Sohn in Kas 

A series of tests of the Wernigerode boiler was made under thx 
direction of the engineers from the Vereinigung der Deutsche 
Grosskesselbesitzer with very badly treated and unclean water 
which showed that even by feeding the boiler with raw wate 
of 40 to 50 deg. hardness, English (30 to 40 deg., German), it w3# 
possible to keep the boiler under full load during the 300 br 
although it was filled to a large extent with a pulplike sulstance 
Also in this case the deposits on the indirect heating suriset 
were easily washed off, while at the same time a low-pressur 
evaporator of 60 lb. per sq. in. (4 atmos.) fed with the same 
water showed very hard scale deposits. 

By the indirect steam generation the economizer problem = 
solved in an.easy way, even steam generation is not danger 
in a low-carbon-steel economizer. 

Besides these advantages, indirect steam generation ofe% 
several others; for instance, the drum for the working steam ® 
only heated from the inside, so that the wall is without hes 
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it is furthermore possible to reduce the water content in the 
top drum, so that by lowering the water level it is possible to in- 
crease the steam generation considerably for a short time. 


Furthermore, the chance of priming is small, even for a high 
alkaline concentration, as already mentioned. 

The water circulation is constrained to go in the same direc- 
tion by the special arrangement of the pipe elements. Further- 


more, all the joints are outside the gas passage, so that any small 
leak is discovered at once. 

The operation of the whole boiler can be supervised from a cen- 
tral place, through temperature and pressure instruments, and 
even the water content of the heating elements and the cleanli- 
ness of drum heating can be controlled in this way. 

Cleaning of the evaporating surface in the drum is possible 
while the boiler is in operation. To accomplish this it is only 
necessary to reduce the fire and lower the water level in the steam 
drum sufficiently to wash off the deposits on the heating elements 
by means of feedwater sprays. 

To these advantages of the indirect steam generation may be 
added several others, which cannot be described in detail here. 

On the basis of twenty years’ experience in the field of high- 
pressure steam I am of the opinion that for pressures higher than 
600 to 750 lb. per sq. in. (40 to 50 atmos.) and bad feedwater, 
direct steam generation should be avoided and should be re- 
placed by indirect steam generation. 

But the indirect steam generation has a whole series of ad- 
vantages for boilers operating with condensate feed, beside 
those mentioned before. The principal ones, other than the small 
tube diameters, are the small number of rolled joints, the possi- 
bility of using the usual boiler materials, and further the allow- 
ance of higher heating-surface loads, by which the boiler price 
is kept low. 


I. E. anp Georce E. Seasury.‘ The paper 
contains some very interesting ideas and data on high-pressure 
boilers for steam power plants. We differ with him in some of 
his ideas and also have some data to add. 

We would like to correct a possibly wrong impression that the 
paper gives as to the materials used in the construction of the 
high-pressure boilers installed in the Edgar Station of The 
Edison Electric Illuminating Company of Boston. The ex- 
pensive materials referred to must be the forged-steel drums. No 
alloy steels were used in the construction of these boilers. 

Fig. 1 in the paper shows the cross-sections of several types of 
boilers. Looking at these cross-sections, one might get the 
idea that all high-pressure boilers are of some special design and 
considerably different from the customary designs with which 
we are all familiar. To set at rest any such impressions, three 
cross-sections are presented which show the designs used for 
building the high-pressure boilers installed at the Edgar Station. 
We hope that others who have purchased high-pressure boilers 
= show cross-sections of their boilers to make the story com- 
plete. 

Fig. 12 shows the first commercial 1200-Ib. boiler. It follows 
closely the designs used by the Babcock & Wilcox Company for 
lower pressures. It is special in that the drum is of forged steel, 
the tubes are 2 in. outside diameter, it is provided with a reheater, 
and it is built of materials of the necessary thickness to withstand 
the Operating pressure. 

The operating difficulties with this boiler have been discussed 
elsewhere and will not be reviewed here. 

The boiler contains 15,732 sq. ft. of boiler heating surface and 


is Ch. Engr., Constr. Bureau, Edison Elec. Illum. Co. of Boston, 
ston, Mass. Mem. A.S.M.E. 
Supt., Sta. Eng. Dept., Edison Elec. Illum. Co. of Boston, Bos- 
ton, Mass. Mem. A.S.M.E. 
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Fig. 12 Cross-Section or 1200-Ls. Borter, 15,732 Sq. Fr. Heat- 
SurFace, Station, Ep1son Evecrric ILLUMINATING 
Co. or Boston 


was designed for a capacity of 143,000 lb. per hr. but is operated 
at an output of about 130,000 lb. per hr. 

The second and third high-pressure boilers installed at Edgar 
Station are of the design shown by Fig. 13. A material improve- 
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Fie. 13. Cross-Section or 1400-Ls. Borer, 15,093 Se. Fr. Heat- 
ina Surrace, EpGar Station Extension, Epison ELectric 
ILLUMINATING Co. oF Boston 


ment was made in the design. The tubes of the lower bank are 
3'/, in. outside diameter instead of 2 in., and are 19 ft. long in- 
stead of 15 ft. as in the first boiler. The headers for the 31/,-in. 
tubes are vertical and the design of the reheater has been im- 
proved. There is a wider spacing of the lower row of tubes to 
prevent the bridging-over of slag. 

These boilers contain 15,090 sq. ft. of heating surface and were 
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Fie. 14 Cross-Section or 1400-Ls. Borer, 6971 Sq. Fr. Heating 
Surrace, Epear Station Extension, Epison ELectric 
ILLUMINATING Co. oF Boston 


designed for a capacity of 250,000 Ib. per hr. This output has 
been maintained for several hours without signs of distress and 
we believe the maximum capacity will be even higher than 
250,000 Ib. per hr. 

Fig. 14 shows the design of the two new boilers recently o™ 
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dered for an extension to the Edgar Station. The Babcock & 
Wilcox Company has replaced the upper bank of 2-in. tubes 
with additional economizer surface. The reheater has been 
removed from the boiler setting and placed above the boiler, 
and the high-pressure superheater has been materially improved 
in design. 

The boilers will contain 6971 sq. ft. of heating surface and are 
designed for a capacity of 250,000 Ib. per hour. We believe that 
they will be able to generate considerably. more than this. 

We believe that these three cross-sections show the trend of 
design of high-pressure boilers in America. 

In reference to priming, the speaker has pointed out that this 
is more a question of the condition of the water in the boiler than 
design. We believe that all high-pressure boilers should be fed 
with evaporated water. When dealing with materials of the 
thickness required for 1200 lb. a small amount of scale is likely 
to result in rapid failure. This has been pretty definitely proved 
by the operating experiences at Milwaukee. 

An inspection of the Mollier diagram for pressures above 600 
lb. will show that a reduction in pressure results in wet steam and 
not superheated steam as mentioned in the paper under dis- 
cussion. The design of superheater shown in Fig. 14, we 
believe, will result in the delivery of drier steam to the super- 
heater, but the superheaters will probably have to evaporate 
some moisture, as it would appear to be inherent at these pres- 
sures. 

The real reason why the Massachusetts Board of Boiler Rules 
adopted the hydrostatic test method of determining the safe 
working pressure of the 1200-lb. boiler headers was because there 
was no satisfactory method of figuring it. As you know, this 
method was developed by the A.S.M.E. Boiler Code Committee 
and is as follows: A test header is equipped with strain gages 
and subjected to a number of hydrostatic tests, starting with a 
low pressure and gradually increasing the pressure until the 
header takes a permanent deformation. The strains indicated 
by the strain gages are then plotted against the hydrostatic 
test pressure and where these strains depart from a straight 
line is taken as the pressure corresponding to the proportional 
limit. A coupon is then cut from the header and the ratio of 
its tensile strength to its proportional limit determined. The 
pressure corresponding to the proportional limit is then multi- 
plied by this ratio and this is assumed to be the hydrostatic pres- 
sure corresponding to the tensile strength of the header. This 
pressure is divided by 5 to give the allowable working pressure, 
since the Massachusetts laws require this factor of safety based 
on the tensile strength of the material used. 

We cannot agree with the author that the water content of the 
boiler drum should be kept as low as possible. A reasonable 
amount of water storage is desirable to prevent burning the 
boiler after a tube failure and while the boiler is being taken off 
the line. 

_ As you will notice, the quantity of water in the drum has been 
increased in the last design shown by increasing the boiler drum 
diameter from 48 in. to 52 in. 

We do not believe that alloy steels are needed in the construc- 
tion of 1400-lb. boilers unless the use of such materials will re- 
duce the cost of construction. 

We do believe, however, that the last pass of superheaters 
designed for steam temperatures above 700 deg. fahr. should be 
of alloy steel to take care of the operating periods where the 
steam temperature is higher than the normal operating tem- 
perature. 

We do not believe that any restrictions should be placed in the 

harge openings to the steam drum for such restrictions will 


— the circulation and thereby reduce the capacity of the 
iler. 
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E. R. Fisu.' I quite agree that increase in pressure has rela- 
tively little effect on economical boiler operation. The higher 
steam temperature operates somewhat to the disadvantage of 
the outlet-gas temperature, but the growing use of economizers 
and air preheaters offsets that so that the overall efficiency is 
maintained. High steam pressure, therefore, may be assumed 
as not inimical to high fuel economy. It is the design of the 
pressure part, the material of which it is constructed, and the 
extent to which pressures will probably go that cause the boiler 
manufacturer the greatest concern. 

Practically complete statistics, gathered regularly by the 
United States Department of the Interior, Bureau of the Census, 
since January 1, 1927, disclose the rather surprising fact that the 
average size of water-tube boilers sold during the past fifteen 
months is almost exactly 5500 sq. ft. of heating surface. The 
average pressure was not obtained. From this figure one con- 
cludes that there is still a very large sale for relatively small 
boilers used for many purposes, largely industrial. 

To what limits are such plants going in working steam pres- 
sures? Undoubtedly the trend will continue upward and this 
problem of high-pressure construction is, therefore, not one for 
only a few of the larger manufacturers but is a problem in which 
all manufacturers are more or less interested. 

To meet the changing conditions, shop equipment must be 
provided, adapted to the fabrication of relatively heavy plates, 
and probably in due time, also to material of physical charac- 
teristics quite different from the customary low-carbon steel 
with which all boilermakers are now thoroughly familiar. 

The A.S.M.E. Boiler Code Committee recognizes that the pres- 
ent code is primarily adapted to the more moderate pressures, 
say up to about 350 Ib. per sq. in., but has taken action in some 
few cases to authorize the use of special materials and methods 
of calculation to meet special high-pressure conditions. It is 
inevitable that more changes in the code must be made from time 
to time but until there is some stabilization of acceptable ma- 
terials no concise and definite rules can properly be made. The 
trade is hopefully awaiting the coming of the alloy steel referred 
to in the paper. 

The welding industry is making tremendous strides in the de- 
velopment of the art of fusion welding and it is not beyond the 
bounds of possibility that this method of fabrication will some 
day, at least, partially supplant riveted, forge-welded, and 
forged seamless drums. 

Designs and methods of construction and possibly also a qual- 
ity of metal that is not susceptible to the embrittling action of 
certain phases of water in the boiler are, in the light of some re- 
cent disclosures, greatly to be favored. An explosion of a boiler 
carrying relatively low pressure is usually fraught with great 
damage. As the pressure increases the destructive potentiality 
increases also, hence, the need for the best. But the cost goes 
up with the pressure so the introduction of designs, materials, 
and methods of construction that will coordinate reasonable 
cost with safety of operation is a goal greatly to be desired. 

I do not agree that it is highly desirable or necessary to keep 
down the volume of water in a boiler. While the explosive 
power, due to the superheated water, is proportional to the 
quantity, the small differences of these factors in what are 
practicable designs, excluding flash types, is of no great im- 
portance. The principal point is to keep diameters down as 
much as possible. As the water-level conditions are just as 
Mr. Orrok describes them, the fluctuations must be minimized 
to the greatest possible extent. The danger due to lower water 
depends almost entirely upon the temperature of the gases that 
come in contact with the unwetted surfaces, and as at high 
~~ 8 Vice-President, Heine Boiler Co., New York, N. Y. Mem. 
A.S.M.E. 


| 
] 
= 
5 
+ 
| 
f 
\ 
4 
gt 
: 
; 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ratin 
are | 
trave 
with 
Ar 
sure 
prev‘ 
absol 
trans 
failur 
is on 
Wi 
boile1 


more 


The Ca 


per sq. 
This 

f this 

manufs 
The 


Fie. 15 Cross-Section or Benson Borer 


— 

62 

| UIN { 

DAP a hig! 
| 

| = | 

Wi 

| 


FUELS AND STEAM POWER 63 


ratings, gases of temperatures high enough to cause overheating 
are likely to be encountered over almost the whole length of gas 
travel, serious fluctuations of water level which occur principally 
with widely varying demands for steam should be avoided. 

Another point in connection with the operation of high-pres- 
sure boilers to which particular attention should be paid is the 
prevention of deposits of any nature on the inside of the heat- 
absorbing surfaces, which will interfere with the rapid heat- 
transfer rates necessary to prevent overheating and consequent 
failure. The thicker tubes and plates required for high pressure 
is one of the principal reasons for this consideration. 

Without doubt the final answer to the problem of high-pressure- 
boiler design has not as yet been fully reached and new and 
more suitable designs are to be expected. 


Kart A. Mayr.® Fig. 15 shows several cross-sections through 
a high-pressure boiler generating steam as suggested by Benson. 


Fic. 16 INTERIOR OF COMBUSTION CHAMBER, BENSON BoILeR 
The capacity is 66,000 lb. per hr., the steam pressure 2600 Ib. 
per 8q. in., and the temperature 800 deg. fahr. 

This boiler has been in practical service since the beginning 
{this year and supplies power and heating steam to a cable 
msnufacturing plant near Berlin, Germany. 

The design conforms to the conclusions Mr. Orrok has laid 
‘own in his paper as being the best type for steam boilers op- 
‘ated at pressures of 2200 Ib. and greater. There are no headers, 
20 drums, all joints are welded, except those to the collectors 
ind manifolds where cone joints and flanges are used. 

_The feedwater is forced under a pressure of 3200 Ib. per sq. in. 


‘Spec. Engr., Siemens Schuckertwerke, A.G., New York, N. Y. 
Amsoc-Mem. A.8.M.E, 


from a distributor into 16 tube sections which form the combus- 
tion chamber. While passing these sections all of the water 
is converted into dry steam at about 750 deg. fahr. 

The steam enters another collector and passes a valve which 
maintains the pressure of the steam in the generating sections. 
The steam then enters 24 superheating sections which receive 
heat from the combustion gases by convection and which are 
located in four of the boxes which can be seen around the com- 
bustion chamber. 

The high-pressure tubes have an inside diameter of 0.8 in. 
and an outside diameter of 1.3in. The total length of one tube 
of a generating section is approximately 450 ft.; the length of 


CENTRIFUGAL Feep Pump anp TURBINE 
Usep Benson 


Fie. 17 


one superheating section is about 320 ft. These lengths are 
obtained by connecting tubes of standard lengths by means of 
electric and thermit welds. 

The velocity of the water entering the generating tubes is 
5'/. ft. per sec. The velocity of the steam at the outlet of the 
generating tubes is 57 ft. per sec. The velocity of the steam 
entering the superheating tubes is 42 ft. per sec. and at the 
outlet of these tubes is 57 ft. per sec. Pulverized coal is used as 
fuel for this boiler. 

The combustion chamber is about 25 ft. high and 12 ft. 4 in. 
in diameter. The burners are arranged on top. 

The burning gases travel downward through the chamber and 
upward through eight boxes arranged around this chamber. 
Four of these boxes are filled with superheating tubes, as pre- 
viously mentioned, the other four are filled with tubes for re- 
heating. 

After leaving these boxes the gases pass upward through 
eight plate-type air preheaters and are pulled from there, by 
means of a propeller type induced-draft fan, and forced into the 
stack. 

Fig. 16 shows the interior of the combustion chamber looking 
upward toward the burners. It will be noticed how closely 
the steam generating tubes are arranged around this chamber. 
There is only room left for eight small columns through the 
upper part of which secondary air enters the chamber. The 
direction of these air streams, which is generally tangential to 
an imaginary cylinder inside the combustion chamber, can be 
adjusted by means of nozzles which can be revolved. 

Two feed pumps are used in connection with this generator. 
One is a six-plunger power pump and one is a centrifugal pump. 

The water passes through two cylinders in series. The pres- 
sure of the water entering the high-pressure feed pump is approxi- 
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mately 550 Ib., the temperature, 320 deg. fahr. The maximum 


discharge pressure of the pump is 3500 lb. 

Fig. 17 shows in the foreground the centrifugal pump and in 
the background the turbine which receives steam from the high- 
pressure steam generator. 

The steam pressure at the turbine throttle is 2560 lb. The 
steam expands in the first four stages down to about 510 lb. 
At this pressure the steam is reheated and part of it goes into the 
factory for process work, while the balance enters the low- 
pressure turbine. About one-third of the steam is taken off for 
process work after the second stage of the low-pressure turbine 
at a pressure of about 140 lb. The back pressure of the turbine 
is 78 lb. per sq. in. 

The output of the turbine is at a steam flow of 45,000 lb. per 
hr., approximately 3500 hp. 

Although this installation is the first one of this type, the re- 
sults obtained were sufficiently satisfying to warrant the installa- 
tion of another boiler of somewhat larger output to meet the 
increasing steam demand of this plant. 


E. W. Norris.?_ One question which is not directly related to 
the subject of the paper but whichis of great interest at this time, is: 
What is the highest pressure for which boilers should be designed? 
Our present steam tables do not cover a region of pressures 
high enough to enable us definitely to determine what efficiencies 
are to be obtained by the very high pressures in the range of 
2000 Ib. and above. At the present time practice in the United 
States does not go above 1400 lb. and there is a feeling that 
comparatively little is to be gained at much higher pressures, 
although this point can only be cleared up by further investiga- 
tion on the steam table side. 

On the subject of boiler types, I should like to emphasize what 
Mr. Seabury has said about the use of a standard type of boilers, 
not only from the point of view of the designer who is working 
on a class of equipment about which he knows a great deal and 
can therefore design with more definite success, but also from the 
operator’s point of view. These boilers have to be operated by 
men who were trained in operating standard types. At the 
Edgar Station there has been a steady advance in the use of 
the standard cross-drum type of boiler for very high-pressure 
service. It is my understanding that this type has been satis- 
factory irom the operator’s point of view as well as from the 
point of view of the designer and constructor. 

The author mentions the advantages of using a high 
boiler in order to obtain satisfactory circulation and large ca- 
pacity. He is correct in saying that a high boiler is nec- 
essary, but that does not mean that the boiler should be 
high in number of tubes but rather that the steam drum should 
be sufficiently above the heating surface to give proper circula- 
tion. The use of a superheater above the first deck gives ample 
height for such circulation up to the highest capacity now de- 
veloped and as the tubes above the deck or superheater are not 
particularly efficient, from an economic point of view they can 
be replaced in many cases by an economizer. 

Careful analysis of these boilers reveals the fact that where 
there is a steam reheater installed in each boiler, much of the 
heat absorption done by the economizer in the ordinary type 

of boiler is transferred to this reheater surface so that the 
economizer becomes comparatively small. Again, as higher air 
temperatures are used and the preheater is increased in size, 
the size of the economizer is correspondingly decreased, and pos- 
sibly under certain conditions, the economizer might be omitted 
entirely, even with low boilers, although, at present, I believe 
that small economizers or moderate sized ones are indicated. 

The question of water capacity is one of the water capacity 


7 Engr., Mech. Div., Stone & Webster, Inc. Mem. A.S.M.E. 
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represented by the change in water line, rather than the capacity 
of the boiler as a whole. What is needed is reserve capacity to 
take care of changes in demand without exposing the heating 
surface to dry heat. That indicates large water drums and more 
reliable forms of boiler feeding. 

The question of feeding of high-pressure boilers is becoming a 
serious problem. With high pressures the apparatus itself 
becomes heavy and difficult to operate in a sensitive manner, 
The problem is becoming similar to that of governing large 
turbo-generators and probably equipment of the same degree of 
reliability will be required. 


F. N. Spetier.* Mr. Orrok seems to pass over the question 
of corrosion in high-pressure steam boilers. Perhaps in itself a 
small amount of corrosion is not a menace, but it has been shown 
recently that when corrosion and variable stresses occur simul- 
taneously a high rate of local corrosion may be caused which re- 
duces the ordinary endurance limit of the metal considerably. 
So-called “corrosion-fatigue’”’ has perhaps not been noticed in 
high-pressure boilers as yet, but it seems to explain mysterious 
failures in other structures. The main safeguards against such a 
serious condition are (1) to reduce corrosion to the lowest possible 
rate, and (2) to avoid anything in the construction that will 
tend to localize the stress or corrosion. It is not my intention 
to raise an unnecessary alarm but recent investigations clearly 
indicate that the possibility of corrosion-fatigue should not be 
overlooked in important structures. 


Avex D. Battery.’ Mr. Orrok’s paper, briefly reviewing boiler 
developments, is a very creditable presentation. The author, 
however, states as facts certain points which are open to dis- 
cussion, and knowing him as I do, I am inclined to think this is 
done intentionally. The subject, however, is presented so clearly 
and logically that operating men who have been afflicted with 
some of the newer designs and installations are reassured of the 
fundamental soundness and the ultimate success of these installa- 
tions and are given an opportunity to look forward to further 
developments along the lines of both pressure and temperature. 

Unfortunately, most boiler designers do not appreciate the 
difficulty encountered in keeping the heating surfaces of their 
equipment properly cleaned, and in their zeal to provide high 
rates of heat transfer, or to reduce the capital cost for equipment 
of a given capacity, they lose sight of the fact that these high rates 
and high capacities depend primarily on clean surfaces. To this 
I might add “efficiencies,” which are equally important. More 
study should be given to the fuels which will be used in a given 
installation so that this feature will be properly taken care of. 

The operation of the boilers themselves has impressed upoa 
every one the necessity of keeping the internal surfaces immacu- 
late, as ruptures occur promptly if this rule is not followed 
Unfortunately, however, boilers do not blow up when the external 
surfaces are dirty and this feature is consequently given much 
less consideration than it deserves. 

In the paragraph on “Releasing surface and steam space, 
the author places proper emphasis on the subject of water el 
trainment with the high capacities which are becoming standard 
practice. This is most important and there should be no arg 
ment regarding the use of superheaters as evaporating surface. 

Another item which deserves the attention of designers and 
manufacturers of boiler equipment and appurtenances is that 0! 
water level. In the newer installations where large surfaces at 
exposed to the radiant heat of the furnace, water level is a ticklish 


8 Director of Department of Metallurgy and Research, National 
Tube Co., Pittsburgh, Pa. Mem. A.S.M.E. 


® Supt. Generating Stations, Commonwealth Edison Co., Chicago, 
Ill. Mem. A.S.M.E. 
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thing to control as the author has explained and the ordinary 
mechanical feedwater regulator has not the brains to cope with 
the situation. The response of the water level to changes in 
firing conditions is so quick that some better means of controlling 
the feed must be provided. Some of the newer feedwater 
regulating devices give promise but have not been in service 
sufficiently long to prove their worth. 

One of the positive statements made by the author to the effect 
that “steaming economizers should not be used’’ is open to 
discussion. The only up-to-date installation of which I happen 
to know is performing very well indeed and has given practically 
no trouble during the year and a half it has been in service. 
If the author can cite similar installations which have been 
troublesome we shall be glad to know of them, so that we may 
profit by his experience. 


Atrrep A. Marxson.” In this excellent paper on the high- 
pressure boiler Mr. Orrok makes a point which is deserving of 
very careful attention; that is, the apparent releasing surface is 
not much of a factor in the ability of a boiler to deliver dry steam. 
Nevertheless, there is something in the construction of boilers 
which is important in their ability to deliver dry steam at high 
ratings. It is so easy to blame the feedwater for all boiler 
difficulties that it has become generally accepted that pure feed- 
water is the deus ex machina that will cure all boiler ills. It is 
true that priming will decrease as the purity of the feed increases, 
but there are many boilers fed with evaporated makeup that 
prime very badly at high ratings. The complete answer to the 
question of priming is not bound up entirely with feedwater 
purity. 

The writer believes that given a certain operation pressure and 
supply of feedwater there are yet two factors which will govern 
the ability of the boiler to deliver dry steam. These are the rate 
of generation and the total steam upcomer area, with this stipula- 
tion, that the releasing surface of which Mr. Orrok speaks be at 
all times greater than the upcomer area. This means that the 
true water level must not be allowed to exceed in height beneath 
the steam offtake that fraction of the drum diameter which will 
make the releasing surface exceedingly small. This recognizes 
the fact that many boilers, due either to design or operation, 
may have their disengaging drums full of an emulsion of steam 
and water of such low density that the mixture fills the drum when 
the gage glass is showing an apparently low level. The cause of 
this may sometimes be found in the concentration of impurities 
in the boiler water. Very often, however, it may be directly 
attributed to the inherent shortcomings of the boiler design when 
subjected to the high rates of steaming which have become so 
prevalent nowadays. 

If the writer’s criterion, as above outlined, can be tentatively 
accepted, there is a difficulty in its application which may contain 
the explanation of the priming tendencies of certain types of 
boilers when forced. What is to be taken as the total upcomer 
area? In a horizontal-type boiler the problem is obviously 
sample. But it can be stated with fair accuracy that any boiler 
in which the steaming bank is designed as a U-tube possesses an 
‘peomer area which is practically indeterminate and depends 
chiefly on the baffling arrangement and the rate of heat absorp- 
ton in the steaming bank. It follows that, under different con- 
litions, tubes may change the direction of circulation. This 
means that at a given moment tubes may exist in the interior of 
the bank which can have no circulation. When that occurs 
there is a violent upheaval of the contents of such tubes, known 
88 pop-bottle action, resulting in priming of momentary or con- 
‘ued duration. This lack of determinateness with boiler 
‘ating explains why manufacturers of these types of boilers take 


“M.E., N. Y. Steam Corp., New York, N. Y. Jun. A.S.M.E. 


the steam offtake from a non-releasing drum, not because of the 
acknowledged fact that the steam should be somewhat drier 
when taken from such drum, but because nothing but wet 
steam could be taken from the steaming drum at high ratings. 
And by wet steam, the writer confines his remarks to amounts of 
moisture in excess of what the best types of steam purifiers will 
successfully handle. 

Header-type boilers, on the other hand, while possessed of the 
same and sometimes greater circulation defects, have a con- 
stancy of upcomer area which lends itself to dry-steam design, 
providing the criterion that the relieving surface must always 
be greater than the upcomer area is satisfied in the design and 
maintained in operation. 

Circulation in boilers is still of the greatest importance, regard- 
less of the tendency “‘to let sleeping dogs lie.” If we consider 
two boilers, one of which is circulating six pounds of water to 
every pound of steam and the other only three, we may say for 
the purpose of argument that the circulation is twice as much in 
the first as in the second, because twice as much water is being 
circulated in one as in the other. Steam is being disengaged at 
the same rate in both. The boiler with the better circulation 
will have a smoothness of disengagement which is less pronounced 
in the other because the velocity of disengagement is more 
nearly equal to the velocity of circulation. Furthermore, the 
true water level will be more nearly like that in the gage glass 
because of the greater density of the mixture at the releasing 
surface. All this will be in addition to theoretically higher rates 
of heat transfer and greater freedom from tube failures due to 
steam locking. 

Let us consider the question of tube inclination with respect to 
circulation. It is rational to suppose that there exist optima 
angles of tube inclination. Obtaining these in a boiler is like 
attempting to secure a flat speed-efficiency curve in an auto- 
mobile. The steam boiler is not as simple a device as many 
would consider it. Experience and theory show that some tube 
inclination is needed. How much is not known and might 
make little difference if it were. This much may be said of ex- 
treme tube inclinations. The tendency in a vertical tube is to 
form steam pistons, the slip of which through the water is ren- 
dered difficult, since they tend to fill the tube. If the same tube 
be inclined, the tendency of the bubbles is to assume a flattened 
shape in a direction which permits their freer slip and emulsifica- 
tion with the water. When vertical tubes are used in water 
walls it has been found necessary in some installations to pro- 
vide more downcomers than were at first deemed essential. 
The present-day freedom from tube burn-outs of water walls is 
due in no slight measure to the ability of the designer to provide 
all the downcomer area necessary to overcome this tendency 
toward erratic circulation at high heat absorption. However, 
the designer cannot overcome the trouble in the same manner in 
the boiler bank without reducing the nominal boiler rating per- 
centage of operation. Furthermore, the fundamental circulatory 
defect of the U-tube bank cannot so be overcome. 

Thus, while metal clean tubes are daily demonstrating their 
ability to assimilate unbelievable thermal punishment and are 
masking other boiler troubles, sooner or later, with increased 
ratings and pressures, engineers will again be driven to find the 
solution of their problem in correct and rational boiler design. 
Distilled water has only put the day off. Corrosion under dis- 
tilled water conditions is giving more or less trouble in modern 
plants. At present, corrosion must be overcome by the use of 
chemical treatment. Scale-free water rather than chemically 
pure water is what more and more operators are being obliged 
to use; and this unavoidable contamination of the feedwater is 
all the more reason for insisting upon the best possible boiler 
design. 
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Undoubtedly Mr. Orrok is correct in saying that operational 
difficulties tend to become less as the boiler pressure is increased. 
Perhaps the Benson boiler is the ultimate solution. Until then, 
there is not much reason for complacency with the majority of 
present-day high-pressure boilers, unless low ratings are accepted 
as a necessary evil. 


Joun AnpeErRSON.'! The high velocities of circulation men- 
tioned in Mr. Orrok’s paper are undoubtedly for a mixture of 
water and steam. Water alone, impelled by its own weight, 
will not fall vertically through a tube at any such velocity as 
75 ft. per sec. At room temperature and ordinary internal 
tube roughness, the maximum rate at which water will flow 
downward through a long, vertical, three-inch tube is 20 ft. per 
sec. 

A water-steam velocity of 75 ft. per sec. may indicate poor 
design. To obtain this high velocity, a very high ratio of steam 
volume to water volume must occur for which undue resistances 
somewhere in the circulation are responsible. Just as in super- 
heater design work, I believe we should be interested in mass 
flow, not volume flow. 

Mr. Orrok fails to mention that excessive resistances in the 
circulation circuits are basically responsible for the undue 
drops in water level when coal feed is suddenly stopped in some 
installations. The use of well-inclined or vertical boiler tubes, 
and a minimum number of headers, and adequate downcomer 
and riser area, will prevent such troubles. 

In his discussion of superheater design, Mr. Orrok points out 
the apparently decreasing safety margins as higher pressures are 
approached. This is directly opposite to my experience, and I 
believe the following will reconcile principles with practice. 

Actual metal temperature is higher than final steam tempera- 
ture by an amount dependent upon the heat transfer rate from 
the steam to metal. This rate, in turn, is almost proportional 
to the mass flow rate through the superheater tube (pounds per 
hour per square foot of flow area). At low pressures this mass 
flow rate must be low in order to maintain low pressure drop and 
low energy loss. Conversely, at high pressures the mass flow 
rate may be increased in proportion to the pressure, or slightly 
more. Thus, for the same energy cost, the flow rate at 1200 
Ib. pressure can be made a bit more than two times that at 
600 Ib. pressure, or five times that at 300 lb. pressure. The 
temperature difference between steam and metal varies in- 
versely with these ratios. 


Pressure, lb. per sq. in. abs........... 100 300 1200 
Assumed mass flow rate, lb. per hr. per 

Pressure drop, lb. per sq. in........... 2.6 8 18 
B.t.u. loss in pressure drop........... 3 3 2.5 
Per cent energy cost...............+.. 1 0.7 0.4 


Though mass flow rate at 1200 lb. is ten times that at 100 lb., 
it will be noted that the energy loss is less than half that at the 
lower pressure. A higher rate than 500,000 Ib. could be used. 
Metal temperatures 300 deg. fahr. above steam temperature in a 
100-lb. pressure tube (say 1000 deg. fahr.) could be reduced to 
roughly 30 deg. fahr. above steam temperature in a 1200-lb. 
tube (say to 730 deg.). 

There is another influence favoring superheater maintenance 
at high pressures, namely, increased specific heat of high-pressure 
steam. The specific heat at 1200 lb. is nearly unity, or almost 
twice that at 300 lb. This difference in specific heat improves 
the heat transfer 60 per cent. Correlation of these data with 
tests of metal at high temperature reconciles experience with 


11 'V. P., Charge Power, Milwaukee Elec. Ry. & Light Co., Milk 
waukee, Wis. Mem. A.S.M.E. 


engineering facts, and justifies the thought that high steam 
temperatures are more easily obtained at high pressures. 

Mr. Orrok does not point out that obtaining a given water 
surface by use of smaller diameter drums reduces costs in pro- 
portion to the relative drum diameters. The total weight of 
metal involved to obtain the same water surface is halved jf 
twice as many drums of one-half diameter are employed. By 
use of a number of small drums, one can even imagine 12()0-lb, 
boilers built of riveted plates, though, of course, welded cop. 
struction will be used ultimately. 

If high-pressure boilers continue to be very expensive, a new 
standard for boiler draft loss must be inaugurated. Present mass 
flow rates of gases past the boiler tubes should be doubled in order 
to reduce the amount of tube surface required. As in most other 
heat-transfer work, the unit rate of heat flow varies about pro- 
portionally with the mass flow. Double the unit weight of gases 
past boiler tubes by the use of more baffling or other methods of 
design, and a 70 per cent increase in heat transfer rate wil! ocew 
allowing a 40 per cent reduction in the convection-tube surface 
for the same final gas temperature. Draft losses of six to eight 
inches are necessary at normal ratings of high-pressure boilers t 
obtain economic balance between fan energy and investment 
costs. Air heaters are comparatively cheap; they merit only « 
small portion of the available static fan pressure. 


J. B. Crane."? Mr. Orrok is to be congratulated on this paper, 
which represents considerable research. Fortunately we ar 
now in a position to supplement theory with practice and to pre 
sent additional information which will be of interest. We would 
supplement Table 1 of the paper and add column headed “Pounds 
of steam per foot of furnace width.”” See Table 1a. 

It will be noted all the boilers shown in Table la are vertical 
or semi-vertical boilers, and that the Ladd boilers at the Fordson 
Plant, which are semi-vertical, and the Ladd boilers at the Kips 
Bay Plant, which are vertical, are operating at continuous rating 
of over 20 lb. of steam per square foot of heating surface or 
600 per cent of rating. As both of these installations have 
operated for over a year with no tube trouble, it demonstrate 
that this type of boiler will carry these high ratings without diff- 
culty and, if necessary, this type of boiler can be operated st 
even higher ratings. Another phenomenon which has been 
shown with this type of boiler, is low exit temperatures at thes 
high ratings. Curves show that at 400 per cent rating the ver- 
tical or semi-vertical boiler gives as low temperatures as the hor'- 
zontal boiler and at higher ratings gives lower temperatures that 
the horizontal boiler. This is undoubtedly due to the better 
circulation of this type of boiler. With this is combined the fact, 
that with pulverized coal this type of boiler gives longer flame 
travel and more complete combustion. 

At the Milwaukee installation, the bottom screen is coll 
posed of 3-in. tubes 20 ft. long, which are connected into § 
header at the front of the furnace and from this header the wate 
and steam are led to the upper drum through fin tubes 50 ft 
long, with an intermediary header. These tubes have an é- 
fective length in the furnace of over 70 ft. and have given 2 
trouble since proper water was supplied to the boiler. 

The designers of the horizontal boiler are suggesting large 
drums for the cross-drum type of boiler to secure increased stea® 
space to more effectively separate impurities from the stea” 
before the steam goes to the superheater. This presents certal 
disadvantages: 

1 More water is contained in a single drum. This meat 
more latent heat is available to increase the destructive powe™ 
of the boiler if there should be any defects in the drum materi 
This is the exact opposite of what should happen with a go 


12 Engineer, Combustion Engineering Corp., New York. 
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TABLE la SUPPLEMENTARY DATA ON MODERN SOLaae 


ss RS HS 
steam releasing heating 
space, surface, surface, HS 
Types of boilers and drum sizes cu. ft. sq. ft. sq. ft. RS 
Ladd (Fordson Plant) 7-drum, 60 
inches x 27 feet—54 inches x 28 
feet—36 inches x 25 feet 1151 522 29,500 56.5 
Ladd, New York Steam (Kips Bay) 
5-drum, 54 inches x 22 feet—36 
inches x 20 feet 464 198 20,854 105 
CEC Steam Generator, Solvay 
Process, 4-drum, 48 inches x 22 
feet—31'/: inches x 18 feet— 
31!/2 inches x 21 feet 138.6 88 6,598 75 
Stirling, Mil. Ry. & Lt. Co., 3- 
drum, 40 inches x 39 feet 306 259.7 30,648 107.8 
Ladd, Kansas City Pr. & Lt., 3- 
drum, 40 inches x 26 feet 293.5 164.5 20,208 123.2 


design. Water-containing parts should be smaller to reduce the 
chance for serious damage. 

2 A better quality of steam can be secured by leading the 
tubes doing the majority of the work (i.e., front boiler tubes 
and furnace relieving tubes) into one drum and taking the 
steam from a second drum in which there is very little turbulence. 
This allows the most effective use of baffles for giving dry steam. 

3 Fewer slagging troubles are encountered with the vertical 
or semi-vertical boiler. With a horizontal boiler, a slagging 
temperature will be practically the same for the whole length of 
the tube, whereas with the vertical and semi-vertical boiler, a 
slagging temperature will not exist for the whole length of the 
tube and consequently the tubes will not be slagged to a point 
that the capacity of the boiler is reduced. 

The higher pressures are here to stay and in the next few years 
we shall see many new and interesting theories tried out. 


Tue AurHor. In the presentation of this paper at Pittsburgh 
the author stated that such a subject as this could not be solved 
by one man or by one organization and that the paper was put 
forward tentatively in the hope of arousing discussion since 
the importance of heat strains in connection with the pressure 
strains in a boiler could hardly be overestimated. 

The paper has been ably discussed by Hartman, Fish, Mayr, 
and Crane on the part of the boiler manufacturers, bringing 
out to better advantage many of the points which had to be 
touched lightly in the paper itself. The discussion of Moultrop 
and Seabury, Bailey, Markson, Norris, and Anderson from the 
operating side has been illuminating, while Speller has brought 
ina subject of special difficulty purposely omitted from the paper 
due to space requirements. The Hartman discussion is partic- 
warly valuable since he has perhaps had a longer experience 
with elevated pressures and temperatures which he presents 


ater Lb. of 
Weight evapo- Time to steam 
of water rated evaporate per ft. of Pressure, 
HS in boiler, Ww per hr., boiler con- furnace Ib. per 
Ss Ib. HS 1 tent, min. width sq. in. 
25.6 206,000 7.0 97,000 128 26,000 250 
600,000 (6) 20-5 
45.0 124,800 6.0 68,700 110 21,250 300 
425,000 
47.& 32,150 4.9 28,000 69 11,250 825 
- 160,000 12 
100 80,100 2.62 101,200 72 6,800 1400 
240,000 20 
69.2 58,200 2.96 66,500 53 9,250 1400 
200,000 17.5 


for our use. Moultrop and Seabury, Mayr, and Crane have 
added valuable data, while Anderson points out certain con- 
siderations which strengthen the case for the higher pressures. 

Bailey points out certain operating conditions which become 
of increasing importance as pressures and temperatures are 
raised. He also reports excellent results for the eighteen months’ 
experience with a “‘steaming economizer” which the author con- 
demned in paragraph 2 of his conclusions. At the Pittsburgh 
meeting the author stated that this discrepancy was probably 
one of definition. The Boiler Code provides that both the feed 
inlet and the steam and blow-off outlets of a “boiler” should be 
provided with two valves in series, thus allowing work to be done 
inside of a boiler without danger to the workman. The author 
maintains that everything between the feed valves and steam 
valves is boiler and that surface, following the feed valve, even 
if it only heats water is boiler surface. The author has no 
objection to such a “steaming economizer’ as the one installed 
at Calumet, nor to the additional drums and third or fourth 
bank of tubes in a Stirling economizer when these constructions 
are preceded by the feed valves, .as these so-called economizers 
are a part of the boiler under the Boiler Code. 

Finally, the author again emphasizes with Stromeyer, Chief 
Engineer of the Manchester Steam Users Association, the fact 
that boiler design and strength depend upon the elastic and plas- 
tic strength of boiler materials. About the former a good deal 
has been known for many years and upon it the rules for boiler de- 
sign have been built up, but about the plastic strength of materials 
we are just beginning to acquire knowledge. Mathematicians 
treat materials as if they were perfectly elastic whereas mild 
steel is not only elastic but is plastic as well. The knowledge 
which engineers have gained and which has been added to by 
fatigue experiments is that unknowingly they have been dealing 
with plastic stresses. 
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The Ruths Steam Accumulator 


By R. A. LANGWORTHY,! NEW YORK, N. Y. 


This paper explains how the principle of heat storage in hot water 
under pressure can be applied in many industries. The author 
presents the fundamental theory of the steam accumulator, which 
embodies this principle, and shows how it may be used to reduce 
fluctuations of boiler load and reduce the production cost of steam 
in industries where heat and power demands vary through wide 
limits. After describing the construction, operation, and control of 
the accumulator, he gives operating data on three installations, one 
in a textile mill, one in a sugar refinery, and one in a pulp and paper 
mill. 


the engineering profession in America a unique piece of 

power-plant equipment which, although it has been thor- 
oughly developed and perfected in its practical application to 
industrial power development for over ten years, is comparatively 
unknown on this continent. 

It is unique for the reason that where conditions justify its 
installation no other piece of equipment, or combination of 
equipment, will produce equivalent results. 

The statement that it is “comparatively unknown” in America 
is made with due regard for the fact that most of our engineers 
are familiar in a general way with the principle of heat storage 
in hot water and the flashing of such water into steam by lower- 
ing the pressure. The automatic control of such stored heat 
in a practical manner and the possibilities in the application of 
such automatic storage of heat to industrial-process work over 
a wide field, are thoroughly realized by but few in our profession. 

The cutting of production costs has received the close scrutiny 
of manufacturers in recent years and unless signs fail this will 
be increasingly true in the future. It is here that the Ruths 
steam accumulator can play an important part and is destined 
in the future to find its sphere in the economics of manufacturing. 
By its ability to decrease costs, speed up production, and in- 
crease the production of a given factory without increased capital 
investment, it serves a useful function in industry. 


[' IS THE purpose of this paper to bring to the attention of 


DEVELOPMENT OF THE ACCUMULATOR 


It is not surprising to find that the idea of applying to industry, 
in a practical manner, the principle of heat storage in an accumu- 
lator, was first developed in Europe. Keen competition and 
relatively high coal costs brought this about. The result has 
been over 300 installations of the Ruths steam accumulator 
in Europe in the past ten years. 

Relatively few investigations have been made of the effect 
that variations in the consumption of steam or power exercise 
on the working methods and overall efficiency of our industrial 
plants. These variations, which are often much greater than 
is generally known, have been accepted as unavoidable; and 
attempts have been made to counteract their effects by providing 
greater flexibility in the firing apparatus. 

All firing equipment has a certain inherent time lag in respond- 
ing to changes in load conditions, and during this period the 
operating efficiency falls off. There is one definite point in the 
output of steam for each boiler when the overall efficiency of the 
unit is at the maximum, the efficiency being less at any other 


1 Vice-President and General Manager, Ruths Accumulator Co., 
Inc. Mem. A.S.M.E. 

Contributed | the Power Division and presented at the Annual 
Meeting, New York, December 5 to 8, 1927, of THe AMERICAN 
Society oF MECHANICAL ENGINEERS. 
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point. Widely fluctuating loads in a boiler plant do more to 
affect adversely the economical generation of steam than any 
other single influence. The accumulator makes possible the 
absorption of all fluctuations in demands for steam, regardless 
of where and when they occur in the factory. 

There are few factories in which all parts correspond to one 
another in output. There is usually one part of the plant which 
is not quite as productive as the rest, and in many cases, it js 
the boiler house which is at fault. It is a point of primary 
importance in many factories carrying on a sensitive chemical 
or drying process, that the steam employed must have a definite 
temperature. Unless this temperature is kept steady the process 
suffers, and the quality of the article produced isimpaired. With 
a fluctuating demand for steam and without an accumulator, 
it is often extremely difficult to keep the boiler pressure and the 
required steam temperature constant. It frequently happens 
that the importance of definite temperature outweighs all other 
considerations. 

A realization of these facts led to a comprehensive study of 
the problem, and from tests, analysis, and practical experience 
the Ruths steam accumulator has been developed and perfected. 

Many engineers and plant managers would be surprised at the 
fluctuating character of their steam load if it could be reduced 
to concrete curves and presented to their attention. The curves 
and charts given are plotted from actual operating data and ar 
typical of numerous plants. They will be of interest in illus- 
trating this point. Figs. 1 to 4 show the fluctuating nature of the 
steam load. Fig. 1 is a textile dyeing plant, Fig. 2 a sugar re- 
finery, Fig. 3 a paper-mill-digester load, and Fig. 4 an oil refinery 

Figs. 5 to 8 show the variations in boiler pressure. Fig. 5 is 
a chemical plant, Fig. 6 a brewery, and Figs. 7 and 8 are paper 
mills. 

The last two pressure charts are particularly interesting as they 
show the result of shutting down an accumulator. In the plant 
where the chart of Fig. 7 was obtained it was necessary, in order 
to do some other repair work, to shut the accumulator down for 
a short time. The effect on the boiler pressure speaks for itself. 

The plant from which the chart shown on Fig. 8 was obtained 
operated with three boilers and the accumulator, with constant 
boiler pressure during the 24-hour period. Piping repairs made 
it necessary to shut the accumulator down for two days. Four 
boilers were operated instead of three, and Fig. 8 shows the boiler 
pressure for one of these days. 

These two concrete examples clearly indicate the value of the 
accumulator in maintaining constant load and steam pressure 
without reference to fluctuating demand. 

The suggestion is often made that some of the operations ins 
plant can be “staggered” as to time and placed upon a definite 
schedule, thus partly eliminating the fluctuating steam demand 
A careful analysis of the situation will in most cases demonstrate 
that this is a compromise, the outcome of which is apt to be 
doubtful. It does not cure the real disease, but seeks to minimize 
its effects with an opiate. A much more satisfactory solution 
reached by allowing the process to proceed in a normal way 42¢ 
to meet its steam requirements with an accumulator. 


PRINCIPLE OF THE ACCUMULATOR 


The Ruths accumulator is based on the principle of storing ins 
large quantity of water, under pressure and at saturation tem 
perature, the heat energy of steam, and releasing this energy ” 
the form of steam under decreasing pressure. 
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This principle is not new. It was used by Professor Rateau, 
but only for the purpose of utilizing over very short periods the 
intermittent exhaust from steam-driven machinery. The Rateau 
accumulator had no influence on steam fluctuations in the plant 
as a whole, whereas the Ruths accumulator provides for storage 
capacity which will accommodate wide fluctuations in steam de- 
mand over periods of hours if necessary, and is in fact, by analogy, 
the flywheel of the boiler plant. 

Fig. 9 is a set of curves showing the steam-storage capacity 
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CoNSTRUCTION OF THE ACCUMULATOR 


The accumulator is built in the form of a cylindrical steel tank 
with hemispherical ends. It is usually installed in the open air 
without building protection. A single simple connection is made 
to the general piping system. The plant consists of two parts, 
the accumulator proper and the automatic regulating valves 
which control the cooperation of the boilers and the accumu- 
lator, and which also govern the steam distribution through- 
out the whole steam system of the factory. 

Fig. 10 shows a complete accumulator 


owt Accumulator 


installation. The tank A is constructed 
of riveted steel plate, and filled about 
90 per cent full of water. Over this is 
a covering B of non-conducting material, 
with insulation blocks C covering the 
riveted seams of the shell and easily 
removable for inspection. This lagging 
is protected by weatherproof covering. 
The volume is so large in comparison 
with the exterior surface that an insula- 
tion 3 in. in thickness is sufficient to re- 
duce the heat loss to a negligible amount. 

The non-return valve EZ admits charg- 
ing steam to the internal steam distribu- 
tion pipe F and the charging nozzles G, 
which are equipped with circulation pipes 
H to insure a uniform and noiseless heat- 
ing of the water. Through a non-return 
valve J the discharge of steam takes 
place. A De Laval nozzle K limits, in 
case of emergency such as a rupture in 
the steam piping, the maximum discharge 
of steam from the accumulator to gn 
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floon 


Fic. 1 Sream-Consumption Curve oF Cotron Mitt Wits Dye House 


12 
Night 


amount which will not allow priming. 
A water column L is provided for read- 
ing and adjusting the water level. 


175,000 
of water, For example, if a 


pressure of 400 lb. in a boiler is 


lowered to, say, 350 Ib., Fig. 9 
shows that 0.8 lb. of steam will be 
obtained from each cubic foot of 


F 
3 


3 


water. The Ruths steam ac- 
cumulator can be arranged to 


work under much lower pres- 
sures, say, between 60 and 10 Ib. 
For this pressure range the curves 


Steam, Pounds per Hou 


show a storage capacity of 4.2 lb. 
of steam per cubic foot of water. 
Thus, for the same pressure drop 


of 50 Ib. the storage capacity 
of the accumulator may be five 
times larger than in the modern 
boiler for the same quantity of water. In addition, the boiler 
in this example has to be built to withstand 400 Ib. pressure and 
the accumulator only 60 lb. Steam-storage capacity in an ac- 
cumulator can therefore be obtained much more cheaply than in a 
boiler. Usually large pressure fluctuations as assumed above 
are not allowed to take place in the boiler, and so the difference 
between the comparative steam-storage capacity of boilers and 
accumulators is increased still further. These figures clearly 
show that steam boilers should be built only for the purpose of 
generating steam at a constant rate, and that all necessary water 
space should be arranged for in a separate receptacle, built for 
& lower pressure, in which much wider pressure fluctuations may 
be allowed than in the boiler. 


4 é 8 10 


Night 
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The accumulator shell is supported at four points, so located 
as to distribute the bearing reactions properly and provide for 
free expansion under the variations of pressure and temperature 
of the water it contains. One supporting bracket is rigidly fixed, 
while two others rest on rollers, one permitting longitudinal 
and the other lateral displacement. The fourth is a pendulum 
support allowing displacement in any direction. This method of 
supporting the accumulator and providing for expansion has been 
very successful. 


CaPACITY OF THE ACCUMULATOR 


The capacity of an accumulator for a given plant is determined 
by the magnitude of the fluctuations of the steam consumption 
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only, and not by the capacity of 


the boiler plant. Thus a steam- 
flow chart showing the total steam 
consumption of the plant, or, if 
the steam consumption is fluctu- 
ating in one department only, a 
chart from this department will 
be sufficient for calculating the 
capacity of the accumulator. 

The volume of the accumulator 
is a function of the required ac- 
cumulating capacity and the per- 
missible pressure drop. Fig. 9 
shows the relationship between 10 2 4 8 nigh 
maximum pressure, and reer Fic. 5 Botter-Pressure VARIATIONS IN A CHEMICAL PLANT 
pressure, and storage capacity of 
one cubic foot of water at different drops in pressure. By using occupied by water, the volume of the accumulator will be 
this diagram the required volume of the accumulator can be 


| W 


| 
| 
| 


Steam Pressure, Lb. per Sq In. 


4 


easily calculated. Suppose the accumulator is connected between 25,000, _ 6613 cu. ft 
two pipe lines carrying pressures of 150 lb. and 50 Ib. per sq. 4.2 X 0.9 een 


in., respectively. Under these conditions one cubic foot of water 
can store 4.2 lb. of steam. If a storage capacity of 25,000 lb. of Steam accumulators have been built in sizes of from 200 to 
steam is desired, and 90 per cent of the accumulator volume is 13,000 cu. ft. volume, and in one mill an accumulator installa- 
re tion ofa total volume of 37,000 cu. 
ft. with a capacity of 150,000 Ib. of steam 
has been erected. This accumulator was 
16,000) f subdivided into three separate tanks. 
{ The total volume of all Ruths ac- 
Mn cumulators now in operation or under 


ee F erection is 1,500,000 cu. ft., with a total 
working capacity of about 5,600,000 |b. 


| of steam. 


AvuToMATIC ConTROL 


Of the highest importance in the proper 
‘\ \ functioning of the accumulator system 
is the regulating equipment. 

The arrangement of the accumulator 
in the steam plant must be such that it 
is connected between a high-pressure 
and a low-pressure steam line. At times, 
when there is an excess of steam supply 
over requirements, steam flows from 
¢ the high-pressure line to the accumulator, 
1 3 causing in it a rise of pressure. At other 

times, when there is a peak load in the 

Fie. 3 Sream DemMAnp oF Digester Houss plant, steam flows from the accumulator 

to the low-pressure line, causing in the 

] accumulator a drop of pressure. The 

pressure in both steam headers is always 

| | kept constant, and the accumulator pres- 
sure only is allowed to vary. 

\ Assuming sufficient boiler capacity to 
a GA Yy meet the average steam demand, it will 
—WGiY be readily seen that when the high- 

Y pressure demand is less than this average 
. : the excess steam will be passed into and 
stored in the accumulator. When peaks 
occur in the low-pressure-steam demand, 
they will be met from the accumulator. 

This maintains the low-pressure con 
stant and at the same time, by removing 
these peaks from the high-pressure, 8180 
12 r- maintains the latter constant. 

Night Fig. 11 shows an arrangement often 


Fia.4 Sream Consumprion tn AN Orn Revinery used in industrial plants. Steam is 
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the valve acts as an overflow valve 


for the boiler, being set for a pres- 
sure slightly lower than the safety 
valves. The popping of the safety 


ure, Lb per In. 


valves on the boilers will always 
be prevented, and when steam is 


Steam Press 


generated in excess of the pres- 
sure for which the valve is ad- 
justed it will automatically pass 


Night 


Fic. 6 Borcer-PressurE VARIATIONS IN A BREWERY 


generated in the boiler house at, for instance, 150 lb. per sq. 
in. pressure, and reduced by means of a reducing valve RV to 
25 lb. Due to a fluctuating steam demand, the boiler pressure 
cannot be kept constant. Ruths’ idea in theory was to insert 
an overflow valve OV, Fig. 12, which, upon any tendency of 
the boiler pressure to rise, passes enough steam to maintain 
a constant pressure in the boiler. In most cases, however, the 
steam supply through OV and the steam demand through RV are 
not equal, and there is a difference in time between them. There- 
fore, a steam-storing device, i.e., a steam accumulator, has to 
be inserted between OV and RV capable of storing enough steam 
to maintain the balance. If the pres- 
sure in the accumulator drops to 25 Ib., 
and there is still demand for steam in ex- 
cess of the supply from the boilers, the 
low pressure will drop below 25 lb. To 
prevent this, a reducing valve RV is 


160 ——_—— 


. through this valve into the accu- 


mulator line O. A reducing valve 
V; maintains a constant pressure 
in line P leading to the steam consumers. Depending upon 
whether at a given moment more or less steam is passed through 
valve V; than through valve V2, the accumulator will be charged 
or discharged. 

In case the accumulator should happen to be charged up to its 
maximum pressure, V; acts as a maximum-pressure valve and 
will shut off further steam supply to the accumulator. On the 
other hand, if the accumulator should happen to be completely 
discharged, V; acts as a reducing valve securing a sufficient supply 
of steam to the secondary steam line P, despite the fact that the 
accumulator is discharged. 


connected in parallel with OV (see Fig. 
13) bypassing sufficient steam to main- 
tain the low pressure regardless of the 


3 


condition of OV. Often the accumula- 
tor is built for a lower pressure than 


that of the boilers, for instance, for 125 
lb. In this case a valve is required which 
will protect the accumulator from being 


s 


overcharged, i.e., a valve MV, Fig. 14, 
which throttles the supply of steam if the 


Steam Pressure, Lb. per SqIn 
2 


accumulator pressure reaches 125 Ib. 
regardless of the condition of the valves 


1 
| 


OVandRV. By using these four valves i 

an absolute balance and constant pres- > 
sure are maintained, except under ex- 
treme conditions beyond the range 

for which the particular plant a 


has been designed. 


In practice the arrangement as 
shown in Fig. 14 has been im- 
proved by combining in a single 
valve all the functions of valves 


a 
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Borler Pressure Without Accumulator, Four Operating 
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Fie. 7 Borer Pressure Wits AcctmMuLaTor Out or SERVICE IN A PULP AND Paper 


| 


fan 


OV, RV, and MV. In Fig. 10 it 
will be seen that the system con- 


sisting of the two automatic regu- 
lating valves V; and V: which 


control the charging and discharg- 


ing of the accumulator and main- 
tain constant pressures in the 


Steam Pressure, Lb per Sq In. 


factory steam mains, does every- 
thing that the four valves shown 
in Fig. 14 could do. In the pres- 


Pressure With Accumulator, Three Barlers Ope 
A A A 


ent case it may be assumed that n" 


valve V; is connected to the boiler 


main N, and is controlled by the er 10 2 2 


boiler pressure in such a way as floon 
to maintain it constant. That is, 


J 6 6 10 2 a © 8 
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Rurus A.V.A. ReauLaTina VALVES 
Great care has been taken to develop a pressure-control valve 
Oe Pin which is sensitive, positive, and reliable. This accomplishment 
" * et is proved by the continuous service rendered by these valves, : 
2 12 3 wy in many cases over several years, without readjustment or clean- | 
ing being necessary. 
XK = A section through a complete regulator is shown by Fig. 15. 
10 
Ky, 150 Lb. per _ 
‘Coy 
> 
8 
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we Z ? 
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Q 700 200 400 500 600 700 Co! 
Maximum Pressure P,,Lb. per’ Sq In. Gage --—- > 
Fie. 9 Curves SHOWING THE STEAM-STORAGE CAPACITY OF WATER 25 Lh per Sg lm per soln 
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Fics. 11-14. DeveLopment or Automatic VALVE ConTROL 


The valve is of the double balanced-disk type, 
actuated by a servomotor which is operated by 
oil pressure under the control of a pilot valve 
and relay, which are in turn controlled by the 
pressure to be regulated. 

The principle of operation may be understood 
by reference to Fig. 16. This illustrates the ac- 
tion of a reducing valve designed to maintain 
constant pressure in the main M. A change in 
this pressure deflects the steel diaphragm D to 
the right if it is a decrease, for instance. Rod 
R follows it, and lever L turns upon its fulcrum 
impelled by the tension of spring S. This move- 
ment, multiplied by leverage, causes forked end 
F to cover a greater area of the orifices O on 
either side of the pipe. 
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A continuous stream of oil from the gear pump is passing 
through these orifices at a rate set by the adjustment of throttle 
valve 7’ to fit the conditions. Therefore, as the orifice area is 
decreased, the pressure P is built up, forcing the pilot valve N 
downward against the pressure of spring S,. 


under side of the piston N and returns it to its original position, 
closing ports 1 and 2 and bringing the servomotor piston to rest 
in its new position, thus preventing “hunting.” 

Conversely, for an increase in pressure M, the above move- 
ments will be reversed. More oil will be discharged through O, 
pressure P will fall, piston NV 
will rise, opening port 2, reliev- 
ing pressure C, and allowing S, 
to close the valve V. 

A handwheel permits opera- 
tion of the valve independently 
of the relay, and an emergency 
trip lever permits instantaneous 
closing of the valve. 

Various adjustments are pro- 


vided for setting the valve to 


the exact pressure to be held; 


for varying the time of a full 


stroke from '/,; to 60 seconds; 
and for varying the sensitiveness 
of the action. These are vital 
in cases where several valves 
have to cooperate with each 
other or with steam-turbine 
governors, when the speed of 
regulation must be adjustable 
within wide limits. 

By placing the orifices O at the 
left of the fork F instead of the 
right the valve will function as 
an overflow valve, regulating 
pressure M,. Furthermore, these 
functions and others may be 
combined in one valve by adding 
diaphragms to act on the same 
forked lever. Such compound 
valves have been designed for 
the most varied requirements of 
regulation and have given entire 
satisfaction. 


INDUSTRIAL PowER GENERA- 


TION 


One of the important recent 
developments in industrial 
power-plant design has been the 
tendency to adopt higher steam 
pressures. Manyindustrial proc- 
esses consume large quantities 
of steam at pressures from 125 
Ib. downward. Pressures of 50 
Ib. and less are common. By 


generating steam at 400 Ib. to 
500 Ib. pressure and using non- 
condensing or bleeder turbines 
to supply the pressures needed 
for process work, a large amount 
of by-product electrical power 
can, in many cases, be obtained 


Fig. 15 Section Toroven a REGULATOR 


Oil at constant pressure from the gear pump is thus admitted 
through port 1 to the space C above the servomotor piston. This 
is forced downward against the pressure of spring S; opening the 
valve V wider. The increase in pressure in C acts also on the 


at a very low cost. This is a 
distinct economic gain to in- 
dustry. 

In most cases the demand for process steam and the demand 
for electric power do not coincide. Asa result the total amount of 
process steam cannot be used to generate power unless at times 
steam is wasted to the atmosphere. Usually the amount of 
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power which could be generated is curtailed to prevent such 


waste. 


In installations of this type the Ruths steam accumulator 
often finds an excellent application. By storing the excess steam 
at times of low demand, for use on peaks, it makes possible 
the generation of the maximum amount of by-product power 
without wasting steam and serves as an equalizer between the 
electric power and process steam demands. It performs this 


important function in addition to its other uses. 


One of the most important functions of the accumulator, and 


GENERAL BENEFITS 
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NSTALLED 


REFINERY 


the one most difficult to definitely appraise, is 
its beneficial effect upon the quantity and quality 
of production. Just as constant voltage is an 
important requirement in an electrical system, 8 
constant steam pressure and temperature are neces 
sary for uninterrupted production and uniform 
quality in the goods produced. The ability of 
the accumulator to deliver large quantities of steam 
at constant pressures is practically limited only 
by the size of the steam piping, and the regulat- 
ing valves provided for its automatic distribution. 

It is an established fact that boiler efficiency 
over a considerable range of rating varies com- 
paratively little, provided the tests are made 
during periods of constant operation, but the fact 
that efficiency during actual operation never 
equals the test results has been confirmed by 
an increased boiler efficiency in plants which are 
equipped with accumulators. 

The rapid fluctuations in steam demand, which 
exist in many manufacturing plants, are respo0- 
sible for the low average boiler efficiency. With 
an accumulator the boilers may operate contil 
uously under the most favorable conditions, and 
their operation is independent of that of the 
manufacturing plant and the power plant. 
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In plants where accumulators are installed, savings in fuel of 
from 10 to 15 per cent and more have been made. 

With an accumulator, forcing of the boilers is avoided. Brick- 
work and boiler are kept at an even temperature, and thus re- 
lieved of the constant expansion and contraction which accom- 
panies a fluctuating load. This reduces to a minimum the up- 
keep cost for boilers, furnaces, and firing equipment. 

Since the operation of the accumulator installation is entirely 
automatic, and the operation of the boiler house and power 
plant is greatly simplified, a saving in labor cost results. 

Taking everything into consideration, both the capital and 
operating costs of a new steam power plant are considerably 
reduced when the steam accumulator is adopted. On the other 
hand, when the accumulator is installed in an existing plant, 
these savings and others pay for the installation in a short time. 

Another benefit from the installation of the accumulator, which 
is of the highest importance in some industries, 


of the accumulator will perhaps be better illustrated by describ- 
ing briefly a few specific applications in various industries. 

Sugar Refinery. In sugar refineries the boilers are called upon 
to deliver steam in widely varying quantities to the sugar pans, 
and to a lesser extent to the evaporators. As considerable power 
is required in the refinery it is desirable to generate this as 
economically as possible, and it is essential for efficient plant 
operation to have some means which will insure ample steam at 
all times both to the prime movers and the process. 

Fig. 18 shows an actual sugar-refinery arrangement which is 
typical of the industry and accomplishes both of the above 
results, at the same time maintaining a steady load on the boilers 
with constant pressures not only on the boilers but on all steam 
mains throughout the plant. . 

The boiler pressure is carried at 300 lb. and the process pres- 
sures are 90 lb., mainly for the pans, and 15 lb. for evaporators, 


is the increased production obtained without ad- 


ditional plant investment. This is the result of 


having available an ample supply of steam for 
process work, with no lag intimeofsupply. There 
8 no waiting for steam. The process work pro- 


| 
| | 


ceeds without reference to boiler-plant operation. 
This feature is strikingly illustrated by the 


JW 


curves in Fig. 17 which are plotted from the 
data of an actual installation. The shaded 
curve shows the steam demand of the factory 


| 
Steam Pressure at Sugar Pans 


Without Accumulator 
} 


(a textile mill) before the installation of an ac- 
cumulator. The other curve shows" the steam 


demand of the same mill after the accumulator 
was installed. In spite of the increased fluctua- 


tion in the load, the plant was operated with 


~ Steam Pressure at Sugar Fans 


one less boiler. These curves clearly indicate 
the limitations on output imposed by the boiler 
Plant and show what the real demands of the 


Steam Pressure,tb per Sqin 


with Accumulator 
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process were when this limitation was removed. 
In this particular case the production was in- 


L\ 


= 10 per cent with the same plant equip- 
ment. 
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Speciric APPLICATIONS OF THE ACCUMULATOR 
The practical application and the advantages 
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heating, etc. All electrical power is generated by two non- 
condensing turbines between 300 lb. and 90 Ib. as shown. 

The steam-demand curve of this plant over a typical 36-hour 
period is shown in Fig. 19. 

The curves in Fig. 20 are interesting as they prove conclusively 
the effect of the accumulator on a fluctuating steam demand. 
They are taken from this same refinery with the steam demand 
as shown in Fig. 19. The upper curve shows the pressure in the 
main steam header without the accumulator. The middle curve 
is the same pressure with accumulator in service and the lower 
curve shows the variation in the accumulator pressure. All of 
the fluctuations were taken by the accumulator. 

In this particular plant, the fact that steam is instantly avail- 
able to meet process demands has resulted in an increase of 
15 per cent in production. 

This accumulator is 16 ft. in diameter by 55 ft. long and has a 
storage capacity of 45,000 lb. of steam between 90 Ib. and 15 lb. 
pressure. 

Textile Mill. In textile mills where dyeing is done, the dye house 
requires steam in widely fluctuating amounts; this being due 
to the fact that a large quantity of steam is needed to bring the 
vats up to a boil, and a very much smaller quantity is needed 
to keep the vats at a boiling temperature. 

A typical arrangement diagram is shown in Fig. 21, where it 
is seen that steam is generated by the boilers at 140 lb. pressure 
for use in various auxiliaries and high-pressure processes and 
supplied to other low-pressure 
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Fig. 22 ARRANGEMENT DIAGRAM OF TEXTILE Mitt (Fia. 21) Wits 
ACCUMULATOR ADDED 


stallation for this plant and illustrates the ease with which the 
accumulator can be adapted to existing conditions. It is only 
necessary to replace the ordinary reducing valves by the Ruths 
A.V.A. regulating valves Vi and V2 and run a single pipe line 
to the accumulator, which is placed outside the boiler house. 


through reducing valves. The | | 

dye house requires a very large 25,000 — 
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is shown in Fig. 23, which is rf 
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Fig. 22 shows the arrange- 
ment of a Ruths accumulator in- 
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Fie. 21 ARRANGEMENT D1AGRAM OF A TEXTILE MILL 


Fic. 23 Sream CoNSUMPTION OF A PLUSH-MANUFACTURING PLANT 


The load on the boilers which will result from the operation 
of the accumulator is a steady output of 150 per cent of rating 
and the fluctuations will be eliminated, while the pressure will be 
held constant at 140 Ib. 

The accumulator shown is 10 ft. in diameter by 53 ft. long and 
has a storage capacity of 7500 Ib. of steam between 140 Ib. and 
80 lb. pressure. 

The plant just described is illustrative of what can be accom 
plished in plants using “high-pressure” steam in the dye house 
Where “low-pressure” steam is used it is possible to produce 
much greater economies, as the accumulator can be worked over 
a wider pressure range and is consequently smaller and less eX 
pensive. 

r An example of the generation of non-condensing electric powe 
in a textile mill is shown in Fig. 24. The turbine supplies all of 
the power required by the plant—about 400 kw.—and at the 
same time a steady load and pressure is maintained on the boilet 
plant. The use of low-pressure steam in the dye vats is mad? 
possible by a suitable proportioning of the steam lines. The 
accumulator shown is 8 ft. in diameter by 33 ft. long and has$ 
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storage capacity of 10,000 lb. of steam between 140 lb. and 5 lb. 


pressure. 
Pulp and Paper Mill. The operation of pulp and paper mills 
having digesters—either sulphite or soda—requires an output of 
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ARRANGEMENT DIAGRAM OF TEXTILE MiLt GENERATING 
Power From Process STEAM 
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steam from the boilers which will vary over wide limits. A 
typical curve of steam demand is shown in Fig. 3, and the 
arrangement of a plant with a Ruths accumulator in Fig. 25. 
This particular accumulator equalizes the demand for steam to 
such an extent that it is possible to operate the plant with three 
boilers as compared with four necessary without the accumulator. 
The steam pressure is held constant so that good speed regula- 
tions can be maintained on the turbine which drives the paper 
ng and breakage of paper from this source has been elimi- 
hated, 


This accumulator is 12 ft. in diameter by 58 ft. long and has a 
storage capacity of 15,000 lb. of steam between 165 Ib. and 80 lb. 


Figs. 27-29 AccuMULATOR INSTALLATIONS 


The modern tendency in paper-mill design is illustrated by 
the diagram in Fig. 26. Here the boiler pressure is set at 400 Ib. 
and a large amount of electric power generated from the 
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steam before it is used in process work. The accumulator is an 
essential part of such an arrangement. 

In addition to the industries specifically described above, the 
steam accumulator finds a field in steel mills; chemical plants, 
oil refineries, rubber factories, soap works, condensed-milk 
plants, carpet mills, breweries, dairies, tanneries, and any plant 
which has a fluctuating steam demand. 


Figs. 30-31 Views SHow1nG REGULATOR VALVES INSTALLED 


INSTALLATIONS 


A list of installations of Ruths steam accumulators in the 
United States and Canada is given below. 

In addition to this list there are 317 in operation in Europe. 

The photographs of installations as shown in Figs. 27, 28, 29, 
30, and 31 will give a good idea of the actual appearance of the 
accumulator and the regulating valves. 


CoNCLUSION 


The purpose of this paper will have been fully accomplished 
if it assists in bringing about a better understanding of the Ruths 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Working-pressu 


—Shell range, 

Diam., Length, lb. per 

Company ft. ft. 8q. in. 
Algonquin Paper Corporation, 

Ogdensburg, N. Y..........-. 12 58 165- 80 
Anheuser-Busch, Inc.,! St. Louis, 

14 59 150- 50 
Armour & Co.,! Stoughton, Wis.. 7 1514 150- 5 
Atlantic Sugar Refineries, Ltd.,! 

16 65 150— 80 
Bogalusa Paper Co., Bogalusa, La. 14 47 150- 15 
Brown Corporation, La Tuque, 

9 44 125- 15 
Caiman Sugar Refining Co., Ltd., 

16 55 90- 15 
International Paper Co., Gati- 

12 60 200-125 
International Paper Co., Niagara 

14 44 130- 30 
International Paper Co., Pierce- 

14 44 100—- 15 
Manitoba Paper Co., Pine Falls, 

12 58% 200-— 30 
Newfoundland Power and Paper 

Corp., Ltd., Cornerbrook, New- 

12% 57% 150—- 20 
Price Brothers and Co., Ltd., 

Gee... . 14 53 150— 25 
Reading Co., Frackville, Pa...... 10 62 160-135 
St. Lawrence Paper Mills, Three 

Rivers, Que.. 12 3914 150—- 25 
Pennsylvania Sugar ’Phila- 


1 Installations under construction. 


steam accumulator and its economic importance to industry. It 
is more than a piece of power-plant equipment. It is an eco- 
nomic influence, the application of which assists the manufacturer 
in cutting costs and speeding production to meet the keenest 
competition. 


Discussion 


Joun A. Stevens.? There may be quite a field for the Ruths 
accumulator in factories of the United States, but before or at 
the time of making an investigation with special reference to 
the advantages of the accumulator, the boiler plant should be 
very carefully reviewed, since with modern American boiler 
practice the fluctuations and demand of manufacturing steam 
are usually within the high limits of modern boiler-plant effi- 
ciency, or, one might say, within the limits of first-class efficiency. 

In other words, it is suggested that a thorough investigation 
be made of the possibilities of increasing the boiler efficiency 
before adding the complication of a steam accumulator. 

In the writer’s judgment, Ruths accumulators are ideal for use 
with electric boilers or old and obsolete boiler plants, especially 
small hand-fired boilers. 


AnpreEw A. Baro.’ Conditions seem to be more than ripe 
for the introduction of the finer points of heat economy to indus- 
trial plants. This is why the author’s paper is so timely and 
is so much to be weleomed. The presentation, too, is worthy of 
the subject, and the examples shown are so convincing that the 
writer does not believe that any doubt will remain in the mind 
of the reader as to the advisability of installing a steam accu- 
mulator in cases similar to those quoted by the author. Many 
cases will be found in which the installation of steam accumu- 
lators wil] not only be of great assistance in improving econ- 
omy but at the same time will increase steam-plant capacity, 
postponing thereby the installation of additional boilers and 
other equipment. 

There is one case, however, in which the writer feels that the 
use of the steam accumulator should be partly restricted in favor 
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of another piece of equipment, and this is where the steam is used 
for heating water. In such cases a hot-water storage tank seems 
to be cheaper to install and more advantageous in many other 
respects. Take for instance the example of a textile mill as 
shown by the author in Fig. 22. According to the test, ‘the 
dye house requires a very large proportion of the total steam.” 
This steam goes directly into the dye vats and is used to heat 
the water and the dyestuffs to various temperatures up to the 
boiling point. The writer believes that it would be better to 
heat water in a storage tank, lay hot-water pipes to the vats, 
and use steam for attaining the last few degrees only, if found 
necessary, and provided that this is consistent with the process 
in question, which is true in most cases. The reasons why the 
latter method seems to be preferred are as follows: 

1 The hot-water tank requires a much smaller volume for the 
same B.t.u. capacity than the steam accumulator. In the case 
shown the accumulator is operated between 80 and 140 lb. pres- 
sure. According to Fig. 9 of the paper, this means a storage 
capacity of 2.3 lb. of steam per cu. ft. of tank volume. 

Assuming cold city water of 40 deg. fahr. heated to 200 deg. 
fahr., 160 B.t.u. are stored in 1 lb. of water, or 160 X 60 = 9600 
B.t.u. in 1 cu. ft. of water, corresponding to about 9.6 lb. of steam, 
that is, 4.2 times as much as in the steam accumulator. As it is 
the shell that counts in the first costs, the surface of the latter 
is to be considered: it will be 4.2’/* = 2.6 times as large in the 
case of the accumulator as compared with that of the hot-water 
tank. 

2 The maximum pressure in the accumulator is 140 ‘b., 
whereas all the hot-water tank has to stand is a city-water pres- 
sure ordinarily not exceeding 60 to 70 lb. Assuming that the 
weight of the shell is proportional to the inside pressure, this 
means a further factor of multiplication of '°/7 = 2, which 
brings the total ratio between the weight of the accumulator and 
that of the hot-water tank to 2.6 to 5.2 as compared with 1.0. 

The price of the pipe coils in the heater can be balanced against 
the price of the charging nozzles, circulating pipes, and other 
devices in the accumulator. 

3 Exhaust steam from turbines, engines, and auxiliaries can 
be utilized in hot-water tanks of the enclosed type at much lower 
pressures than in accumulators, resulting in lower back pressures, 
a point of special importance when the boiler pressure is not 
very high. 

4 The condensate returning from the coils of the hot-water 
tank supplies the best boiler feedwater, whereas if steam is used 
directly in the vats, a corresponding amount of make-up water 
has to be used. 

5 In certain processes a casual direct contact with steam 
may be more or less harmful to the process or to the finished 
product; in such cases the ready hot water is to be preferred 
to the heating of water with steam in the vats. 

6 Next to the quality of the product there is another element 
that is likely to be decisive with the manufacturer, much more so 
than heat economy, and this is time. If steam is used for heating 
the water in the vats, the time for this procedure is lost for 
both the vat and the man attending to it. If hot water is used 
this loss of time is avoided, which means saving in labor and in- 
crease of plant capacity. 

The second example of the textile mill, shown in Fig. 24, seems 
to give a case more in favor of the accumulator, as here, due to 
the pressure range of from 150 Ib. down to 5 lb. the volume 
ratio between the accumulator and hot-water tank is nearly 1:1, 
and besides the amount of heat used for heating water seems to 
be a smaller fraction of the total heat than in the case of Fig. 
22. Still, it seems to be sufficient to justify the installation of a 
water heater and of a hot-water storage tank, as shown in Fig. 
24. In such a case the tendency should be to make the hot- 
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water storage tank large enough to take care of the fluctuations 
in the demand on hot water, and make the accumulator corre- 
spondingly smaller. 

Naturally, if the use of steam for heating water is not simul- 
taneous with its use for other processes, the same accumulator 
volume can be used for both ends, and the accumulator is to be 
preferred to the hot-water storage tank. 

The savings resulting from the installation of an accumulator 
are of a rather complex nature and hard to estimate—one reason 
more why every one would be interested in data based on actual 
cases concerning actual savings attained through the use of the 
accumulator, possibly expressed as a percentage of the investment. 

Finally, an interesting application of the steam accumulator 
can be added to the series presented by the author. The Public 
Service Production Co. of Newark, N. J., installed a battery 
of accumulators consisting of two units of the Rateau type as 
improved by C. H. Smoot in the Harrison gas plant of the Public 
Service Electric and Gas Company. These accumulators work 
between the pressure limits of 15 and 7 lb. and store steam coming 
from the exhaust of the auxiliaries on one side and from the 
waste-heat boilers connected to the gas generators on the other 
side. They are connected to the direct-fired boilers of the plant, 
too, but thanks to the action of the accumulators scarcely any 
steam is taken from the latter source. The steam from the 
accumulators is used for supplying the gas generators. The 
flow of the steam to and from the accumulators is regulated by a 
set of regulators of the Smoot Engineering Corporation of New 
York. The whole system has been working now for over a year 
and is giving perfect satisfaction. 


L. B. McMiuuan.* The author is to be commended for his 
important contribution to the literature on industrial power. 
In the movement now under way for the modernization of indus- 
trial power plants in the interest of better economy, an outstand- 
ing tendency is toward the production of more by-product power 
from process steam. But, as the author points out, the demands 
for steam by the processes and the demands for electric power 
are rarely synchronized; therefore the accumulator serves as the 
needed flexible link between these varying demands. 

However, observation of a number of actual installations 
which the writer has had the opportunity to see in operation 
has shown that the accumulator has, in addition, a still more 
important function to perform. It serves as a flexible link be- 
tween the steam-power plant as a whole and the steam-using 
processes in the manufacturing plant, making available at all 
times an ample supply of steam at uniform pressure. It is this 
function of the accumulator, resulting in increased production 
and often in improved quality of product, that is not generally 
understood. 


H. G. Turecscuer.’ The author has presented some inter- 
esting charts showing the effect of an accumulator in 
smoothing out boiler-plant loads, and states that savings in fuel 
up to 15 per cent have been obtained by its use. Such savings 
are far in excess of what is to be expected of a properly operated 
and designed plant, and if realized would in most instances justify 
a considerable expenditure of money for such a device. However, 
none of the maintenance expenses which inevitably must be 
incurred with such large high-pressure vessels are given. The 
temperature changes in the shell must be fairly rapid and may 
run up to 150 deg., depending upon the pressure range, and com- 
bined with the reduction in water volume must cause severe 
‘ os Engineer, Johns-Mansville, Inc., New York, N. Y. Mem. 
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working of the joints and the development of leaks. The writer 
would be interested in hearing from users of this equipment as 
to what their experiences have been in regard to maintenance 
and fuel saving. 

Plants confronted with the problem of taking care of increased 
production may require additional boiler-room investment. In 
cases where the steam demand for a considerable time is above 
existing boiler-plant capacity, the addition of accumulators 
should be compared with the addition of boilers to handle the 


' increased demands. Sudden swings in boiler output can be 


easily handled with pulverized fuel, and in some plants desirable 
combinations at a lower first cost and operating cost may be 
worked out by adding new boilers rather than accumulators. 
The old boilers may be operated at a steady load, taking the 
swings on the new. The effect of adding accumulators under 
these conditions may be to increase first cost and operating costs 

In certain hydroelectric systems, where sudden loads are im- 
posed on steam plants, accumulators may be of value in taking 
care of the time interval prior to bringing the boilers up to maxi- 
mum output. In cases where the plant is cold, the writer does 
not believe that the accumulator would be of any value except 
to take care of very small loads, because the demand would con- 
tinue for too long a period. The point to be emphasized is 
that the accumulator is essentially a peak device, and in order 
to justify its installation the length of time of the peak demand 
must be extremely short. 


C. G. Spencer.* The underlying principle of the steam accu- 
mulator has been understood and applied for many years. It 
used to be called ‘‘thermal storage,’’ and was recognized as an 
important characteristic of the economizer and types of boilers 
having large water-storage capacities. The gradual departure 
from the use of the large-tube economizer and the multi-drum 
type of boiler in high-pressure installations has been reflected in 
greater fluctuations in steam pressure for comparable demands. 
It will be surprising if there is a serious challenge to the sound- 
ness of the underlying facts in the author’s presentation. 

In the writer’s experience, the principle of the accumulator, 
used solely for a storage of heat energy, was applied to the fireless 
locomotive more than ten years ago. These locomotives operate 
for three or four hours without recharging, and are used exten- 
sively on the sugar-cane plantations in Cuba. 

The accumulator as a piece of equipment for smoothing out the 
load curve in the industrial boiler plant was brought to the 
writer’s attention in 1920. There was no question as to the 
soundness of the principle involved. 

There were occasional reports from that date on concerning 
installations, with particular emphasis on the difficulties that de- 
veloped. In spite of the known demand for such equipment and 
the soundness of the underlying theory of operation, the fact 
remains that for a period of about seven years there were but 
few installations made in this country. Careful attention to 
detail in the design of the equipment, its application, and con- 
struction, should give confidence where it has been lacking in 
this important piece of apparatus. 


Evcene P. Krenu.’? The author has contributed valuable 
data in his paper. He shows how more heat may be made avail- 
able for process work without the addition of boilers. If this 
results in increased output of plant product sufficient in value 
to pay for the equipment in a reasonable period it will be eco- 
nomical. A note of warning, however, should be added regarding 
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the fact that the availability of additional steam may lead to 
the use of an unnecessarily large amount. 

The writer has known industrial plants using process steam, in 
which, if the operators were asked how much steam their process 
required, the reply would be: ‘“‘As much as we can get.’” In at 
least one such plant the fuel consumption was reduced very 
materially without any curtailment of production by the simple 
expedient of reducing the steam pressure all over the plant, 
thus reducing the amount of steam available. Under such 
conditions an accumulator would have led to more waste and 
higher steam consumption per unit output. The steam accu- 
mulator undoubtedly has its proper place, but if and when it is 
installed care should be exercised to make sure that the additional 
steam made available by its use is not used wastefully. 


W. A. Snoupy.* The author made two statements in his 
paper with a certain amount of apology, possibly because he 
thought they would be accepted as “‘fish stories.’’ The first 
was with regard to increasing the capacity of a plant through 
the addition of the accumulator. Frankly, the writer is unable 
to offer any experiences with regard to the use of an accumulator, 
but he can relate an experience which shows exactly what the 
author is trying to illustrate. A certain plant had been equipped 
with an old type of stoker of such size that about 125 per cent of 
rating of the boilers was maximum. It was reequipped with oil 
burners installed in such a way that a maximum of 250 per cent 
of rating could be obtained. A most careful study was made of 
the plant load because at the same time an increase in capacity 
was desired. It was hoped that the old boiler house could take 
care of that increasing capacity. The change was made, and 
immediately the boiler plant was subjected to overloads that 
were wholly unexpected. It looked almost as if there had been a 
mistake in the figures. Then some one discovered the reason. 
With the stoker plants the steam pressure varied, so when the 
pressure was down the manufacturing department did not use 
steam. When the steam pressure was up, they opened the 
nozzle valve. With the larger fuel-burner capacity under the 
boilers, steam pressure was maintained at practically constant 
value. The consequence was that the manufacturing department 
turned on the steam any time it was wanted and got it, and the 
overloads became tremendous. That meant increased capacity 
out of the same boiler plant, because the steam pressure was 
there when the manufacturing department wanted it. 

The author also mentioned fuel savings due to the accumulator. 
The writer wishes it were possible for us to obtain accurate data 
relating to that saving. It might help others operating a plant 
without an accumulator. Some years ago, David Moffat Myers 
said that the efficiency of any plant was equal to the product of 
the efficiency of the equipment and the efficiency of the men 
operating that equipment. He emphasized that it was the 
product and not the sum or average. Those who have tried to 
get the last point in the efficiency scale out of a boiler plant have 
found it could be raised to a certain point, and then there would 
be several points between that and the test efficiency which could 
not be reached. Those who have supervised boiler plants and 
have complained to the chief engineer because his average boiler 
efficiency was low, know that his answer has generally been, 
“Tt is low because of banking,” or “It is low because of the vari- 
able load.” The writer wanted to ascertain how much truth 
there was in that statement one time a few years ago in a central 


station. Fortunately, there were very few generating units 


and a very few boilers, so it was possible to play with that station 
as one might with a laboratory. Further, it was tried in with 4 
rather extended system, and variations in load could be taken up 
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by another plant. The management permitted the writer to do a 
little playing. A very careful study had been made and the 
operating data on all the major equipment obtained, then the 
economy of that plant was calculated on a purely theoretical 
basis. It was found that there was still a margin—a no-man’s 
land, one might say—between the test calculations and what 
was actually obtained. It occurred to the writer that possibly 
variation in load might have something to do with it. The 
first thing done was to eliminate banking, running right through 
the day on more or less constant load. That didn’t find the 
trouble. Then it appeared that possibly variation in load might 
have something to do with it, so the plant was operated for 
sixteen hours under a load that was described by the system as 
a constant load. Then arrangements were made with the sys- 
tem operator to permit operation with a constant load controlled 
by hand, letting the rest of the system take up the swing. In 
other words, a man was kept at the switchboard controlling the 
turbine so that as close to absolutely constant load as possible 
was obtained. The test was crude and the results are not abso- 
lutely accurate, but a difference of eight per cent in fuel con- 
sumption was found between the commercially constant load and 
the laboratory constant load. Frankly, the writer feels that 
eight per cent is a little bit high. There were possibilities of 
errors in measurements, and the writer’s assumption was about 
five per cent to be charged to this variation in a constant load. 
On that basis, taking four per cent full load and seven per cent 
light load, a station was worked out, and there it was found 
that operators could hit that station. For that reason the 
writer feels that with an ordinarily uniform load, which is never 
uniform, about four or five per cent should be charged to loss in 
fuel, due to the impossibility of getting a laboratory type of load. 


A. G. Curistie.2 The writer had occasion last summer while 
in Europe to report on Ruths accumulators for some British in- 
terests, and consequently had opportunities to investigate a 
number of plants. In connection with the effects on fuel, a 
plant in Scotland was visited where old Lancashire boilers were 
in operation. In reply to a question as to the saving in fuel 
resulting from the addition of the accumulator, the answer was 
that on the contrary it had gone up about ten per cent. “How 
do you figure that it paid you to put in the accumulator?” was 
the next question. The reply was, “Our output has gone up 
twenty percent.”” Soit was not the coal saving, it was the output 
that actually counted. 


Rosert 8. Bayntun.” First, the writer would have it known 
that he is entirely in sympathy with the principle of the Ruths 
accumulator, and believes that in many cases it is a very useful 
agent in an industrial power plant. However, he would remind 
members that everything which has its pros also has its cons, 
and in this unhappy world we often find that what we pay nothing 
for is worth just nothing. 

What the writer would bring out is that for the advantages 
that we obtain by the use of an accumulator, we have to pay 
something. Very often it is worth the price; in some cases it 
is not. The factor which decides whether it pays or not seems 
to be the percentage of fluctuation of the load. 

On page 3 of the paper there is a typical steam demand of a 
pulp-mill digester house, with which the writer is quite in agree- 
ment. Further along reference is made to the pulp- and paper- 
mill conditions. It is implied that that curve would refer to the 
Whole of such a mill. That is not the case. Ina pulp and paper 
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mill, the digester load is probably not more than 20 per cent of the 
total. The other loads are very much more constant and even 
it out. It is also stated that in the case of the modern pulp- 
and paper-mill design, where the tendency is to go to pressures of 
around 400 lb., the accumulator is an essential part of such an 
arrangement. The writer does not believe that is quite right, 
because he knows of no pulp and paper mill operating at 400 lb. 
which has an accumulator, and yet such plants work. 

Coming to the cons, let us take a typical case, fairly stated, of 
a mill with say a 50,000 lb. average load in which the fluctuation 
is such that 10,000 lb. of return per hour must pass in and out 
of the accumulator to even it up. That may not be exact; 
however, the figures are merely assumed. That 10,000 lb. of 
steam has a certain heat value which is not lost in any way, but 
the availability for transfer into power is lost. What does that 
mean? Let us take the 400 lb. specified and assume that it is 
utilized for the driers at 20 Ib. There should be in each pound 
of steam, assuming 150 deg. of superheat, somewhere around 
100 heat units available between those limits. That would 
mean about 25 lb. of steam per kilowatt-hour for a turbine oper- 
ating between those limits, which is to say, about 400 kw. are 
available from that 10,000 lb. of steam. 

If an accumulator is installed, we do not get the 400 kw.; we 
have to balance the value of that 400 kw. available from a back- 
pressure turbine at less than 20 per cent of the ordinary cost 
against the advantages obtained from an accumulator. If we 
get 400 kw., we shall say that 400 kw. has to be replaced in the 
case of the accumulator by power generated from a condensing 
turbine at about 16 lb. That would be 6400 lb. per hour additional 
steam to be used with an accumulator, which is 12.8 per cent on 
the 50,000. The writer believes that in many cases the accumu- 
lator pays. He also believes that in many cases it does not, 
and he is not at all convinced that in a pulp and paper mill, 
where there are not only digesters but paper-mill load to even 
it out, it will be a paying proposition. Therefore we must 
weigh these things and not look at one side only, although that 
side is very good. 


R. V. Kuernscumipt.'! In connection with the paper, which 
he found extremely interesting, and also in connection with the 
discussion by Mr. Bayntun, the writer would like to present 
another side of the paper-mill question. Consider, for instance, 
a mill making book paper with 250-lb. boilers cooking sulphite 
and soda pulp at 80 to 100 lb. pressure and having a small amount 
of water power, perhaps, so that they can use a non-condensing 
turbine for the remainder of their power. In such a case we 
find that it would be very desirable to bleed at 100 lb. for the 
digesters; but the variability of the load as presented by the 
author makes it practically impossible to get a turbine with 
sufficiently close speed regulation on the variable bleed-steam 
to allow of proper operation of a high-grade book-paper machine. 
The result is that it would be perhaps necessary to put in either 
a condensing turbine, which of course is a much more expensive 
proposition, or in some other way to make up for the power 
which could be generated by this cooking steam. 

The thought that occurred to the writer while listening to the 
paper is that we shall have to consider this a very good case in 
which to figure on the steam accumulator. By its use we can 
bleed continually through a hand-controlled throttle at 100 lb. 
into the accumulator and then into the digester, and in that way 
overcome the variable speed on the turbine which would other- 
wise result. That is a technical point in the manufacturing 
process which may be of very considerable value. 

There is one question on which it would be interesting to have 
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the author's views, and that is the greatest average time cycle of 
pressure variation or load variation over which it is possible to 
figure out an economical accumulator installation. A variable 
load with an average time cycle of an hour apparently is com- 
mercially feasible. Supposing the time cycle is increased to two 
or three or four hours between the maximum and minimum loads; 
would not the size of the accumulator necessarily become so great 
as to make it impractical? 


F. M. Grsson."* The writer is familiar with the plant referred 
to by Professor Shoudy as having gone from the old-type stoker 
to oil burners. It later replaced oil burners with modern stokers. 
The steam load was a variable one such as shown in the paper. 
On account of its ability to meet sudden peak loads with greater 
rapidity in increasing combustion, oil burning had an advantage 
of 4 per cent in efficiency over stokers. Its disadvantages were 
increased maintenance cost and violation of the smoke ordinance. 
One loss due to peak loads, that is not often mentioned but is 
sometimes worthy of consideration, is the steam wasted through 
the safety valve caused by the sudden dropping of the steam 
demand. If the accumulator will do away with the troublesome 
and expensive peak loads, as it evidently will, it will be welcomed 
by the operating engineers. 


AvutTHor’s CLOSURE 


In closing the discussion the author would first like to make 
one or two general statements. The Ruths accumulator is not a 
universal panacea for all ills. It has its own particular field. 

One discusser, the author believes, said he thought that an ac- 
cumulator was all right, but it should be looked into to make sure it 
paid. The company has been careful about that, and has en- 
deavored to get all the facts so that it could be sure the equipment 
would pay where it was installed. In general, manufacturers want 
25 per cent gross return on any investment. This figure has been 
used for years and is almost universal, that is, speaking of manu- 
facturers as a whole. In most cases where an accumulator can 
be applied it will pay for itself in from two to three years. The 
author regrets that he has not more definite information on 
coal savings. In about ten cases, however, where the tests were 
made before and after installing the accumulator, the average sav- 
ing was 11'/, per cent. 

The author was very much interested in what Professor Shoudy 
said about his plant, but that, it would seem, was a rather large 
plant. In general, the industrial boiler plant is not large, and 
cannot be compared with big public-utility or similar plants. 
Consequently, at its lower efficiency, with the average class of 
labor, the accumulator will fit the conditions better, and the 
savings in this type of plant are sure to be more. The accu- 
mulator, in the author’s opinion, is not a “central station” proposi- 
tion. There are those who disagree with this. There is nothing 
inherently impossible about such a use, but because of the size 
of the proposition it costs more than it is worth. The field of 
the accumulator is particularly industrial plants having fluctu- 
ating demands for steam. There are thousands of such plants 
in this country. The peaks are sharp, and the accumulator will 
take them instantly. 

As regards thermal storage, which Mr. Abbott brought up, 
the author would point out that the accumulator stores the heat 
in the hot water. The principle of the apparatus is that by 
dropping pressure the water flashes into steam, and when the 
water becomes steam, not only is the heat in the water available, 
but also the latent heat. It is really storage of heat rather than 
of steam. 

Mr. Stevens says we ought to improve the boiler plants to meet 
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the load. The author agrees with that. The industrial boiler 
plant can stand a lot of improvement, but this is not going to 
solve the problem. Even with the best kind of a plant, one does 
not change the steam load demand, which is the condition the 
accumulator serves. 

As far as complication goes there is none. The accumulator 
is placed outside the boiler house on concrete piers with a single 
pipe connection. Mr. Stevens said it should be applied to elec- 
trically fired boilers. This is a very good application because 
there are also many better ones. 

The author was interested in Mr. Bato’s remarks on hot 
water storage which has been frequently tried. He would repeat 
again that the accumulator is not offered to meet every con- 
dition. He has seen several of these storage systems that have 
cost more than an accumulator and taken up valuable space. 
As it becomes better known, a great many industries now storing 
hot water will utilize the accumulator. 

Mr. Thielscher raised the question of maintenance. Really, 
there is none. There is nothing to the apparatus but a large 
steel tank and two very high-grade regulating valves, requiring 
practically no maintenance. The accumulator shells occasionally 
have a few leaks when first started in operation. They are thor- 
oughly calked and the expansion and contraction of the shell 
after that does not start additional leaks. The author will be 
pleased to give him some further information about this personally. 

There was one remark made that the author would like to be 
sure is clear to everybody. The accumulator will not supply 
load. There must be enough boiler capacity to supply the 
average load; the accumulator will take the peaks. In that way 
not as much boiler capacity will be needed as otherwise. It 
does not take the place of additional boilers where more load is 
needed. There is a difference between the load characteristic 
curves of public utilities and industrial plants. The industrial 
plant has the sharp, quick swings that the accumulator takes 
care of. 

One discusser asked regarding the length of the peak. The 
accumulator is adapted for short peaks. The author would very 
much question the economics of attempting to carry a two- or 
three-hour peak. It can be done, but it costs more than it is 
worth. The accumulator is really a piece of apparatus for sharper 
peaks in industrial cycles which usually average a half-hour or 
less. Even though it is in a sense a short-peak proposition, 
it nevertheless applies to the majority of industrial loads. 

Major Spencer raised a question about any troubles experienced 
with accumulators and why they are not being adopted more 
widely. Over three hundred pieces of this equipment have been 
in use in Europe for ten years. They have been through their 
troubles and today the apparatus is as much perfected as any 
other standard piece of equipment. This refers particularly to 
the control valves. The distinction between the Ruths and the 
Rateau accumulators is that in the former the steam is stored 
in hot water, and the entire operation is automatic. It is diffi- 
cult to generalize. The accumulator has to be designed to meet 
the conditions in a particular plant, sometimes with one valve. 
sometimes with two or three. When once installed its opera- 
tion is entirely automatic. The valves are really the heart of 
the system, and for that reason there has been developed a high- 
grade valve of the oil relay type. 

There was some question about pulp and paper mills, and the 
author would say that these are one of the outstanding applica- 
tions of the accumulator. It is true the digester load is not the 
total load on a paper mill, but that by no means removes the ac- 
cumulator from the picture. It will take off the top variable peak 
and smooth out the entire load. Of course, there are certail 
types of conversion mills which do not have digesters, and these 
are not accumulator applications. 
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Some Operating Data of Large Steam 
Generating Units 


This paper gives the principal operating data of six large steam 
generating units fired with pulverized coal, and installed in four 
plants. Two of these units are the remodeled boilers of the Fordson 
Power Plant of the Ford Motor Company, Fordson, Michigan; 
the third unit is one of the first five pulverized-coal-fired boilers 
of the Colfax Plant of the Duquesne Light Company near Pittsburgh; 
the fourth unit is one of the two boilers of the Stanwix Plant of the 
Allegheny County Steam Heating Company in Pittsburgh; and the 
fifth and sixth units are the two units of the Gould Street Station 
of the Consolidated Gas Electric Light and Power Company of 
Baltimore. All these plants use the storage system of burning 
pulverized coal, and the units are fairly representative of the large 
steam generating units now rapidly coming inte use. 

The operating data are presented graphically and consist of the 
hourly output in pounds of steam throughout the period of operation. 
Whenever the steam generating unit was shut down the reason for 
this shut down is given. There are also presented charts giving the 
necessary data for the computation of the efficiency for various 
percentages of rating such as the temperature of flue gases, the 
percentage of CO, in the flue gases, and the losses due to incomplete 
combustion. 


HERE is a strong desire among power-plant designers to 
use large steam generating units for large central stations 
and to operate them at as high a percentage of rating as pos- 

This desire for large units and high percentages of rating 


sible. 
has been greatly stimulated by the rapid and successful develop- 
ment of burning powdered coal under steam boilers. In fact, it 
was powdered coal that made large steam generating units 


possible. Stoker-fired furnaces for such large units seem to be 
beyond serious consideration. Some power-plant designers 
feel that one large steam generating unit supplying steam to a 
large steam turbine would probably turn out to be the most 
satisfactory and the most economical design for a central sta- 
tion. They also feel that large units could be operated satis- 
factorily at much higher percentages of rating than smaller units. 


ADVANTAGES OF LARGE STEAM GENERATING UNITS 


The advantages that are expected from such large steam 
generating units operated at high percentages of rating are (a) 
lower first cost, (b) lower operating cost, and (c) lower main- 
tenance, particularly with properly designed furnaces having 
ample combustion space for efficient burning of coal, and water- 
or steam-cooled furnace walls. 

The lower first cost of a large steam generating unit capable 
of the same steam output as a number of small units is generally 
admitted. The lower operating cost of large units is not dis- 
puted any more than the lower operating cost of large turbo- 
generators. At the first thought there may be some question 
as to the lower maintenance. With the refractory furnace walls 
that were commonly used with the small boiler units some doubt 
might be justified. It would seem to be quite a problem to 
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design and maintain such high and wide refractory furnace 
walls. However, with the modern water-cooled furnace walls 
the problem is much simplified. The cost of the water-cooled 
walls should not be much, if any, greater than the refractory 
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walls, and surely it would seem that the maintenance cost of the 
water-cooled walls would be smaller. It should be easier and 
cheaper to replace tubes than to repair refractory walls. Then, 
too, the fact that a large furnace has a much smaller furnace- 
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Fic. 2 Cross-Section oF Enp ELEVATION OF THE REMODELED 
GENERATING UNITS OF THE ForpDsoN PLant, Forp 
Motor Company 


wall surface than several small furnaces of the same capacity 
should not be lost sight of. 


DISADVANTAGE OF LARGE SteAM GENERATING UNITS 


Against the large steam generating units can be cited the fact 
that in case the unit is disabled there is too much investment 
idle during the time necessary for repairs. However, the same 
objection can be cited against large turbo-generators. In spite 
of this objection, large turbo-generators are constantly gaining 


infavor. It is a question whether or not a large steam generating 
unit can be kept as long on the line as a large turbo-generator. 
There are indications that a properly designed large steam gen- 
erating unit is as reliable as a large turbo-generator. In fact 
some operating engineers think that a large steam generating 
unit can be kept in service longer than a large turbo-generator. 


OF High PERCENTAGES OF RATING 


The desire for high percentages of rating is economically 
justified, particularly for peak-load periods. High percentages 


of rating reduce the first cost of the equipment and thereby lower 
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the fixed charges. The life of power-plant equipment is com- 
paratively short. It is short not because the equipment wears 
out but because it becomes obsolete. .Therefore it seems good 
economics to get from the equipment as much return as possible 
during its life, and wear it” out rather than allow it to become 
obsolete. 
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TABLE 1 


PRINCIPAL DATA OF THE VARIOUS PARTS OF THE 


EMODELED UNITS OF THE FORDSON PLANT 


i of boiler tubes 
Size of tubes, in 


Water-heating surface in furnace—total, 


Super! 

Total water-heating surface of unit, sq. ft. 
otal superheating surface, 

— air-heating surface, sq. 


ions water-tube, 5-drum type 


"Powdered coal, vertical firing 


,000 
Side wall, water and steam cooled. 
Bottom, water cooled, with slag 
screen, Arches and apron walls, 
water cooled, Front walls, air 
cooled. 


(29,494 
20 


39,700 

2 primary om. each 6500 c.f.m. 
at 200 i fahr. against static 
pressure 11 in. of water; 4 
tertiary air, each 12,000 c.f.m. 


TABLE 1 (Continued) 


at 550 deg. fahr. against static 
ressure of 7 in. of water; 2 
orced-draft, each 80,000 c.f.m. 
at 100 deg. fahr. against static 
pressure of 6 in. of water; 2 
induced-draft, each 1500 c.f.m. 
at 500 deg. fahr. against static 
suction of 8 in. of water. All 
fans are driven by variable-speed 
motors. 

Working steam pressure, Ib. per sq. in. . .250 

Feedwater temperature, deg. fahr 

Superheat temperature, deg. fahr 


TABLE 2 PRINCIPAL DATA OF THE VARIOUS PARTS OF THE 
STEAM GENERATING THE GOULD STREET 


B. & W. cross-drum water-tube 
boiler, 18 tubes high and 51 tubes 


Number of tubes 
Outside diameter of tubes, in 
Size of drum: 
Diameter, in 60 
Length between heads............. 32 ft. 9 in. 

Total heating surface, sq. ft 26,419 
Superheater B. & W. interdeck, located above 
the fifth row of tubes 
Powdered-coal-fired, storage sys- 
tem, Lopulco vertical firing 

16 Lopulco fantail 
.Front wall, hollow, air-cooled 
refractory construction; side walls 
and rear wall, water-cooled fin 
tubes; slag screen over bottom 
consisting of 25 four-inch tubes 
spaced 14 in. between centers. 
Water-heating surface in side walls, sq. ft. .1334 
Water-heating surface in rear wall, sq. ft.. 675 
Water- —_ surface in slag screen, 


Furnace 


Number of burners 
Kind of furnace-wall cooling........... 


sq. 

Total water- ticating surface of unit, 
sq. 069 

Combustion Seaae of furnace, cu. ft 


Air heater 


Heating surface of air heater, sq. ft 

Width of air channels, in...........'/ 

Width of gas channels, in 
Stack: 

Height above furnace arch, ft 

Diameter at top, ft 
Fans 2 primary air, each 10,000 c.f.m. 
at 200 deg. fahr. against static 
pressure of 20 in. of water — 
mum; 2 forced-draft, each 75, 
c.f.m. at 100 deg. fahr. 
static pressure of 10.5 in. of water 
maximum; 2 induced-draft, each 
135,000 cf.m. at 450 deg. fahr. 
against suction of 15.8 in. of 


Working pressure, lb. per sq. in 
Feedwater temperature, deg. fahr 
Superheat temperature, deg. fahr. . 


TABLE 3 Pa ron DATA OF VARIOUS PARTS OF UNIT NO. 20 
THE COLFAX POWER STATION 


& W. cross-drum, 20 tubes 
het and 47 tubes wide 
Number of tubes 1081 
Outside diameter of tubes, in 
Size of steam drum: 
Diameter, in 60 
Length between heads 33 ft. 8 in. 
Total heating surface of boiler, sq. ft.....27,680 
Superheater B. & W. interdeck, located above 
the fourth row of tubes, super- 
heating surface 5657 sq. ft. 
Powdered-coal-fired, storage sys- 
tem, Lopulco vertical firing 
fantail. 
Front wall, hollow-wall, air-cooled 
construction; side walls and rear 
wall, water-cooled fin tubes; 
slag screen over the bottom con- 
sisting of 26 four-inch tubes 
spaced 10'/2 in. between centers 
Water-cooled surface in side walls, in- 
cluding fins, sq. ft. 
Water-cooled surface in rear wall, "includ- 
ing fins, sq. ft 814 
Water-cooled surface in slag screen, in- 
cluding fins, sq. ft 6 
Total surface in 
t 


Number and kind of burners.... 
Kind of furnace-wall cooling 


sq. 
Total water-cooled surface in unit, sq. ft. 
Total combustion space, cu. ft 
Air heater 


Air-heating surface, sq 
Width of air cheandie, in 
Width of gas channels, in 
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TABLE 3 (Continued) 


Stack: 
Height above arch, ft.............. 389 
21 


through air heater into the fur- 
nace; 1 primary-air Sturtevant 
blower for forcing coal into fur- 
nace. 


PRACTICABILITY OF High PERCENTAGES OF RATING 


The data presented in this paper show that steam generating 
units large enough to supply steam for 30,000 to 40,000 kw. ca- 
pacity are in satisfactory operation and that they are practicable. 
The data also indicate that still larger units are possible. 

The data further indicate that the large steam generating 
units can be operated at 400 to 600 per cent of the nominal rating 
of the boiler proper, provided that the furnace is of sufficient 
size and use has been made of water-cooled furnace walls. 


Limit to Hien OF RaTING 


The limit to high percentages of rating at present seems to be 
set by the slagging of the first and second row of boiler tubes and 
the choking of the gas passages through the boiler. The per- 
centage of rating which can be obtained before this limit is reached 
depends largely on the fusion property of the ash. This limit 
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tubes. The wider tube spacing will lower the entrance velocity 
of gases into the boiler so that the molten ash will not be plastered 
on the boiler tubes. By the time the gases enter the closely 
spaced tubes the temperature of the gases and the ash is su‘fi- 
ciently lowered so that the ash does not stick to the tubes. 


ADVISABILITY OF WIDE SpaciInG oF First Two or THREE Rows 
Or Borer Tuses 


The wide spacing of the lower rows of boiler tubes is particu- 
larly advisable with coals having fusible ash and when highly 
preheated air is used for combustion. With the steadily in. 
creasing practice of heating the feedwater by turbine bleeding, 
the air heater is taking the place of the economizer and highly 
preheated air is used for combustion. This highly preheated 
air raises the furnace temperature and increases the difficulty 
with the slagging of the tubes. The need of giving attention 
to the proper spacing of the first three rows of boiler tubes and 
other provisions for keeping the slag off the boiler tubes is there- 
fore apparent. This is particularly true of the horizontal water- 
tube boiler where the gases strike the tubes nearly at right 
angles. 


Tota/ Steam Flow. 
_ B= Rodiant Boiler Steam Flow. 
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TABLE 4 PRINCIPAL DATA OF THE VARIOUS PARTS OF THE 
STANWIX STEAM HEATING PLANT'S UNIT NO. 1 


B. & W. cross-drum, 20 tubes high 

and 51 tubes wide 
Number of tubes 1240 
Outside diameter of tubes, in 
Size of steam drum: 

Diameter, in 60 
Length between heads 33 ft. 8 in. 

Total heating surface of boiler, sq. ft... . .29,884 
Furnace Powdered-coal-fired storage sys- 
tem, Lopulco vertical firing 
16 fantail 
Front wall and side walls under 
the arch, hollow-wall construction, 
air cooled; side walls from arch to 
rear wall, water cooled with 4-in. 
tubes spaced 14 in. between center 
and recessed into wall; rear wall, 
water-cooled with 4-in. tube 
spaced 10'/; in. between centers 
and placed over the surface of 
the refractory rear wall; bottom, 


Number of burners 
Kind of furnace-wall cooling 


water cooled with slag screen 
having 30 four-inch tubes spaced 
10'/: in. between centers 

Water-heating surface in side walls, sq. ft. .734 

Water-heating surface in rear wall, sq. ft. . 

Water-heating surface in slag screen, sq. ft. 

Total heating surface in furnace, sq. ft... . 

Total water-heating surface of unit, sq. ft .32,073 

Width of furnace 26 ft., 10'/2 in. 

Length of furnace 27 ft., 41/2 in. 

Height of furmace......................Arch to water screen, 23'/2 ft. 
Average from boiler tubes to water 
screen, 29'/; ft. 

Total combustion space, cu. ft 20, 

Height of stack above arch, ft 323'/s 

Diameter of stack, ft 17 

Two primary-air Sturtevant 

blowers forcing coal into furnace. 


A Goop Desien ror a Hiaa-Capaciry 


It would seem that a design of the type of the steam generating 
unit of the Fordson Plant is well adapted for operation at high 
percentages of rating as far as the slagging of the boiler tubes is 
concerned. The gases on their way to the entrance into the boiler 
pass through the narrowing space between the two banks of boiler 
tubes and are cooled to some extent before they strike the boiler 
tubes, and the temperature of the ash is reduced below its sticky 
point. Another good design in this respect would seem to be a 
single boiler of the Stirling type having the wall opposite the first 
bank of tubes made of water-cooled surfaces similar to the Lake- 
side Station 1200-lb. steam generating unit. The gases pass 
through the narrowing space between the first bank of tubes and 
the water-cooled wall and are cooled to an appreciable extent 
before they enter among the boiler tubes. 


Inpucep-Drart-Fan Power a Limit To PeRcENTAGES OF 
RatTING 

Another limit to the high percentage of rating is the power 
necessary for the operation of the induced-draft fans. However, 
this limit seems to be high up in the percentage of rating. It 
takes only a simple calculation to convince oneself that one is 
justified in using considerable power when he can make an extra 
100,000 ib. of steam per hour with almost no fixed charges and 
additional operating labor. 


T= Total Steam Flow 
R= Radiant Boller Steam Flow 
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DESCRIPTION OF THE STEAM GENERATING UNItTs From WHICH 
Data WERE OBTAINED 


Units of Fordson Plant. Figs. 1 and 2 show the remodeled 
steam generating units of the Fordson Plant. So far, two of the 
eight units of the plant, units Nos. 2 and 4, have been remodeled 
and put back into service. The third unit is in the course of 
reconstruction. The boilers are 5-drum Ladd water-tube boilers 
set over water- and steam-cooled furnaces designed for burning 
powdered coal and blast-furnace gas. The coal is fired vertically 
downward through the two arches located on the opposite side 
of the furnace. The flames travel first downward, then turn near 
the bottom of the furnace, come together, and flow upward into 
the boiler. 
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Fic. 7 Curves SHowING THE Economic PERFORMANCE OF THE 
REMODELED UNITS oF THE ForpsoN PLANT, Forp Moror 
CoMPANY 


The blast-furnace gas is fired horizontally through two gas 
burners located in the two front walls as shown in Figs. 1 and 2. 

The sides of the furnace are fin-tube water-cooled walls. The 
tubes are spaced 8 in. between centers and the fins are 2 in. wide. 
The fins extend the full length of the tubes only on the first five 
tubes from each front wall. On the remaining tubes the fins 
extend only six feet from the lower end of tubes, the rest of the 
length being left unfinned. Between these unfinned tubes are 
placed the elements of a radiant-type superheater. 

Over the bottom of the furnace is placed a water-cooled slag 
screen. This slag screen and the side-wall water tubes and super- 
heater form a separate boiler which is supplied with feedwater 
from a separate feed line. The steam made by this radiant boiler 
is measured by a separate steam flow meter. 


The main boiler has a convection type of superheater placed 
among the first bank of boiler tubes. The arches and the apron 
walls above them are protected by plain water-cooled tubes 
which are connected in the circulation of the main boiler. 

The two front walls are made entirely of refractory. One 
reason for this is that the gas burners are placed in the front 
walls and the installation of water-cooled surfaces around these 
burners would be mechanically difficult. Then, too, over the 
week ends the units are fired with blast-furnace gas only, and 
it is claimed that for burning gas alone some refractory in the 
furnace is desirable. 

The remodeled steam generating units are equipped with a 
plate-type air heater which preheats the air to about 500 deg. 
fahr. 
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Fie. 8 Drart Loss THrovuGH THE REMODELED UNITS OF THE 
Forpson PLANT 
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Fic. 9 Rates or Heat TRANSFER OF WATER- AND Sream-CooLeD 
FuRNACE SURFACES OF THE REMODELED UNITS OF THE FORDSON 
PLANT 


Unit No. 2 was put in service in February, 1926, and No. 4 
the latter part of May, 1927. 

Units of Gould Street Station. Fig. 3 shows the steam generat 
ing units of the Gould Street Station of the Consolidated Gas 
Electric Light and Power Company of Baltimore. Two of 
these units have been installed and were put in operation early 
in 1927. 

The boilers are B. & W. cross-drum boilers with interdeck 
convection superheaters. They are set over a pulverized-coal 
furnace with vertical firing through the arch. The side walls 
and the rear wall of the furnace are of the water-cooled fin-tube 
construction. The bottom is cooled by the slag screen. The 
front wall is made entirely of refractory and is air cooled. 

The steam generating units are equipped with a plate-type 8” 
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placed a slag screen. 
nected into the circulation of the boiler. 
The unit is equipped with a plate-type heater for preheating 
the air to about 300 deg. fahr. There is no economizer. Draft 
s obtained by high stack. There is no induced-draft fan. 

The unit was put into service early in 1925. The principal 
data are found in Table 3. 


heater for preheating the air used in combustion to about 500 
The principal data of the various parts of the units 
are given in Table 2. 
No. 20 Steam Generating Unit of the Colfax Power Station. 
Unit No. 20 of the Colfax Station is similar to the unit of the 
Gould Street Station, with the exception that the firing arch is 
under the lower header of the boiler, and the furnace bottom has 
two ash hoppers similar to the furnace of the Stanwix Station 
unit shown in Fig. 4. The side walls are water cooled with fin 
tubes to the height of the arch. The rear wall is water cooled to 
height of about six feet above the arch. Over the bottom is 
All furnace water-cooled surfaces are con- 


season. 


sides of the ash hoppers. 


of one of the units. 


Steam Generating Unit of the Stanwiz Plant. The unit of the 


Stanwix Steam Heating Plant is shown in Fig. 4. The boiler 


Fig. 10 Loap anp Service Curves oF Unit No. 1, GouLp Street Station, Aprit 1 To Sept. 30, 1927 


is a B. & W. cross-drum boiler without a superheater. 
set over a powdered-coal-fired furnace which is partly water 
cooled and partly air cooled. The plant supplies steam for heat- 
ing purposes and the load varies from about 15 to 300 per cent 
of normal rating, according to the steam demand of the heating 
There are two of these units; one was put in service 
early in 1924 and the other in 1925. 

The furnace is fired vertically through the arch. The side 
walls are water cooled by plain 4-in. tubes spaced 10'/, in. be- 
tween centers and recessed into the brick wall. The back wall 
is water cooled by plain tubes, placed over it as shown in Fig. 4. 
The bottom of the furnace is cooled partly by a slag screen and 
partly by air circulating through the hollow tiles in the sloping 
This slightly heated air is used as pri- 
mary air for the feeders and burners. The draft for the operation 
of these units is supplied by a high stack. There are no induced- 
draft fans. Table 3 gives the principal data of the various parts 


OpERATING DaTA 


The operating data of the units described in the preceding 
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paragraphs are shown graphically in Figs. 5 to 16. Figs. 5, 6, 
10, 11, 13, and 15 show the hourly output of each unit in thou- 
sands of pounds plotted against the days of the month as a basis. 
Each day was divided into four parts and the average output 
for each six-hour period was plotted. In all these plants the 
principal variation in load was the daily and weekly variation. 
The variation from hour to hour was very small. The units 
of the Fordson and the Gould Street Stations were shut down or 
banked over the week end. The units of the Colfax Station and 
that of the Stanwix Plant were operated continuously. When- 
ever the unit was shut down, the reason for taking it out of ser- 
vice is given on the chart. Many of the shutdowns on the 
Fordson and the Gould Street installations were made because 
of the necessity of making structural changes or adjustments 
which had nothing to do with the continuity of operation. For 
example, some of the shutdowns of the remodeled units of the 
Fordson Plant were made because the superheat on the radiant 
part of the unit was too high and part of the superheating surface 
had to be covered. On the Gould Street Station unit some of the 
shutdowns were made because of the desirability of adjusting 


boiler baffles or air ports to the furnace in order that the entire 
aggregation of the equipment forming the unit would work ac- 
With such large units it takes 4 
considerable length of time after the unit is first put in operation 
before all the different parts of the apparatus forming the unit 
are completely adjusted. 

Figs. 7, 12, 14, and 16 furnish the data for calculating the 
losses and the probable efficiency of the units under different load 
The efficiency curves in all cases were obtained by 
means of a heat balance; that is, the losses were calculated by the 
usual method of computing a heat balance on a boiler test, and 
these computed losses were subtracted from 100 per cent of the 
heat in the coal burned. This method of arriving at the effi- 
ciency if conscientiously applied gives fairly accurate results, 
as is shown by the numerous well-made tests on stoker-fired 
as well as powdered-coal-fired boilers. The computed losses 
plus the efficiency on such tests add close to 100 per cent.’ 


cording to the original plans. 


conditions. 


3See paper by P. W. Thomson, G 
p. 1005; and paper by Henry Kreisinger, ibid., vol. 46, p. 599; 


Bureau of Mines Bulletins 223 and 237. 
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Usually with carefully conducted boiler tests 20 to 25 per cent 
of the tests show a small negative quantity in the “radiation and 
unaccounted-for” column. It is probable that in such cases the 
efficiency obtained from the weight of water and coal is too high. 
When computing the efficiency by the heat-balance method these 
incidental high efficiencies are avoided, and the results so ob- 
tained are fairly accurate and reliable. The data for this method 
of calculating can be obtained at much smaller expense. Weigh- 
ing water and coal for a steam generating unit making 300,000 
to 400,000 Ib. of steam per hour is quite an expensive undertaking. 

The other curves of these charts are self-explanatory, and it is 
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hot necessary to describe the methods of obtaining the data for 
them. 


OPERATING OF THE Forpson PLant 


; The steam-output data of the Fordson Plant given in Figs. 
0 and 6 are of a special interest because they give the steam 
output of the water-cooled furnace surfaces separately from the 
main boiler. Attention is called to the fact that the arch water- 
cooled surfaces are part of the main boiler system and not a part 
of the furnace-wall and slag-screen systems. 

On unit No. 4 the output of the water-cooled furnace surfaces 
was 70,000 to 110,000 Ib. of steam when the total output of the 
unit was 210,000 to 460,000 Ib. of steam per hour. In other 
words, the furnace heating surface furnished 33 to 24 per cent 
of the total steam output. The output of the furnace heating 
surfaces does not increase at the same rate as the output of the 
main boiler, but lags behind it. 
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The output of the furnace heating surfaces, or “radiant boiler” 
as it is called at the station, increases as the temperature of the 
flames and also as the depth to which the flames are forced in the 
furnace. When the rate of combustion increases the temperature 
of the flame becomes higher, and the rate of heat transfer by the 
furnace heating surfaces increases. This increase in the rate of 
heat transfer goes on until a rate of combustion is reached at 
which it is not possible to drive the flames down into the furnace, 
and they turn up at a considerable distance from the furnace 
bottom. At these extreme high rates of combustion a smaller 
length or surface of the hot flame is exposed to the heat-absorbing 
furnace surfaces and the latter do not receive as much heat as 
they did at somewhat lower rate of combustion. This fact of 
the raising of the turning point of flame is illustrated in Fig. 9. 
This figure gives the rate of heat absorption by the furnace heat- 
ing surfaces plotted on the total hourly output of the boiler. 
Unit No. 4 reaches this point at which the flames begin to rise 
when the total output of the unit approaches 450,000 Ib. of steam 
per hour. Beyond this point both the radiant boiler and the ra- 
diant superheater absorb less heat. On unit No. 2 the flames 
never descend as low into the furnace as on unit No. 4, and there- 


Fie. 13 Loap anv Service Curves or Unit No. 20, Cotrax Power STaTIon 


fore the rate of heat absorption by the furnace heating surfaces 
is lower than on unit No. 4. It should be borne in mind that itis 
the extent of the heat-radiating surface that counts in the hes' 
transfer and not the extent of the heat-receiving surface. 

To illustrate this point, one might place a lighted candle in the 
furnace of one of these units. The heat received by the furnace 
heating surfaces would be very small and would be the hes! 
radiated by the small surface of the candle flame, which woul 
be only about one square inch. It is the extent of the surface 
of the candle flame and not the extent of the furnace water 
cooled or steam-cooled surface that counts in the rate of hest 
received by furnace surfaces. 

The maximum output of the Fordson Plant No. 4 units was 
540,000 Ib. per hr. and the limit was set by the feeders supplyim 
coal to the burners. The minimum output was 90,000 lb. whe= 
only blast-furnace gas was burned. 

Fig. 8 shows the draft losses through the steam generatité 
unit under various load conditions. 


OperatinGa Data or THE GOULD Street STATION 
The Gould Street Station has not been in service long enous? 
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for all the equipment to be put in complete adjustment. There 
are two steam generating units with a possible output of about 
500,000 Ib. of steam per hour each. There is one turbine of 
35,000 kw. capacity in operation, another is being installed. 
One steam generating unit generating about 385,000 lb. of steam 
per hour will operate the turbine at its full capacity. The tur- 
bine has been operated at its full capacity with one steam generat- 
ing unit for two or three days at a time, and it looks as though it 
would be possible to keep on with such operation indefinitely. 
Many of the shutdowns shown on the load and service charts 
of one of the units were made because the other unit was capable 
of supplying all the steam needed by the turbine. What the 
maximum possible rate of steaming of the units is, will be de- 
termined when the second turbine is put into service. The 
probable limit to the steam rate will be the slagging of the boiler 
tubes and the choking of the gas passages in the boiler by the 
slag. Load curves for units Nos. 1 and 2 are given in Figs. 10 
and 11, and the economic performance of unit No. 1 in Fig. 12. 


OpERATING Data or Unit No. 20 Power Sration 


The load and service data of the Colfax Station steam generat- 
ing unit are given in Fig. 13; the economic performance is given 
in Fig. 14. Unit No. 20 is one of the first five pulverized-coal- 
fired units which has been in service over two years. All the 
changes and adjustments that are usually necessary with new 
equipment have been completed, and the unit was in good 
operating condition during the period covered by the data pre- 
sented in this paper. The station carries the base load, and 
therefore the units are operated at the most efficient percentage 
of rating which is about 200,000 lb. of steam per hour. Each 
of the units is capable of producing 270,000 lb. of steam per hour 
at maximum percentage of rating. The limiting factor is the 
draft made available by the stack. 


OperaTiInG Data or Unit No. 1, SraNwix PLANT 


Fig. 15 shows the load and the service data of unit No. 1 of 
the Stanwix Steam Heating Plant, and Fig. 16 shows the eco- 
nomic performance. There are two of these units at this plant 
each capable of producing 300,000 lb. of steam per hour. During 
the cold weather both units are kept in service because this gives 
the most efficient operation of the plant. In warm weather the 
output of the boiler frequently falls down to as low as 15,000 lb. 
of steam per hour. 


SumMaryY OF Principat Facrors IN PLANT OPERATION 


1 Factors limiting ratings. 
Draft limitations 
Slagging of boiler tubes and choking of gas passages through 

the boiler 
Slagging of furnace 
Large losses from incomplete combustion 
Smoke. 

2 Possibilities of increasing ratings. 

Increasing draft by the installation of large induced-draft fans 
Using wider spacing on the first three rows of tubes of 
horizontal water-tube boilers to avoid slagging of boiler 
tubes 
Taking advantage of designs which make it possible to pass 
the furnace gases between two banks of tubes before 
the gases enter among the boiler tubes 
Using water-cooled surfaces in furnace to avoid slagging of 
furnace and make removal of ash easy 
Using furnaces of large combustion space 
Admitting coal and air into the furnace in such a way as to 
produce good distribution of coal and air, and effective 
mixing in the furnace. 
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3 Range of percentage of rating giving satisfactory operation, 
In most plants the ratio of 1 to 4 is satisfactory. In a few 
plants this ratio is 1to 10. At the very low percentages 
of rating satisfactory operation depends a great deal 
on the proper distribution of coal and air, and on the 
uniform feed of the coal. 
4 Percentage of service. This should be high, and depends on 
the following factors: 

Careful operation 

Pure feedwater 

Close inspection of parts that are likely to fail when boiler 
is down for general cleaning and overhauling 

Good design and workmanship of all parts of the steam 
generating units, as well as all the auxiliary equipment 

Close attention to all details including those seeming 
unimportant. 

5 Can outage on steam generating unit be foreseen, postponed 
or prevented? 

Many causes for outage can be foreseen and avoided wit! 
close supervision and careful operation. A few of them 
such as failure of boiler tube or superheater element 
are difficult to foresee; however, good feedwater will 
go a long way toward preventing such failures. — |; 
fact, good feedwater is easily the most important factor 
for long service of a steam generating unit. 


Discussion 


Avex Dow.‘ The adaptation of the furnace to any standard 
form of boiler, and to the local fuel, is now an old story. The 
adaptation of the boiler to the furnace recently come into vogu' 
is a new story and a fascinating one. An effect of this reversa 
of adaptation is that when a large steam-generating unit is 
spoken of, one does not know whether the large size is expressil| 
in teru’s of heating surface or in terms of generated steam per 
hour. There is in truth an inclination toward a divergence | 
practice. One group is wary of departures from the accepted 
forms of boiler, but is willing to increase the size of any boiler un 
up to the limit which is set by the boilermaker’s tools. Let 
be noted that the boiler shop of today is a different place from th 
shop of 20 years ago. It is no longer a plate shop or a sheet 
metal shop—its equipment and its methods are those of a high- 
class machine shop. The other group of practitioners seeks to get 
a Maximum output out of minimum boiler surface. Improved 
facilities of the boiler builder have aided this group less than th 
group whose desires are satisfied by the making of big boiler 
The maximum-output group, however, have requisitioned all th 
knowledge and all the imagination of the boiler designer to pr 
vide the necessary rapid circulation in tubes which are to b& 
worked up to one hundred times the steam output per squar 
foot which was demanded of similar surfaces only a few years 3% 

If the writer’s personal problem had been to design and *! 
boilers he would necessarily have placed himself in one or the 
other of the divergent groups. He believes that the trend of 
design and demand would have placed him in the group whic! 
is seeking the maximum output per square foot of boiler surfac 
His own business, however, is to make steam as an incident ' 
the generation of electricity for commercial distribution; 8 
his studies of first costs, operating costs, maintenance 0s! 
reliability, and convenience for the operating staff, have left hin 
thus far in the slower group—to be polite, the more conservatl'' 
group. The writer is daily and hourly getting 20,000 net kil 
watts of station output per single boiler at Trenton Channel a0! 


4 President, Detroit Edison Co., Detroit, Mich. Presiden 
A.S.M.E., 1928. 
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30,000 kw. out of the same boiler whenever there is occasion for it. 
He is getting this with boiler constructions which have not 
changed radically in 20 years. He has taken full advantage of the 
improved facilities of the boilermaker; increased the steaming 
surface per boiler from 23,654 sq. ft. to 30,307 sq. ft.; doubled 
the steam pressure, going from something over 200 lb. to some- 
thing over 400 lb.; and has raised the habitual output per 
boiler from 108,000 Ib. of steam per hour to twice as much in the 
1927 operation of Trenton Channel. His total costs are as satis- 
factory as he would wish. What is more, those costs have fallen 
safely within the predicted limits, and the novel problems of 
operation or maintenance have in each case been solved more 
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easily than he had expected. 
he is content. 

In the design of the next plant for which the writer expects to 
be responsible, in the sense that he must approve its new de- 
partures and see them through to financial success or failure, 
he fancies that local circumstances will transfer him to the group 
Which gets its results by high duty of surface rather than by 
large size of boilers. He cannot see that the boilers are going 
to be cheaper, if any, per net unit of electric output, but there 
will he some saving in floor space and some incidental con- 
venience of design. Following consistently the Trenton Channel 
use of a separate water circulation for that part of the tube sys- 


As a manager of central stations, 


tem which is actually in the furnace, the writer has ruled that 
in the new design that part of the boiler which surrounds the 
furnace is to be in effect one boiler with its own drums and 
water level, and that other part of the boiler which is to take 
heat from the products of combustion is to have its separate 
drums and water level. This ruling, in addition to being war- 
ranted by our experience, gives greater freedom of design and 
need not materially increase cost. It has the obvious merit 
that the failure of a furnace tube is not going to empty the entire 
steam generator. It has merit (for purposes of study) in that it 
separates completely the duty of the radiant-heat section from 
that of the convection section. 

Perhaps we shall know some day what actually does go on inside 
of a boiler tube. It is a long time since the writer abandoned the 
old-school theory that the heat put into the outside of a boiler 
tube was wiped off the inside of the tube by a stream of water, and 
that the steam incidentally produced was disengaged at the de- 
marcation line between water space and steam space. It is get- 
ting to be a long time since the writer abandoned the belief that 
the generation of steam in the tube was sufficient to account for 
the heat passing from the exterior to the interior of a boiler tube 
working at the duty which is now common. He prefers to be- 
lieve that there is actual dissociation of water into its components 
of oxygen and hydrogen; that the dissociation is in the presence 
of a catalyst which may be an oxide of iron; and that there is a 
recombination of the gases before their nascent period has passed. 
Some day, some one who has the mind for pure physics will dispose 
of this personal belief, either by branding it as heresy or by 
elevating it into orthodoxy. In the meantime, that belief does 
not subject the one who holds it to penalty or discredit. 


GeorGeE A. Orrox. Messrs. Kreisinger and Purcell have 
given us operating data on six large generating units where the 
outputs have ranged from 200,000 to 550,000 pounds of steam per 
hour, and these records are shown as extending over periods of 
three or four months, the average outputs being extremely high. 
Most central-station operators have been reaching toward these 
results for many years, so that the fixed charges per thousand 
pounds of steam might become a more or less negligible quantity 
in the total cost of steam. From the data given in this paper it 
does not appear that these figures represent the maximums which 
may be expected, and therefore future progress is possible. 


C. F. Hirsurevp.* The writer desires to call attention to the 
fact that the terms “large steam-generating units” and “high 
ratings’ are purely relative. Thus, when The Detroit Edison 
Company installed 2365-hp. boilers in 1909’ they were heralded 
throughout the engineering world as marvelously large units. 
Operation at 200 per cent of builder’s rating also was considered 
very high in the days when most boilers operated at or very near 
the builder’s rating. The paper of Messrs. Kreisinger and Pur- 
cell would tend to create the impression that we have suddenly 
jumped from comparatively small units to very large ones and 
from operation at comparatively low rates of output per unit 
of surface to comparatively high rates. 

The data given in Figs. 17, 18, 19, 20, and 21 are submitted to 
show the relatively gradual way in which these changes have 
come about. The points were plotted by using most of the 
representative central-station boiler installations made during 
the period covered, and for which reasonably reliable data were 
readily available. In addition, certain other outstanding plants 


5’ Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 

® Chief, Research Dept., Detroit Edison Co., Detroit, Mich. 
Mem. A.S.M.E. 

7“Tests of Large Boilers at The Detroit Edison Company,” 
D. 8. Jacobus, Trans. A.S.M.E., vol, 33 (1911), p. 564. 
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have been included. It is believed that the data represent the 
practice in this country. The writer has used the maximum 
steaming rate given by the authors for the Fordson boiler on the 
possibly unjustified assumption that the rate could be maintained 
indefinitely. The difference between short-time and long-time 
operation at high rates is well understood and need not be dwelt 
upon here. 

The writer has no intention of disparaging the achievements 
recorded in this paper. He desires only to point out the gradual 
way in which such things have come about. The fact that such 
gradual development on the basis of experience has occurred 
indicates that the achievements recorded by the authors are 
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perfectly logical and rational steps in this progress. All glory 
to the engineers and executives possessing skill, faith, and ‘‘nerve’’ 
to put through such undertakings. 

In the first paragraph of their paper the authors state that 
pulverized-fuel firing has made such large boiler units possible, 
and add that “stoker-fired furnaces for such large units seem 
to be beyond serious consideration.”’ The writer believes that 
both of these statements are of doubtful validity. It is true 
that the spectacular advances of the past two years with respect 
to increase of fuel burned per furnace and steam output per 
boiler have been almost entirely made with pulverized-fuel 
firing, as indicated by the points plotted in Figs. 17, 18, 19, 20, and 


21. But there are shown on those curves certain points for stoker- 
fired equipment based on actual propositions which indicate 
that the size or rating limit for stokers has not yet been reached. 
Even if we assume that the stoker manufacturers have been 
overly optimistic in extrapolating from present performances to 
rates of output of the order indicated, the magnitude of the 
resulting errors cannot be very great. 

It is interesting to note that for many years the maximum 
quantity of coal which could be burned with stokers in a single 
furnace under a boiler of conventional form was set by the 
length of the boiler drum. This situation resulted from limited 
stoker length, so that increased fuel-burning capacity had to be 
obtained by increasing the width of the stoker. With the advent 
of designs permitting greatly increased lengths of stoker, the 
situation was radically changed. We may add to this the gradual 
appreciation of the fact that there is nothing particularly sacred 
about the exact shape and arrangement of a boiler, and that we 
have now come to realize that the boiler may be designed to fit 
a furnace of the size and shape required by fuel-burning equip- 
ment of the necessary capacity. It is obvious that many of the 
factors that a short time ago limited the fuel-burning capacity 
of stokers have now passed out of the picture. Fo 

It is also interesting to note that the most recent experience 
with long stokers indicates the possibility of installing stokers 
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under the Fordson boiler within the furnace dimensions shown 
which would be capable of burning coal satisfactorily at rates at 
least approaching those recorded for pulverized fuel. 

In connection with the figures given in the paper, it would be 
interesting to have the authors explain how they determined 
the performance of the Fordson boiler. The efficiencies plotted 
are said to be obtained by calculated heat balance and not by 
weighed-coal and water test. Such a calculated heat balance 
must be based on weight in some way. 

The authors point out quite correctly the advantages of large 


_ 8team-generating units and call attention to the parallel adoption 


of even larger steam turbines. A word of warning seems de- 
sirable here. The maximum size of steam generator or of steam 
user which should be installed in any given plant is, among 
other things, a function of the total capacity of that plant and of 
the total capacity of the system of which that plant forms a part. 
If, for example, one considers an isolated plant, industrial or 
central station, with a required total generating capacity of, say, 
20,000 kw., it would obviously be foolish under average co? 
ditions to use one generating unit of that size supplied with 
steam by one boiler. The savings possible from the use of 
comparatively large units must in this case be sacrificed in favor 
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of other considerations. The writer has, of course, chosen a 
ridiculous example for the purpose of making clear the point 
he has in mind. In real cases that are likely to come up for con- 
sideration, the balance between number of units and size of 
units giving the optimum result is not as obvious as in such a 
simple case, but there is, nevertheless, such a balance in each 
case, and it is necessary that it be determined if a correct solution 
is desired. When such a balance is obtained there is no longer 
any question of the amount of capacity which is idle during 
shutdown for repairs. We deal with larger figures but not neces- 
sarily with materially altered percentages of total investment if 
the balance is correctly determined. 

The authors make a statement to the effect that large steam 
generators can be kept in service longer than large turbo-gener- 
ators. The writer does not believe that we have as yet any 
evidence that properly leads to such a conclusion. It may be 
that conservatism on the part of operators who grew up with 
steam-generating equipment requiring frequent shutdown for 
cleaning and maintenance is affecting our present practice, and 
that we are now shutting down for inspection and overhaul more 
often than necessary. But, even allowing for such a possibility, 
the writer does not believe it safe to assume as yet that the length 
of periods between shutdowns for large steam-generating units 
of modern design can or should be as great as is commonly the 
case with modern large turbines. 

The statements made by the authors with respect to wide 
spacing of the “lower rows” of boiler tubes when high ratings 
are to be obtained are worthy of special emphasis. We all 
recognize the need for such modification of design, but it seems 
that we have been just a little too conservative in the matter. 
At least, trouble from slagging of the lower rows is still one of 
the most prevalent forms where high ratings are attempted. 

Under the heading of ‘‘Induced-Draft Fan Power’ the authors 
quite properly draw attention to the relation which the fan 
power holds to increased boiler output. It seems well to add 
that the wide range of draft loss experienced with equipment 
intended to operate over a wide range of steam output brings 
into the picture exceedingly complicated and undesirably costly 
speed- and power-control equipment. We appear to be making 
some progress toward a more satisfactory solution of this part of 
the problem, but there is still room for much improvement. 

It should also be noted that operation at high boiler ratings 
with boilers of the present types involves comparatively high 
gas velocities, so that there is an ever-increasing tendency to 
carry solids along with the gases and to eject at least some of them 
through the stack. This is true for all methods of firing. This 
fact should be given due consideration when locating a plant of 
this type in such surroundings that the ejection of large quan- 
tities of solids can be properly regarded as a nuisance. 

The authors show designs in which water-cooled furnace sur- 
faces are connected into the main boiler circulation, and other 
designs in which they constitute essentially separate boilers. 
Both designs have their advantages and disadvantages. Ex- 
ceptionally careful design is required when all the surface is con- 
nected into one circulating system. Experiences with such 
designs in the recent past have not always been all that might 
. desired with respect to circulation and stability of water 
evel, 

The necessity for very clean and pure feedwater also should 
be strongly stressed. Surfaces absorbing 40,000 to 60,000 B.t.u. 
per sq. ft. per hr. require very adequate cooling if they are not 
to deteriorate rapidly. Such cooling can result only from the use 
of pure feedwater which will not deposit solids on the tube walls, 
and from the use of a design which will not permit steam bubbles 
to hang on the metal surfaces. 

The authors have included several charts illustrating the per- 


formances of the different boilers discussed in the paper. In 
some of these charts results are plotted against steam output 
in thousands of pounds per hour, in others against boiler rating, 
and in at least one case against both values in the same figure. 
In doing this the authors have been quite consistent with cur- 
rent usage in such matters. But the writer would question 
whether we have not now reached that point in steam-plant 
design and operation and that point in methods of expressing 
engineering facts at which we should agree upon some satis- 
factory method of expressing boiler performance and then use it 
consistently. 

This is not a new topic of discussion before the Society. The 
subject has been brought up frequently in different ways, but the 
loose usages persist. 


H. G. Turetscuer.* The authors have presented an inter- 
esting contribution indicating what can be accomplished along 
the lines of large steam output for given boiler units. 

Pure feedwater is given as one of the factors necessary for a 
high percentage of service operating hours, and also might well be 
placed under “factors limiting ratings.”’ It is extremely impor- 
tant that boilers be fed with distilled water and that condenser 
leakage be closely watched if evaporation at high rates is to be 
obtained without carrying water and impurities over to the tur- 
bine. 

Designers and operators must also recognize the effect of low- 
fusion, high-ash-content coal on the matter of boiler evapora- 
tion, since it is much easier to slag the boiler tubes with this 
grade of fuel and the cost of designing steam-generating units for 
a given output is necessarily increased as compared with that 
where the higher-grade eastern coals are used. The authors do 
not indicate where the economic limit comes in this matter of 
high-capacity steam generating units, but some relative figures 
on this may be of interest. 

In 1922, we started the designs of the Cahokia Station with 
boilers designed for fairly high capacities as capacities went at 
that time. Successive extensions to the plant have been made, 
all with a view to improving economy, reducing maintenance, 
and reducing investment costs. Results have shown consider- 
able improvement in operating expenses, even though the output 
from a given boiler unit has been nearly doubled without any 
sacrifice in boiler-plant economy. The effect on investment 
costs has been very striking. Considering relative values only, 
if we take the costs of the first boiler units at 100 per 1000 Ib. 
of steam output, the costs of subsequent units are 86 and 72. 
These figures include the complete cost of boiler settings, casings, 
water walls, air heaters, and forced- and induced-draft fans where 
used, and building structure. The reduction in building costs 
due to increased capacity of boiler units is one of the principal sav- 
ings. This saving will vary with different plant locations, de- 
pending mostly on foundation conditions. 

The steam-generating units presented by the authors appar- 
ently are economically justified for the various installations, but 
a thorough consideration of all the various factors involved will 
make quite a marked change in the point of the curve at which 
it is desirable to add boiler units rather than increase the evapo- 
ration per unit. 


J. G. Worker.’ There is one statement in the paper with 
which the writer would take issue. That is: ‘“Stoker-fired furnaces 
for such large units seem to be beyond serious consideration.” 

The writer finds that this statement is left unsupported in the 


8 In charge of Mechanical Engineering, McClellan & Junkersfeld, 
Inc., New York. Mem. A.S.M.E. 

® General Sales Manager, American Engineering Co., Philadelphia, 
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paper by any evidence either in theory or fact and, if it were 
left unchallenged, he feels it might be regarded as representative 
of modern engineering thought and opinion. 

Since the question of firing large boilers with stokers has been 
raised, the writer would place before the Society some facts 


Fic. 22. Cross-SecTIon OF THE STEAM-GENERATING UNIT OF 
GouLp STREET STATION, CONSOLIDATED Gas, Evectric Licut 
Anp PowrEr CoMPANY OF BALTIMORE, AFTER CONVERSION TO 
SToKER FIR1nG 


which will be incomplete on account of the character of this dis- 
cussion. These have to do with the present performance of 
stokers with which the writer is most familiar. 

Among other large boiler units which the authors illustrate is 
one (Fig. 3) concerning which the writer has had a substantial 
amount of personal knowledge. 

With the pulverized-fuel firing, the setting shown in Fig. 3 
of the paper, there was guaranteed a maximum steam generation 
of 530,000 Ib. per hr. for a period of 12 hr. without smoke. It is 


obvious from the operating data that this result has not yet even 

5 been approached. The writer has figured that at this rating, 

rice with powdered-coal firing, a heat-release rate of 31,500 B.t.u. 
would be necessary. 


It was thought that it would be interesting to engineers to 
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know what could be accomplished by an underfeed-stoker in- 
stallation with this same steaming unit and under the same fue! 
conditions. 

Fig. 22 illustrates the furnace design and stoker application, 
It is figured that under the fuel conditions at this plant, 65 |b, 
of coal per tuyere per hour is a conservative rate of burning for 
maximum requirements. For this stoker-fired unit to generate 
530,000 Ib. of steam per hour, under the same conditions as given 
in the paper, the burning of only 46.4 lb. of coal per tuyere per 
hour would be required, and a heat-release rate of but 47,200 |b 
per cu. ft. per hr. The 400,000-lb. steaming rate which was not 
quite obtained by operating data shown in the paper, would 
represent a rate of burning of but 36.4 lb. of coal per tuyere per 
hour, or a heat-release rate of 37,200 B.t.u. per cu. ft. per hr 
These heat-release rates and burning rates are being accomplished 
every day in many stoker plants throughout the country. For 
example: the Hell Gate Station has easily exceeded a fuel- 


SecTionaAL View at 600,000-LB. STEAM-GENERATINY 
Unit Equiprpep With UNDERFEED STOKER 


Fic. 23 


burning rate of 65 Ib. of coal per tuyere per hour, and a reles* 
rate in excess of 47,200 B.t.u. per cu. ft. per hr. has been show. 
Stoker apparatus is fully developed to burn all the fuel nece* 
sary to liberate heat sufficient for the 500,000-Ib. unit mentioneé 
by the authors, or in fact a 600,000-Ib. or larger unit if enginee™ 
find that in the planning of their stations these combinations ” 
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heating surface units are economical and desirable. (See Fig. 23.) 

It should be pointed out in passing that the authors illus- 
trate only one design which has succeeded in producing 500,000 
lb. of steam, or in fact over 400,000 Ib. This is the installation 
at the River Rouge plant of the Ford Motor Company; .and in 
the case of this unit, these high rates of steaming were obtained 
relatively few times, and for short periods. 

It is of interest to note also in connection with the Ford in- 
stallation that this rate of steaming was produced by double- 
firing. 

A recent setting of stokers and boilers at the Edgar Station of 
the Boston Edison Company is of special interest not only be- 
cause of its high steaming rate, but because it represents a steam- 
ing unit operating at 1400 Ib. pressure. This unit is just getting 
into operation, and at its maximum capacity will burn 37,500 Ib. 
of coal per hr. 

Referring back to the setting of pulverized coal at the Gould 
Street Station, mentioned by the authors, this is about the 
amount of coal that the Gould Street unit (which is much larger) 
must burn for a steaming rate of 400,000 Ib. 

Much of what has been mentioned in this contribution is a 
matter of engineering record and familiar to those who have 
closely followed modern stoker practice. The writer feels that 
there is nothing so far in the demands for fuel burning that cannot 
be and has not been met with proper stoker construction and in- 
stallation, and certainly nothing has interfered with the efforts 
of those who are trying to develop stokers that should call for a 
statement that stokers should not be given serious consideration 
in any coal-burning problem. 


W. A. SxHoupy.'® Apparently the writer’s paper before the 
Society last December has made little impression on the engi- 
neering public. He had hoped that the term ‘‘per cent of rating”’ 
would be relegated to a condition of innocuous desuetude, but we 
find it in this paper, and used in a way that forcibly illustrates 
how meaningless and misleading it is in describing present-day 
boiler practice. 

Fig. 7 includes a scale of approximate percentage of rating. 
This is apparently based on the convection surface. At an evapo- 
ration rate of 460,000 lb. per hr. actual, the percentage of rating 
based on the convection surface alone is 620 per cent, but 110,000 
lb. of steam is generated in the radiant boiler. The difference 
350,000 Ib. per hr., represents 475 per cent of rating of the con- 
vection boiler. If the percentage rating is based on the whole 
surface, radiant and convection, its value at this evaporation is 
557 per cent. Which of three figures shall we use to compare 
the operation of this with another boiler? 

The authors say: “The limit to high percentages of rating at 
present seems to be set by the slagging of the first and second 
row of boiler tubes.’’ The slagging is due to the velocity of the 
gas through the tubes and is only indirectly due to “high per- 
centages of rating.’’ If the Gould Street boiler can operate at 
495 per cento rating (400,000 lb. per hr.) without serious tube slag- 
ging, then an eleven-tube-high boiler similar to those at Buffalo, 
ifset over the same surface, could operate at 810 per cent of rating 
without any great slagging trouble. The gas velocities would be 
the same in both cases and the power for lifting molten ash also 
would be the same. The Buffalo type of boiler may operate at a 
higher percentage of rating than can the Gould Street type, but 
possibly generate no more steam. 

This comment is not intended as a criticism of the authors, but 
they have given the writer another chance to kill the term “per 
cent of rating.” Until another unit of boiler performance has 


"® Associate-Professor of Mechanical Engineering, Columbia Uni- 
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been adopted we must content ourselves with pounds of steam, 
or B.t.u. per square feet, gas velocities, etc. 

The writer must, however, differ with the authors in their com- 
parison of the large boiler and the large turbo-generator. The 
large turbine is purchased because of the smaller building required 
and also because of the higher economy of the larger units. The 
larger steam-generating unit effects some space saving, but it 
does not necessarily carry with it higher efficiencies. None of 
the units discussed in this report shows as high calculated or test 
etficiencies as those reported in the last Prime Movers Committee 
Report for the boilers of the Columbia or Avon stations. Those 
efficiencies are operating results which are generally a point or 
two lower than test results. 

The efficiencies reported for the Ford and Gould Street units are 
not net results, that is, no correction has been made for the 
power required to produce the high draft, seven to eight inches. 
With such a correction an even greater disparity would be ap- 
parent. 

The Columbia and Avon boilers operate with relatively low 
draft loss, and have larger furnaces but low B.t.u. releases. They 
can consequently use the cheaper air-cooled-refractory furnaces 
which have been entirely successful with a maintenance cost 
less than would have been encountered in cleaning the tubes of 
water walls. If coal cost or load factor require high efficiency it 
would seem that they are the better type, but if small floor 
space is necessary, the Ford or Gould Street type is to be pre- 
ferred. 

The writer must also differ with the authors’ statement con- 
cerning economizers. He believes that the trend is back to, 
rather than away from, economizers. There is a decided trend 
toward the reheating cycle, and this cycle limits feedwater tem- 
peratures to under 250 deg. This temperature is ideal for 
economizers. 

The operation of boilers at increasingly higher rates of heat 
transfer results in higher exit temperatures with air heaters alone. 
High efficiencies are obtained only with extremely high com- 
bustion-air temperatures and larger air heaters. These high 
air temperatures are not always desirable. An economizer that 
gives only 50 or 75 deg. rise will reduce considerably the size 
of the air heater and give air for combustion at a temperature 
that will necessitate no special precautions. The combination 
of economizer and air heater is often a space saver and is some- 
times cheaper. 

The authors have made a valuable contribution to both en- 
gineering literature and practice. Although the paper is brief, 
it includes all important data except costs, which unfortunately 
cannot be included. Their summary is of particular value, for if 
it is used as a guide in selecting steam-generating equipment, 
most operating troubles will be eliminated. 


AvuTHors’ CLOSURE 


To the authors of the paper, stoker-fired furnaces for such 


large units seem to be beyond serious consideration. While Mr. 
Worker objects to this expression he presents no convincing 
arguments to dispel the authors’ doubts as to the desirability of 
firing large units with stokers. He merely shows how one of 
the large units fired with powdered coal could be set up with a 
stoker-fired furnace. It would have been more convincing if he 
had selected some stoker-fired plants containing large steam- 
generating units and presented the operating data for a period ot 
six months or a year. If such operating data were presented in 
the form of charts similar to those given in the paper, such 
charts would have shown more clearly what a stoker-fired unit 
can accomplish, 

A few hours of operation at high ratings per week, although 
very impressive while one watches the equipment in operation, 
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do not look nearly so impressive when plotted on a monthly 
chart with all the variations in the rating and shutdowns during 
the month. The authors experienced some disappointment 
in the preparation of the paper. They knew that the equipment, 
for which they were preparing the data, was frequently operated 
at high steam output, but when the load curve was plotted on a 
monthly chart and several of such monthly charts were put in 
one figure, the percentage of high-steam-output periods was much 
smaller than they had expected to see. If the operating data of 
some of the important central stations were plotted on a monthly 
chart we should have a much clearer picture of what is really done 
than we have now. 

Mr. Worker brings up the point that the maximum steam 
output of the Gould Street Station unit was about 385,000 Ib. 
of steam per hour, and that the guaranteed maximum output 
was 530,000 lb. per hr. It is stated clearly in the paper that 
there was only one turbine of 35,000 kw. capacity that could be 
operated with the steam from one steam-generating unit. When 
the turbo-generator was operated at full load it took 385,000 Ib. 
of steam per hour. On one occasion, October 1, which is shown 
at the end of the September chart, unit No. 2 was brought up to 
400,000 lb. and operated for a day and a half at this rating by 
somewhat overloading the turbine. Nothing unusual happened 
to the steam-generating unit under this operation, and the indi- 
cations were that it could be operated much longer if there was a 
need for it. The Gould Street Station steam-generating units 
in their regular operation do not go above 385,000 lb. because 
there is no way of using the steam. Another turbo-generator 
is soon to be put into operation, and when this is done there will 
be an opportunity to find out what the maximum steam output 
of the steam-generating units is. 

Mr. Worker states that the Hell Gate Station has easily ex- 
ceeded a fuel-burning rate of 60 lb. of coal per tuyere per hour, 
and cites this plant as an example of what is being accomplished 
every day in many stoker plants throughout the country. It is 
interesting to note that the last three steam-generating units at 
the Hell Gate Station are being put in with powdered-coal firing. 

Recently one of the large stoker-fired plants made a series of 
tests on one of their steam-generating units to determine the 
maximum capacity that could be developed in a satisfactory 
operating manner with these stoker-fired units. These units 
were expected to reach maximum rate of working of 450 per 
cent. The highest rating that was obtained on the test was 
about 300 per cent, and that only after several trials to make 
such rating had failed. 

Mr. Hirshfeld presents interesting charts showing the in- 
crease in the size of the steam-generating units during the last 
twenty years. In Figs. 17 and 18 a curve is drawn through the 
five high points of stoker-fired installations. These points lie in a 
region by themselves; the other points for stoker firing are con- 
siderably below these points. This indicates that large units 
were not a generally accepted practice. The general trend for 
large steam-generating units really started about 1920, and after 
1924 the number of large units fired with powdered coal greatly 
exceeded the stoker-fired installations. When we look at Fig. 
19 for the two high stoker points we find them considerably below 
a number of powdered-coal-fired installations. Although these 
two stoker installations had large amounts of heating surface, 
the steam output was not nearly as high as with some of the 
powdered-coal-fired installations. On the same chart two high 
stoker-fired points are added and marked “actual proposal.”’ 
Another high point is left out because apparently it fell outside 
of the chart. In Fig. 21 this high stoker point represents an 
actual proposal to burn coal at rate of 140,000 Ib. of coal per 
hour. How seriously this high point is considered and how 
close the actual results will fall to the proposed results, the 


future will show. It is probably possible to build a stoker- 
fired furnace that would burn 140,000 Ib. of coal, but the authors 
believe that it would be much easier to design and build and 
also to operate a powdered-coal-burning furnace than a stoker- 
fired furnace. 

In Fig. 19 it is shown that there was a decided increase in the 
maximum steam output since 1924. It is also a period during 
which many powdered-coal installations have been put in oper- 
ation. There is therefore some justification for the statement 
that the desire for high steam output was greatly stimulated 
by the advent of powdered coal. 

Of the new plants now in course of design or construction, a 
large percentage are to be fired with pulverized coal. For some 
of these plants stoker firing was never given serious consider- 
ation, if any at all. In other cases stokers were considered, but 
past experience showed them lacking for burning the available 
coal. There may be cases where coal particularly favorable for 
certain classes of stoker is available, and for this and other special 
reasons the stoker firing is favored. Giving all these consicer- 
ations proper weight, one cannot help but feel that at present 
powdered coal is decidedly the favored method of burning coal 
for large steam-generating units. 

The rapid development of the use of powdered coal under 
steam boilers stimulated the stoker designer into action, and he is 
making all possible improvement on the stoker furnaces in order 
to keep up with powdered coal. 

Mr. Hirshfeld asks how the authors determined the _per- 
formance of the Fordson boilers. The steam output was ob- 
tained from the steam-flow-meter chart. The efficiencies were 
computed by the heat-balance method. The flue gases leaving 
the steam-generating units were analyzed and their temperature 
measured. From these data the heat carried away by products 
of combustion were calculated. The incomplete combustion 
losses were determined from the analysis of ash collected at the 
bottom of the furnace and from the analysis of sample of flue 
dust. The radiation losses were estimated. They were small in 
percentage, and it was not difficult to make estimates correct 
within 1 per cent of the heat generated in the unit. 

Mr. Hirshfeld rightly warns against installing large steam- 
generating units in isolated central stations or industrial plants. 
Such plants must have a certain percentage of spare units, and 
these are more easily obtained if the units are of smaller size. 

As to whether a large steam-generating unit can be kept on the 
line as long as a turbo-generator or longer, the authors merely 
give the opinion of some operating engineers. Other engineers 
may have different opinions. Although both of these opinions 
may be based on experience, it would be difficult to settle this 
question definitely. 

Mr. Hirshfeld and also Mr. Shoudy raise a question as to the 
term “per cent of rating.” This term has been used exclusively 
only in Figs. 14 and 16 giving the economic performance of the 
Colfax Station units and the unit of the Stanwix Steam Heating 
Plant. The load curves for these two units give the steam output 
in both the percentage of rating and in the actual evaporation 
per hour. Therefore one rate can be changed into the other 
without much difficulty. Other charts are plotted on the basis 
of actual evaporation. 

The authors do not attempt to defend the term “per cent of 
rating.”” They agree that the term is wholly inadequate for 
present-day power-plant practice. They sincerely hope that 
more satisfactory way of rating steam-generating apparatus 
will be devised and adopted as a standard. They do not take 
the comments of Mr. Shoudy and Mr. Hirshfeld as criticism par- 
ticular of their paper. The same idea of criticism is in the 
minds of most of the engineers dealing with steam-generating 
apparatus, but until such criticism brings about new and better 


st 
ee ol 
ac 
of 
hi 
tu 
fir 
Ne T 
C 
is 
ul 
of 
! 


FUELS AND STEAM POWER 101 


standards, it is advisable for individual writers to adhere to the 
old standards. The usage of the old standard keeps its inade- 
quacy before the eyes of the engineers and stimulates them into 
action to devise and adopt new standards. 

Mr. Shoudy brings up one good point, and that is the effect 
of the height of boiler on the percentage of rating. A ten-tube- 
high horizontal boiler will develop twice the rating that a twenty- 
tube-high boiler will with the same velocity of gases through the 
first pass and with the same tendency of slagging the gas passages. 
The Gould Street Station units are eighteen tubes high. The 
Colfax and the Stanwix Station units are twenty tubes high. It 
is therefore much more difficult to obtain high ratings on these 
units than on other units which are only about half as high. 
This point well illustrates the inadequacy of our present standard 
method of rating steam-generating units. 

Another good point brought up by Mr. Shoudy is the using 
of an economizer in connection with an air preheater. The 


authors did not wish to give the impression that air preheaters 
are preferable to economizers. They merely stated the fact 
that there was a tendency with the bleeding of turbines to sub- 
stitute an air preheater for the economizer. The economizer will 
be of particular advantage with the high pressures now coming 
into use. As the pressure increases, the latent heat decreases 
and the heat in the water increases. Therefore with high 
pressures more heat must be put into the water and less into 
the evaporation. A smaller boiler supplemented with an econo- 
mizer and a small air preheater will make the best combination 
for the most efficient heat absorption. 

Mr. Dow brings up the point that in the past the furnace was 
adapted to the boiler and to the local fuel, and that in more 
recent practice this method is reversed, the boiler being adapted 
to the furnace. In many cases the boiler is built literally as 
well as figuratively around the furnace. Part of the boiler 
forms the walls or the bottom of the furnace. 
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Combination Firing of Blast-Furnace Gas and 
Pulverized Coal 


By F, G. CUTLER,' ENSLEY, ALA. 


; ee Ensley blast-furnace plant of the Tennessee Coal, Iron 
& Railroad Company, consisting of six blast furnaces, has 
been operating for about five years a boiler plant using pulverized 
coal to supplement blast-furnace-gas firing, and some of the 
results obtained from this installation should be interesting to 
those contemplating combination firing of these fuels. 

Prior to 1922 the No. 1 boiler plant near No. 1 furnace 
consisted of 22 Rust boilers and 8 Stirling boilers with a total of 
18,000 rated horsepower. At No. 2 boiler plant between No. 
5 and No. 6 furnaces were located 24 Wickes boilers, the total 
rated capacity of this installation being 6520 boiler hp. 

These boiler plants were interconnected and steam was sup- 
plied from these plants to No. 1 power house near No. 1 
steam plant and through two steam lines to the blooming mill and 
rail mill. This mill also had a boiler plant consisting of 5 Stirling 
boilers and 17 Cahall boilers with a rated capacity of 6750 boiler 
hp. Coal was fired by hand on grates under the Rust boilers at 
No. 1 plant and the Cahall boilers at the mill, and by under- 
feed stokers on the Stirling boilers at the mill. 
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Fic. 1 Cross-Section or Borer SETTING 


Steam conditions were unsatisfactory. Some of the older 
blast-furnace boilers were in such condition that it was expected 
that they would be condemned, and their combustion capacity 
was insufficient for the proper burning of the blast-furnace gas 
available most of the time. 

After investigation of a number of plans for improvement, it 


1 Chief of Bureau of Steam Engineering, Tenn. Coal, Iron & R.R. 
Co. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Spring 
Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of THe AMERICAN 
Society oF MErcHANICAL ENGINEERS. 
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was decided to install additional boilers adjacent to the Rust 
boilers at No. 1 plant and to fire them with blast-furnace 
gas and pulverized coal in the same combustion chamber. 

Six Stirling boilers of 834 rated boiler hp. each were installed. 
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Fig. Stream Fiow 18-In. Line Supptyine No. 1 Power House 


These were built for 250 lb. per sq. in. working pressure and 150 
deg. of superheat. Each boiler was equipped with blast-furnace 
gas and pulverized-coal burners. A pulverized-coal plant, |o- 
cated about 500 ft. away from the boiler house, supplies this 
plant with powdered coal. This plant was described in several 
technical magazines? the first boilers being fired with gas in 
September, 1922, and with pulverized coal in February, 1923. 

The Cahall boilers at the mill were removed from service 
shortly after this plant was put in operation, and a 5000-hp. geared 
motor replaced the steam engine driving the rail-mill rolls. 

Two additional powdered-coal- and _blast-furnace-gas-fired 
boilers were installed in 1925, the boilers and equipment prac- 
tically duplicating those installed in 1922, except for minor 
changes in the setting. Additional gas-fired boilers replaced 
the older boilers at No. 1 plant, and as the additional gas- 
burning capacity at No. 1 steam plant was made available, 
some of the boilers at No. 2 steam plant were taken out of 
service. 

A cross-section of the setting showing the latest boilers installed 
is found in Fig. 1. 

These boilers are arranged to be fired with either blast-furnace 
gas or pulverized coal, or acombination of both fuels at the same 
time, and are also equipped with gas regulating equipment 
which operates to open the gas and interconnected air dampers 
whenever the gas pressure on the mains increases and to close 
whenever the pressure falls. The gas burners were initially 


2 See Power, November 6, 1923. 
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supplied with air from the fans supplying primary air to the coal 
burners, but it was found that this was not necessary, and con- 
nection was eliminated from the gas burners as it was found that 
sufficient air for proper combustion was induced by the gas 
flow. 

By regulating the supply of gas to these boilers the supply to the 
hot-blast stoves and remaining gas-fired boilers is equalized, 
thereby reducing the demand for regulation of gas and air supply 
on these units. 

The powdered-coal feeders on these eight boilers are under the 
control of a regulator by means of a system of shafts, cables, 
and other devices which varies the position of levers on the rheo- 
stats controlling the speed of the feeder motors. The dampers 
of the boilers are controlled by regulators to maintain approxi- 
mately a balanced-draft condition in the combustion chamber. 

In a blast-furnace boiler plant steam conditions are affected by 
the supply of gas and by the demand. The gas supply has major 
fluctuations due to the fact that one or more furnaces may be out 
of service or shut down for casting or temporary repairs, and 
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Fic. Sream Frow 12-In. Line Suppiyine Hicu-PressureE 
TurBo-BLOWER 


minor fluctuations due to rate of driving, stove changes, and 
similar causes. The steam demand for blast furnaces, mills, 
and electric power varies widely, and there is-usually very little 
notice of these variations given to the boiler plant. 

In order to show the extent of these variations, a typical set 
of charts for the period ending at 6 p.m. on November 18, 1927, 
18 presented with a brief discussion. 

Fig. 2 shows the steam flow in the 18-in. line supplying No. 
| power house, any steam not used by the No. 1 power house 
being delivered to the steam lines supplying the mills and No. 
2 power house. This chart indicates a variation in demand from 
this service from about 2800 boiler hp. to over 10,000 boiler hp., 
although the average for this 24 hours was 6740 boiler hp. 

Fig. 3 shows the steam flow in a 12-in. line supplying a high- 
Pressure turbo-blower, also supplied from this plant, indicating 
4 variation in demand for the same day of from 200 to 2450 boiler 
hp., Averaging 2160 boiler hp. Other uses, including turbo 
auxiliaries, require a steady load, estimated at about 800 boiler hp. 
80 that the steam demand on these boilers varied for this par- 


ticular day from about 5000 to about 12,000, averaging 9700 
boiler hp. As there were seven boilers in service, each rated at 
834 boiler hp., the demand varied from about 86 to 200 per cent 
of rating, although the average was about 166 per cent. In- 
dividual boilers have delivered 2000 boiler hp. for short periods, 
or about 240 per cent of rating. This latter rate of operation, if 


Fic. 4 Sream Fiow 1n 14-In. Line Supptyina MILits No. 2 
Power House 


Fig. 5 Stream Fiow 16-In. Line Suppryine Mu. EnGines 


continued, causes slagging of blast-furnace flue dirt and powdered- 
coal ash. 

Fig. 4 shows the flow in a 14-in. steam line supplying the mills 
and No. 2 power house. 

Fig. 5 shows the flow in a 16-in. steam line supplying mill 


engines. 


\\\ 
NG 
# 


Sy 


104 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


covered by these steam-flow charts is given in Table 1. 


TABLE 1 SUMMARY OF OPERATING CONDITIONS 
Maximum  Mini- 
Average load on mum 
24-hour powd.-coal load, 
period boilers no coal 
Steam generated from coal on powdered-coal 
Steam generated from gas on powdered-coal 
Steam generated, total on powdered-coal 
Steam generated on other furnace boilers, 
Steam generated, total blast furnaces, boiler 
Percentage of total blast-furnace steam 
Average boiler hp. per boiler, powdered-coal 
Estimated efficiency, powdered-coal boilers, 
Rating, powdered-coal boilers, per cent... .. 166 206 86 
B.t.u. per hr. per cu. ft. of clean combustion- 


2000 boiler hp. with 71 per cent overall efficiency corresponds to about 
20,000 B.t.u. liberated per cubic foot of clean combustion-chamber volume. 


Fic. 6 Stream Pressure on Day or Tests 


Flue dirt and ash accumulate in the combustion chamber be- 
tween cleaning periods so that when the boiler is taken out of 
service for cleaning, the combustion-chamber volume is reduced 
from 20 to 25 per cent, and it is not possible to deliver above 
about 1500 boiler hp. per boiler without the formation of slag 
in the combustion chamber. 

Fig. 6 shows the steam pressure for November 18, and Fig. 7 
shows the blast-furnace gas pressure on the mains for this 24-hr. 
period. 

Low steam pressure noted at 3:50 p.m. and 4:15 p.m. and 12:45 
a.m. corresponds to high steam demand for electric power and 
for the mills, with low gas pressure at the same time, and during 
these periods pulverized coal was burned to capacity. The pul- 
verized-coal burners cut out at about 170 Ib. per sq. in. and the 
safety valves blow at about 180 lb. per sq. in., so that on this day 
coal was being burned for 17 periods for a total of about 10 hr., 
the periods of coal burning varying from 2 to 95 min. About 
150 net tons of pulverized coal were burned for this 24-hr. period, 
of at the average rate of 30,000 Ib. per hr. during the firing period. 


A summary of the operating conditions for the 24-hr. period - 


During some of these periods coal was burned at an estimated 
rate of over 40,000 lb. per hr. and the gas supply was nearly aj! 
cut off of these particular boilers. 

To generate 9700 boiler hp. with coal having 12,500 B.t.u. per 
lb. with boilers averaging 75 per cent efficiency would require 
415 net tons of coal per 24 hr., so that about 36 per cent of the 
steam generated on these particular boilers was made from coal 
and 64 per cent from gas. 

However, the other blast-furnace boilers in service during this 
24-hr. period generated an average of 31,020 boiler hp., so that 
for the whole blast-furnace plant only about 8.6 per cent of the 
steam was generated from coal and 91.4 per cent from gas. Dur- 
ing the periods when pulverized coal was fired to capacity about 
one-fourth of the steam was generated from coal. 

About 20 kw. is required to pulverize and deliver coal to 
the bins at the boilers and about 1200 cu. ft. of by-product gas 
is required to dry the coal, per ton of coal. Usually the coal is 
dried to under '/2 per cent of moisture, although the moisture 
in the coal as received is at times between 7 per cent and 8 per cent 
There has been no trouble experienced in pumping the coal 
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Fig. 7 Gas Pressure on Day or Tests 


through the 625 ft. of 4-in. line, which is the only means of supply- 
ing this plant with powdered coal, and there has been no trouble 
with the feeders. Usually the bins are emptied when a boiler s 
taken out of service, but occasionally boilers have to be takes 
off with coal left in the bins, and on one occasion there was found 
(on resumption of operations) a deposit of partially burned co# 
in the feeders, indicating that the coal had fired in the bins 
presumably by spontaneous combustion. 

There have been two or three drier fires caused by overheated 
coal, or by pitch, which got into the coal by mistake, but the 
only damage done was limited to the drier-fan runner. ; 

There has been little difficulty with the uncleaned, uncooled 
blast-furnace gas, except that during periods of high rates ” 
operation it has been necessary to take the boilers out of servic? 
because the deposit of ash and flue dirt had accumulated almo% 
to the level of the gas burners and sealed off the air supply in the 
lower portion of the combustion chamber. 

Usually these boilers are taken out of service about once + 
month for washing, reaming, repairs, and to clean out this & 
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cumulation, and the usual practice is to take one of these boil- 
ers out of service when another is put on, one boiler out of the 
eight being off. 

It has not been found practicable to measure with accuracy 
hot uncleaned blast-furnace gas, and as this fuel is the principal 
supply to these blast-furnace boilers, it is not possible to furnish 
definite figures as to efficiency. 

Indirect heat-balance tests have been made from time to time 
and the efficiency indicated is usually between 72 and 79 per cent, 
depending on rating. 

Tests were also made with pulverized coal alone, these tests 
showing about 225 per cent of rating on capacity tests, and about 
79 per cent efficiency at 179 per cent of rating. Both fuels are 
usually burned together, the ratio depending on gas and steam 
conditions. 

Probably the best way to show the effect of this installation is 
to compare the conditions prior to when it was made with 
those after these boilers were in service. 

The gas from the blast furnace is supplied to stoves to heat the 
blast and the remainder is delivered to the boilers. A regular, 
low pressure on the mains should reduce leakage, as well as im- 
prove the combustion efficiency of the stoves. However, with 
uncleaned and uncooled gas it is not possible to operate stoves 
very efficiently, as the combustion-chamber temperature inci- 
dent to efficient combustion fuses the small particles of flue dirt, 
resulting in slagged and clogged checkers, and making it necessary 
for the stoves to be taken off for cleaning at relatively frequent 
intervals. 

Again, due to increase in blast requirements incident to a pro- 
gram of furnace enlargement, there have been periods when 
there was not sufficient stove capacity, and other periods when, 
due to adjacent furnaces out of blast or to new stoves in service, 
there was a temporary surplus of stoves on individual furnaces 
with a tendency to leave them on gas too long for efficient results. 

Again, with mill or power demands for steam requiring all 
available surplus gas, there is usually a disposition on the part 
of the blast-furnace operators to be as economical in the use of 
gas as possible, as the sale of surplus steam produced from this gas 
reduces the net operating costs of the furnaces. 

As these general conditions have not materially changed within 
the past ten years, it is fair to assume that any increase in steam 
production from gas over a long period is due to improvement 
in the total combustion efficiency. 

In a paper® presented at the Atlanta Spring Meeting of the 
A.S.M.E. in 1922, there was outlined a method of checking 
overall combustion efficiency of blast-furnace gas by calculating 
from the coke rate the heat in the top gas. 

The total steam generated at a blast-furnace-gas-fired plant is 
obtained by means of venturi feed-meter readings with suitable 
allowance for blow-off losses, and the total coal] burned is obtained 
by car weights, so that it is possible to approximate closely the 
steam generated by furnace gas by subtracting the steam made 
from coal from the total. 

The ratio of the heat in the steam produced from blast-furnace 
gas to the heat in the top gas supplied to the boilers is a measure 
of the total combustion efficiency of the plant. 

Table 2 shows this comparison for the Ensley blast-furnace 
plant for nine yearly periods, the four from 1919 to 1922 showing 
conditions existing prior to the installation of these boilers, and 
from 1924 to 1927 conditions after the boilers were in service and 
conditions adjusted, based on the assumption that 70 per cent of 
the total heat in the top gas was delivered to the boilers. As the 
furnace gas is not washed at Ensley, the calculated heat in the top 
gas includes the sensible heat. 


‘ 3 Reduction of Fuel Wastes in the Steel Industry, F. G. Cutler, 
rans. A.S.M.E., vol. 44 (1922), p. 167. 
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TABLE 2 COMPARISON OF ENSLEY PLANT FOR NINE YEARLY 


PERIODS 
Av- 
Heat in mill, erage 
Average boiler hp. Coke B.t.u. per hr. of 

—— generated — per ton Steam rat- 

Blast- of 70% from ing, 

furnace product, top furnace Comb. per 

Year gas Coal Total Ib. gas gas eff. cent 

1919 29,798 1225 31,023 2867 1567 998 63.7 156 

1920 29,174 1150 30,324 2917 1652 977 59.1 145 

1921 24,890 1660 26,550 2784 1330 834 62.7 123 

1922 28,126 2160 30,286 2732 1495 942 63.0 131 
Avg. 

1919-22 27,997 1549 29,546 2825 1510 938 52.1 139 

1923 30,592 2300 33,892 2640 1655 1022 61.8 131 

1924 33,746 4270 38,016 2608 1687 1130 67.0 145 

1925 34,104 5050 39,154 2699 1708 1142 67.0 145 

1926 31,965 5850 37,815 2473 1565 1070 68.4 140 

1927 36,323 4030 40,353 2575 1827 1215 66.5 148 
Avg. 

1924-27 34,034 4800 38,834 2589 1697 1139 67.2 144 


As the stoves and all losses were charged with 30 per cent of the 
top gas for each period, this comparison shows that the combus- 
tion efficiency of the boiler plants on blast-furnace gas has been 
materially improved. On the basis of the efficiency obtained 
prior to this installation, 31,450 boiler hp. would have been gen- 
erated from the gas available in the latter period. As 34,032 
boiler hp. was generated, there was an average gain due to in- 
creased efficiency of gas burning of 2582 boiler hp. 

Part of this gain can be attributed to the replacement of about 
3000 rated boiler hp. in two-pass boilers by more efficient three- 
pass boilers, but as there are still about 14,000 rated boiler hp. 
of two-pass Rust and Wickes boilers in service, most of the gain 
in efficiency can be attributed to the system of gas distribution 
which allows the powdered-coal-fired boilers to utilize the surplus 
blast-furnace gas and maintain a relatively steady supply to 
stoves and boilers which are fired only by blast-furnace gas. 

By this installation and the installation of a motor on the rail- 
mill rolls, it has been possible to shut down the boilers at the 
blooming mill and very materially improve steam conditions, 
both as to pressure and cost of operation. 

The comparative operating costs at the blast-furnace boiler 
plants for fuel, as well as for producing labor and for repairs and 
maintenance, are materially lower than before and we consider 
that this installation has been very successful. 

In conclusion, the author would say that at a new blast-furnace 
plant now being built by the Tennessee Company at Fairfield, 
the same general method of regulation of gas fuel and the storage 
system of powdered-coal firing, with separate coal-pulverizing 
plant, is being installed. 


Discussion 


C. D. Norruam.* The author’s paper contains many points 
of interest to steel-mill power-plant operating engineers and 
sets forth in detail some of the difficulties encountered in steel- 
mill practice which are not common to the general power-plant 
field. 

The accumulations of flue dust mentioned in several places 
in the paper are a big operating problem, particularly in boilers 
which have no provision for withdrawing the dust before it 
accumulates. 

A graphic illustration of the effect of these accumulations on 
boiler output is shown in Fig. 8. The data for these curves 
were obtained by taking careful daily readings of the indicated 
boiler horsepower on each of twenty 350-hp. blast-furnace gas- 
fired B. & W. Stirling boilers. Readings were taken at the same 
hour every morning for a period of approximately three months. 
During this time each of the twenty boilers had been cleaned 
and operated through one complete cycle. The readings were 


Jun, A.S.M.E. 


4 Steam Engineer, Chicago, IIl. 
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then tabulated according to days after cleaning the boiler, and 
averages of the first and last ten boilers were taken separately. 
Each plotted point on the curves therefore represents the average 
of ten boilers. 

Curve 1 shows that in the ten boilers having grates the flue 
dust falls on the grate and is removed with the ashes from the 
small emergency coal fires always kept on them. The combustion 
volume of these boilers is therefore practically constant, and the 
production curve shows very little variation from first day to the 
twenty-fifth day of operation. 


5 Curve & 4 
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Curve 1 Boilers 11-78, 21,22, with Flat Grates. 
Oy ° Curve 2- Boilers 1-10, No Grates. 
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5 
Number of Days after Cleaning Boiler 


Fic. 8 Borer Propuction CurvEs 


(Curves show effect of accumulations of blast-furnace flue dust on boiler 
output.) 


Examination of curve 2 shows that while the boilers without 
grates initially have a combustion space larger by the amount of 
space occupied by the grates in the other ten boilers, this ad- 
ditional volume soon fills up with flue dust till the volumes are 
about equal on the thirteenth day. The horsepower, initially 
greater, soon begins to fall as the dust accumulates, until on the 
twenty-third day the capacity has been reduced 35 per cent. 

The use of some form of dust precipitator on gas to be used 
for boiler firing would, of course, relieve these conditions of slag- 
ging and dust accumulation and make possible more flexible 
operation, higher rating for longer periods, and elimination of 
boiler-cleaning troubles. 


H. C. Cronemeyer.’ The writer knows of one installation 


&’ Mechanical Engineer, Jones & Laughlin Steel Corp., Woodlawn, 
Pa. Mem. A.S.M.E. 


of this type where a great amount of trouble has resulted from 
pulsation; the fact is that the entire boiler front pulsates con. 
siderably. Attempts have been made to cure it, but the pulsa- 
tions persist. 

It would be interesting to know if on the author’s furnaces 
also, where the writer understands there is a central pulverizing 
plant, this pulsating effect is encountered. 


W. P. CHanpier, Jr.¢ There are two or three points in 
connection with the author’s paper that are not very clear to the 
writer. Information on the difficulties met and the advances 
in connection with the operation of his installation should prove 
valuable. 

When using blast-furnace gas alone as a fuel and with 4 
relatively cool combustion chamber how quickly can a_ boiler 
be brought up to and maintained at 200 per cent of rating on the 
pulverized coal? 

It would be interesting to know if there is any difficulty in the 
particles of coal getting down into the stream of blast-furnace 
gas and being extinguished. There has been a great deal of 
talk about the high CO? content of the blast-furnace gas stream 
and the fact that the pulverized coal may fall into that stream 
and not have enough oxygen to burn it and so sink to the bottom 
of the combustion chamber. 


CLOSURE 


In reply to Mr. Cronemeyer would say that we do not have 
any serious pulsation at either of the plants burning these two 
fuels. Occasionally in starting a coal fire on a relatively cool 
boiler setting there is a slight pulsation until the walls are hot 
enough to properly ignite the coal. I believe that the regular 
feeding of the coal is one of the minor advantages of the storage 
system. 

Replying to Mr. Chandler would say that when operating 
about rating with all blast-furnace gas fuel it requires about tes 
minutes to bring the rating to 200 per cent if all the gas is cut 
off of the boiler. 

However, if the gas is left on the boiler and powdered coal is 
added, the rating can be brought to 200 per cent within thre 
minutes. 

With regard to coal particles falling into the gas stream, ! 
has been our observation that when coal is pulverized to the 
proper fineness it is completely burned before reaching the gas 
stream. If the coal is not fine, the particles fall through the 
gas and burn on the bottom of the furnace. There is no appre- 
ciable carbon in the ash 


* American Heat Economy Bureau, Pittsburgh, Pa. 
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The Use of Pulverized Coal in Basic Open- 
Hearth Furnaces 


By E. L. HERNDON,! POTTSVILLE, PA. 


The experience of The Eastern Steel Company with pulverized 
coal as fuel for basic open-hearth furnaces was anything but volun- 
tary. The company had been very happily using oil which was 
low in price and high in quality, when the cost of this fuel be- 
gan to rise and continued until it was necessary to cease using it. 
Since then, for thirteen years the company has continuously wrestled 
with the problems arising in the development of a little-known fuel. 
At times it has been more than willing to abandon the entire plan. 
Very little working knowledge was gained before the war period, and 
during the war costs were of less consequence than ordinarily. 
After that period passed, however willing the company was to alter 
the design of its furnaces and change the fuel, the necessary capital 
was never available. After many tribulations and at times suc- 
cessive disappointments, some understanding of the subject has 
been reached, and it is believed that pulverized coal is the best fuel for 
conditions as they exist. It is not recommended on that account, 
however, that others adopt pulverized coal until a thorough examin- 
ation of each situation has been made. 


of The Eastern Steel Company came about as the result 

of a continued advance in the price of fueloil. This paper 
is an account of the experience of the company in dealing with a 
fuel of which there was no history to serve as a guide. The 
company has not maintained a research department and it is 
not intended to consider the subject from a scientific viewpoint. 
The work has at all times been empirical, and no exhaustive analy- 
sis of the results has so far been undertaken. 

When The Eastern Steel Company began to make steel, the 
open-hearth department consisted of four 50-ton basic furnaces. 
Fuel for these was supplied by gas producers of the hand-poked 
type. 

From 1905 until 1910 only producer gas was used, but during 
1910 it was possible to make a contract for suitable fuel oil at 
two and one-half cents per gallon, delivered. This contract 
extended over two years. From its expiration until late in 1914 
the cost of oil steadily advanced until it became prohibitive. 
During the period last mentioned, two 80-ton furnaces were 
designed and built. The designers considered only fuel oil and 
gave no thought to the possibility of returning to producer gas. 
When, because of increasing cost, it became necessary to aban- 
don oil, it was apparent that additional producer equipment 
would be necessary in order to operate the two 80-ton furnaces, 
and also considerable change in the design of the furnaces would 
have been regarded as desirable. In this situation the attention 
of those operating the open hearth was directed to pulverized coal. 
This seemed, at the time, to offer considerable inducement, as 
the only change in the furnaces which seemed to be necessary was 
to replace the checker-chamber bricks with a series of arches, 
and provide burner equipment. These changes and additions 
Were made, and since that time pulverized coal, with oil for 
an emergency alternative, has been used. A layout of the plant 
is shown in Fig. 1. 


' Receiver, The Eastern Steel Co. 
. Contributed by the Iron and Steel Division and presented at 
e Spring Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of THe 
~ RICAN Society OF MECHANICAL ENGINEERS, 29 West 39th Street, 
ew York, N. Y. 


Te use of pulverized coal in the basic open-hearth furnaces 


The open-hearth-furnace plant consists of four 50-ton furnaces 
and two 80-ton furnaces. All have basic bottoms, all are sta- 
tionary, and all are of the ordinary design which was approved 
at the time they were built, and very few changes have been 
necessary. 

When the pulverized coal was first used in the furnace, it was 
found that the checkers were filling up with ash. It was realized 
that this could not be prevented, and therefore arches were 
substituted for the checkers because of the greater space. The 
arches are placed about 18 in. apart in rows, one above the other, 
with about three feet between the rows. 

The furnaces are reversed by two dampers, one placed in each 
flue between the checker chamber and the stack. This gives 
the products of combustion a direct path to the stack. 

The slag pockets are equipped with removable structural-steel 
boxes which fill up in about fifteen days. The time ordinarily 
required to pull two boxes and get the fuel on the furnace again is 
about five hours. 

The boxes used for the 50-ton furnaces are 15 ft. by 10 ft. by 2 
ft. 5 in. deep; for the 80-ton furnaces, the dimensions are 18 ft. 
by 10 ft. by 2 ft. 5 in. All four sides of these boxes are 
tapered, and the boxes are lined with a 9-in. lining of old bricks 
laid up in common clay. 

Each furnace is supplied with two storage bins for pulverized 
coal which have capacity sufficient to operate a 50-ton furnace 
for eighteen hours and an 80-ton furnace for fifteen hours. 

The coal is supplied to the furnace from the bins by com- 
pressed-air siphons. On the 50-ton furnaces the air jet is */, in. 
in diameter and on the 80-ton furnaces, °/j. in. in diameter. 
The air pressure used 1s 80 Ib. per sq. in. 

Each furnace is supplied with the necessary equipment for 
using fuel oil in case of emergency. The oil supply is stored 
in the usual way, in a tank of considerable capacity, and is at all 
times on tap. 

The plant for pulverizing the coal is situated near the end of 
the open-hearth building. See Fig. 1. 

Preparation of the coal consists of crushing, drying, and 
grinding. At various times lump and run-of-mine have been 
used, and just now slack is being used. 

The equipment consists of three Raymond five-roller mills 
and one Raymond four-roller mill. Each mill is connected to a 
motor. There are in addition two Cummer driers and one 
Jeffrey single-roll coal crusher. 

When the coal is received, the railroad car is placed over 
a pit and the load dumped into the pit. From this it is hoisted 
to the top of the building, a height of about one hundred feet, 
by an Otis automatic dump-bucket elevator. There are two 
buckets, which are operated in the manner of the usual blast- 
furnace skip. 

When it reaches the top of the skip, the coal is dumped into a 
storage bin which has a capacity of about two carloads; thence 
it passes to the crusher, located directly below the bin. When it 
has been crushed, it is dropped into another bin for storage 
before sending it to the driers. 

The compartments for storing dried coal are quite small be- 
cause it is thought unsafe to keep any considerable quantity 
of dried coal in storage. Each storage compartment is situated 
directly over one of the pulverizing mills, and the height of the 


107 


Set 
|__| + 
x 
£ 
ave 
two Re 
~00l 
hot 
age 
at 
ten 2 
cut 
| is | 
ree 
it 4 
the 
re- 
os 
4 
he 
“hy 
4 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Length of Air Transport Line = 5hin_ Furnaces 403.4, 5, a, 


B ‘Coal Bins 
| fot 


6 located of fight and shown._ 


| 
| 


€ OF Trestle 


Return Aly 


Air Transport Line 


Furmaces _ 


Line 
K 


Briage and Collectors 


Floor line 


PUVERIZERS | 
x 
NP 


Operotors Platform 


Capacity Coal Bin= 360 | & 


Capac ty Lb 


Capacity Lower Section=42CuFé-. 7 


SECTION ON LINE 


= THIS SECT: OF 
FURIMACE. 


Capecity Nose Piece = - 


| 


Line_of fore (lore 


Fioor Line 


Fig. 1 


drier above these compartments is just sufficient for a steel 
tube to lead to each individual compartment so arranged that 
there is no possibility of holding any considerable amount of 
dried coal over the mill. The coal is ground to pass 80 per cent 
through a 200-mesh screen. 

After the coal has been pulverized, it is conveyed to the fur- 
naces by a Quigley compressed-air system. This is composed 
of two steel tanks, each tank permanently fixed upon a scale by 
which the coal is weighed. The dial on the scale shows the 
amount of coal in the tank when it is being filled, and also shows 
the amount when the coal is being discharged, so that the readings 
show the weight of the amount taken to the furnaces. Com- 
pressed air is used for transporting the pulverized coal through a 
4-in. pipe which connects the tanks just mentioned with the 
coal boxes over the furnaces. The distance from these tanks 
to the box at the farthest furnace is 450 ft. Each furnace supply 
box is furnished with a valve so that any box may be refilled 
as needed. 

At a 12-in. mill located at about the same distance from the 
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RELATION TO 50-TON FURNACES 


tanks as the farthest open-hearth furnace, pulverized coal 8 
used in a continuous furnace. The same method of transport 
is used for this supply. 

The average analysis desired for coal suitable for pulverizing 
for open-hearth purposes is about 


under 1.25 per cent 


The operation of the open-hearth furnaces does not now pr 
sent more difficulty than with producer gas, though it is not as si 
ple as with oil. All-cold charge is used, and the time for charging 
is about four hours. The scrap here is, in general, quite light 
and the percentage of pig is kept as low as possible because of cost; 
one heat in twelve hours is considered as 100 per cent, and it 8 
usually possible to keep fairly near this through the campaig® 
The life of furnaces is about 200 heats for one roof. Usually § 
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second roof can be put on without disturbing any other part of 
the furnace, and then an additional 100 to 150 heats can be 
obtained with this second roof. 

The coal required runs as low as 500 Ib. and as high as 600 lb. 
per ton of ingots. The wide variation is partly due to character 
of coal, partly to the charge, to the analysis required in the prod- 
uct, and a little to the age of the furnace, although the time 
from tap to tap varies less than was formerly thought possible. 
The temperature maintained in the furnaces is essentially the 
same as that with producer gas. 

There have been infrequent explosions, one in which one life 
was lost and considerable damage to property resulted. The 
others were not of consequence. The cause of the serious ex- 
plosion is not known, although reasonable theories and some 
conjectures are held, but no proof. The experience during 
thirteen years does not seem to indicate extra-hazardous occupa- 
tion. 

Experience with pulverized coal has convinced the company 
that very little has been learned, certainly no more than has 
been included in this paper. Comment and criticism from those 
who are interested are invited. If engineers interested in the 
subject care to visit the plant, they will be welcomed. 


Discussion 


C. D. Norrudm.? After reading the very interesting paper 
by Mr. Herndon, detailing the experience of his company with 
powdered coal in firing open-hearth furnaces, the writer was 
curious to know just what this 500 to 600 lb. of coal per ton of 
ingots represented. 

Taking the average analysis of coal used, it is evident that 
the constituents do not total 100 per cent, and it is assumed that 
the moisture given is ‘“‘after drying,’’ while the remainder of the 
analysis is ‘‘as received.’”’ Rearranged, we would have the follow- 
ing analysis, after correcting moisture: 


Proximate 
analysis Combustible 
Volatile, per cent. 36.00 40.30 
Fixed carbon (and sulphur), 
53.25 59.70 
Ash, per cent 7 
Moisture by difference, per 
Total, per cent........ 100.00 100.00 


If we calculate the ultimate analysis from the above proximate 
analysis, the following results are obtained: 


Hydrogen, per cent. . 
Nitrogen, per cent. . 
Carbon, per cent... 
Sulphur, per cent 
Ash, per cent.... 
Moisture, per cent 
Oxygen, per cent . 8.6: 


wale woe 
te 


Total, per cent. . 100.00 


From this analysis, by Dulong’s formula, the calorific value 
of the coal used is found to be: 


h = 14,544 C + 62,028 (: 4050 S 


0.0863 
14,544 X 73.15 + — + 4050 X 0.0125 


" 


12,985 B.t.u. per Ib. of coal as received. 
Correcting for the maximum allowable moisture in_, “coal as 
fired, the calculated heat value of coal used is: 


* Mechanical Engineer, Chicago, Ill. Jun. A.S.M.E. 
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aos = 13,318 B.t.u. per lb. of coal as fired. 


Using this result, it is evident that the heat rate per ton of 
ingots, using powdered coal as fuel, in a basic open-hearth fur- 
nace varies from 


500 X 13,318 
to 600 X 13,318 


6,659,000 B.t.u. per ton 
7,990,800 B.t.u. per ton 


ll 


or an average of 7,324,900 B.t.u. per ton of ingots. As this is 
several million B.t.u. higher than good average practice using 
oil as fuel, the question arises, ‘‘Where do these extra heat units 
go?” The writer believes an analysis of existing stack and 
regenerated air temperatures would show this; at least, it would 
be interesting to know what temperatures are obtained using 
these arch-work generators. 


E. W. WacenseiL.* Regarding the application of powdered 
coal to open hearths, the writer would ask if the author has any 
data available as to air temperatures at the top of the checkers— 
of the air that was preheated; and also what percentage of the 
total air was preheated and what percentage entered as old air 
around the burner. Also, if temperatures were taken of the 
heated air, were they taken with an aspiration pyrometer or 
with just an ordinary thermocouple? Finally, what percentage 
of oxygen was found in the flue gas? 

It would seem apparent that with arches substituted for the 
checker bricks, the air temperature could not have been very 
high. In that case a modern air preheater heating the air to, 
say, 1000 deg. fahr. before the air entered the checker chambers 
might result in a marked reduction in fuel required per ton of 
steel made. 


I. A. Nicnouas.‘ The Clairton plant of the Carnegie Steel 
Company has had about three years’ experience in the use 
of powdered coal in open-hearth furnaces. The reason for using 
it was a shortage of natural gas; therefore it was a temporary 
proposition, and as soon as the coke-oven plant was installed, 
the furnaces were changed over to coke-oven gas instead of re- 
turning to natural gas. 

It has been ten years since the powdered coal was used, and 
the writer’s memory is not very distinct on all phases of the 
experience with it. However, it is recalled that the fuel con- 
sumption was 500 to 600 lb. per ton of steel and the life of the 
roofs was about 200 heats. 


G. E. Here. A very important question in connection 
with the application of powdered coal to take the place of fuel 
oil for reheating furnaces of the regenerative type is that of ash 
disposal. A unit pulverizeroperated very successfully in a certain 
plant for the first few days. Then, although the checker chamber 
were cleared of all checker brick, they still continued to fill up 
with ash. It was found that this ash, under the action of the 
hammer or the press, became imbedded in the surface of the 
steel. 

A few rough operating calculations produced results that may 
prove interesting. They showed that for one dollar with powdered 
coal, unit pulverizer system, including the cost of the current, 
1407 lb. of steel was heated, whereas with fuel oil it was only 
558 lb. It would seem that there should be an opportunity to 
make a saving from the fuel standpoint but for the ash. 

It would be of great interest to the writer to have a word from 


3 Sales Engineer, Blaw-Knox Co., Pittsburgh, Pa. Mem. A.S.M.E. 
4 Fuel Engineer, Carnegie Steel Co., Clairton, Pa. 
5 Power Engineer, Erie Forge & Steel Co., Erie, Pa. 
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some one who has met this problem of the handling of the ash 
and the effect of the ash on the steel. 


W. P. Cuanpier.* Attempts have been made in firing 
open-hearth furnaces with pulverized coal to grind the coal particu- 
larly fine, the idea being that the resultant ash would be fine 
enough to be carried out of the furnace and through the flues by 
the velocity of the exit gases. In order not to interfere with this 
action, the checkers were removed. However, a continual build- 
ing up has taken place in the chambers, and the loss of preheat in 
the air caused by the removal of the checkers has been reflected 
in the fuel consumption of the furnace. 

The figures of 500 to 600 lb. per ton of ingots as given by Mr. 
Nicholas are common. 


H. W. Brooks.’ This matter is in a research stage. It may 
serve a useful purpose; we do not know. We want a contribu- 


6 Manager, American Heat Economy Bureau, Inc., Pittsburgh, Pa. 
7 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


tion of experience so that the things which were foolishly done 
ten years ago will not be repeated, and it is the writer’s belief 
that the experience which has been developed at Pottsville 
and the experience developed by the Atlantic Steel, plus the 
experience of Homestead and Clairton, if properly correlated, 
would form a nucleus for some useful developmental work along 
this line. 

None of us think we have the answer—we haven't. We 
do not know whether what we have is worth while or will prove to 
be the proper thing or not, but attention is called to the figures 
given by Mr. Heine, showing operating economies in the relation 
558 to 1407. Are we going to say it cannot be done because it 
never has been done, or will we take a research attitude of mind 
and see what we can do? Shall we go as far as we can and see how 
far we can go? 

That is all we are trying to do in this whole situation, and 
it is only with the helpful cooperation of all interested in the 
problem that the ultimate result to be desired will be brought 
about. 
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The Flow of Heat Through Furnace Hearths 


By J. D. KELLER,' PITTSBURGH, PA. 


In this paper the author points out the lack of definite knowledge 
upon which the engineer can base calculations of heat losses through 
furnace hearths. The solid or non-ventilated type of hearth is dis- 
cussed, and certain conclusions as to relations of heat flow to 
shape and construction are reached. The greater part of the paper 
is devoted to an explanation of the methods used in arriving at these 
conclusions. A series of formulas and examples illustrating their 
use are given for each of the several types of hearths discussed. 
The question of value and methods of insulation is carefully con- 
sidered. 


walls of furnaces is not only well understood by engineers, 

but for some years there have been available charts which 
enable even those devoid of engineering training to read at a 
glance, and with considerable accuracy, the various heat-flow 
rates and the temperatures thereto pertaining. Not so in re- 
gard to flow through hearths. Here pure guesswork has been 
the rule, except in those cases, almost unique, where extremely 
tedious graphical methods have been attempted. A somewhat 
more thorough study of the problem has led to conclusions, some 
of which are sufficiently surprising although not in themselves 
of great importance, while others should be of considerable value 
for practical calculations. 

A distinction is to be made between solid or non-ventilated 
hearths, that is, those which rest directly on the ground or on 
foundations not extending far above the ground, and ventilated 
hearths, below which channels are arranged to permit cooling by 
natural or forced air circulation. It is to the former class, the 
solid hearths, that the following conclusions apply: 

1 The total heat flow through hearths of a given shape is 
proportional, not to the area but only to the diameter or the 
width. For example: of two square hearths, one having three 
times the width of the other and nine times the area, the heat loss 
through the larger is not nine times but three times the loss 
through the smaller. 

2 The equivalent thickness of the hearth at its center is slightly 
more than one-half the (inside) least width of the hearth. This 
applies to all usual shapes of hearth. 

By “equivalent thickness” is meant the thickness of a wall of 
the same material, through which the rate of heat flow would be 
just the same as the actual rate through the hearth if one surface 
were held at the temperature of the furnace interior and the other 
surface at the temperature of the surrounding air. 

3 The average equivalent thickness, referred to the whole area 
of the hearth, is 1/, of the hearth diameter for circular furnaces, 
22'/; per cent of the width for square hearths, and for rec- 
tangular hearths it increases as the ratio of the length of sides is 
increased, approaching a limiting value of 27 per cent of the least 
Width in the case of very long hearths. 

4 The total loss through a hearth, after practically steady 
temperature conditions have been reached, is 


Q=SCA(T—T.)/ D 


where Q is the heat flow in B.t.u. per hr. through the hearth of 
area A (sq. ft.) maintained at temperature 7;, when the temperature 


. Private Assistant to Prof. W. Trinks, Carnegie Inst. of Tech. 
Industrial Furnaces,” W. Trinks, vol. I. 
gcvonitibuted by the Iron and Steel Division and presented at the 
pring Meeting, Pittsburgh, Pa., May 14 to 17, 1928, of Tae Amert- 
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7. METHOD of calculating the flow of heat through the 


of the outside air is 7'.; C is the conductivity of the hearth and 
material beneath it, in B.t.u. per hr., deg. fahr., foot;. D is the 
diameter or least width of hearth; and S is a shape factor equal 
to 4.00 for circular and 4.40 for square hearths, and for rec- 
tangular hearths varying from the last-named value down to 
3.73 for very long rectangles. 

5 The rate of heat flow is least at the center, increases at 
distances farther from the center, and approaches an infinite 
value at the edge. As such a rate cannot, of course, be main- 
tained, the parts of the hearth very close to the edges are neces- 
sarily less hot than other parts of the furnace interior. The cor- 
ners are at still lower temperature. 

6 Of the total hearth loss, almost one-third escapes through 
the outermost 5 per cent of the hearth width. 

7 Increasing the side-wall thickness reduces the loss through 
the hearth, affecting chiefly the flow through the outer 5 per cent 
just referred to. 

8 The temperature penetration into the ground can be found 
from the expression 


T = + (Ti —T.) e~ 


T being the temperature at depth z below the center of the hearth 
surface. 

9 Ina2200-deg. fahr. furnace, if protecting the concrete founda- 
tion requires that the latter shall not exceed 900 deg. fahr., 
the firebrick thickness above the concrete must be 48 per cent of 
the hearth diameter or width. 

10 After lighting up a furnace, weeks and even months may 
elapse before the temperatures and the rate of heat flow approach 
within even 10 or 20 per cent of the final values. The initial 
heat-flow rate is very high, but drops rapidly at first, then more 
slowly as it approaches the steady state. 

11 Insulating a hearth by placing a horizontal layer of the usual 
kinds of insulating material on top of the foundation is not 
very effective. The results could be much improved, in some 
furnaces, by proper design and the use of special materials. 

12 The presence of water in the ground, at relatively shallow 
depths below the surface and in considerable quantity, may not 
only greatly increase the heat loss but may even endanger the 
stability of the furnace. 

The reader will naturally desire to know how these conclusions 
have been arrived at, and on how firm a basis they rest. An 
attempt is therefore made in the following paragraphs to explain 
their derivation; wherein the fine Italian hand of the mathemati- 
cian will not be in evidence, but rather that of the plain blunt en- 
gineer at, it is hoped, the advantage of some gain in legibility. 

As the circular form requires the least mathematical compli- 
cation, circular hearths will be considered first. 


I—Crecucar Hearts, ApiaBatic Earta SuRFACE 


To the best of the author’s knowledge, the only purely analyt- 
ical solution which even approximates to the flow through a hearth 
is that which was derived by Gréber,* who calculated the flow of 
heat through a flat circular surface into an infinite body extending 
from one side of a plane in which the surface lies, all parts of the 
plane except that within the circular boundary being impervious 
to heat. This would correspond to an imaginary case in which 
no heat could escape through the surface of the earth at the sides. 
of the hearth. The temperature equation then is 


3 H. Grober, “‘Grundgesetze der Wirmeleitung,’’ pp. 97-101. 
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9 . 
T =T. + (T;—T.) - (mr) e~™* dm... [1] 
m 


in which 7; is the temperature at which the circular flat surface 
is maintained throughout; 7’, is the temperature of the surround- 
ing earth at a great distance from the surface; R is the radius of 
the circular boundary; z is the depth, or distance perpendicular 
to the plane; r is the distance of any point at which the tem- 
perature is to be calculated from an axis through the center and 
perpendicular to the surface; m is an arbitrary variable or argu- 
ment ranging from 0 to ©; and J, (mr) is the Bessel function of 
the zero order, first kind, of the product mr. 

At any point of the surface inside the circular boundary the 
temperature gradient is 


This gradient, and therefore also the rate of heat flow through 
area, becomes infinite at the edges (compare the lower curve of 
Fig. 3). In spite of this, the total heat flow through the circular 
area is finite, and is 


C being the conductivity of the material through which the 
heat flows. 

The flow conditions can be represented by a series or family of 
curves, as in Fig. 1, consisting of halves of confocal ellipses and 
hyperbolas, the foci being at the extreme edges of the circular 
surface, or hearth. The hyperbolas correspond to the stream 
lines or lines of direction of flow, while the ellipses represent the 
isothermals or lines of constant temperature. The greater the 
distance from the circular surface, the closer do the hyperbolas 


Fic. 1 Lines anv IsoTHeRMALS For CrrcuLaR HEARTHS, THE 
GrouND SurFace BernG Supposep To Be Impervious To HEAT 


approximate to radial lines and the ellipses to circles described 
about the middle of the surface as center. Of course, as this is 
a problem in three-dimensional flow, the isothermal lines be- 
come isothermal surfaces of revolution about the axis through the 
center of the circular surface. 

For the benefit of those who read English only, it may be men- 
tioned that in Lamb’s ‘““Hydrodynamics”’ there are derived certain 
equations for the flow of a perfect fluid, which are mathematically 
identical in form with the equations for flow of heat given above; 
namely, those which apply to the problem of flow through a 
circular aperture.‘ 

It becomes evident from a glance at Fig. 1 that the assumptions 
under which Equations [1] to [3] were derived differ widely from 
those existing in the case of an actual furnace hearth. In the 
latter, the heat which flows through the hearth is not confined 
by an adiabatic surface, but can, after diffusing laterally, flow 
upward and escape through the ground surface. 


*H. Lamb, “Hydrodynamics,”’ fourth edition, pp. 131-138. 
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Heartu, Very Tun 


In order to obtain any sort of analytical solution, in the cage 
where heat can escape through the surrounding ground surface, 
the side walls of the furnace must be assumed to be infinitely thin 
The mathematical equations then become identical in form with 
the hydrodynamic equations which express the motion in g 
circular vortex, and also with the electromagnetic equations 
having to do with the flux produced by a current flowing ing 
circular ring circuit. 

The equations are given by Kelvin’ for the case of vortex 


Fic. 2. IsoTHERMALS AND FLow LINeEs For CrrcuLarR HEARTH WITs 
Sipe WALLs oF INFINITESIMAL THICKNESS 


motion in the form of elliptic integrals, and by Maxwell® for the 
circular current, also in elliptic integrals. For the former case 
they are given by Lamb’ in the form of integrals containing Bessel 
functions. Maxwell's work is especially valuable for the present 
purpose, in that he developed a method for constructing the flow 
lines as well as the lines corresponding to the isothermals in the 
case of heat flow. These lines are shown in Fig. 2, which i 
adapted from Maxwell's drawing. It will be noticed that the 
flow lines do not follow any of the simple forms of curve, but ar 
halves of egg-shaped curves which are expressible only in the 
complicated mathematical forms referred to above. 

The equations are developed by the method of “sources and 
sinks,” the flow being that which would result from a system of 
double sources distributed with uniform density over the c- 
cular hearth surface.’ When the constants are modified to 
apply to the case of heat flow, assuming that the hearth surface 
is held constant throughout at temperature 7; and that the ground 
surface outside the hearth (from r = Rtor = @) is also kept con 
stant at a lower temperature 7'., the temperature equation 
becomes 


T =T.+ (T —T.)R ...{4) 
0 


where m is again an arbitrary variable ranging from zero © 
©; ris the radius at which the temperature is taken, and 7? is the 
radius of the hearth boundary; (J,) denotes the Bessel function 
of the first order, first kind, of the quantity in the following pare” 
thesis; and the other symbols have the same meaning as before 

The temperature gradient at the hearth surface, which is § 
measure of the rate of heat flow through unit area of that surface 
at radius r, is 


dz |;=0 


* Trans. Roy. Soc. Edinburgh, vol. 25, p. 217. 
© Maxwell, ‘Electricity and Magnetism,”’ vol. 2, art. 702. 
7H. Lamb, “Hydrodynamics,” fourth edition, pp. 229-231. 
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The only trouble with this excellent equation is that mathema- with the analytically derived value for the central point, which 


ticians apparently have been unable to integrate it, or at least as stated above is equal to R. 
_ to reduce the integral to an easily evaluable form. True, it has Right here it should be mentioned that in this ideal case there 
-— been found that at the center of the hearth (r = 0), the temper- is no scale effect to be considered; that is, the flow lines are geo- 
hin ature gradient is —(7; — 7'.)/R; but for other points the gradients —_ metrically similar for all sizes of hearths, and for any position 
with and heat-flow rates have not been determined analytically. corresponding to a definite value of r/R; the ratio of L, to the 
nts When an attempt is made to evaluate the integrals as they radius R or the diameter D has also a constant value. The 
om curves of Fig. 3 have been made to show the ratios in 
in 10 435 an inverted form, namely, as R/L., because the latter is 
T a measure of the temperature gradient and of the rate of 
rtex heat flow. 
The upper curve in that figure is the one obtained 
(Thin Side Walls) by the method just described, for the ideal case of 
7759 a a circular-hearth furnace with side walls of infinitesimal 
thickness. It was found that this curve cannot be 
20 represented by any of the simple algebraic, exponential, 
or trigonometric functions. 
For points closer to the edge of the hearth (r/R = 
ad es 0.95 to 1.00) the flow lines crowd closely together and 
d =" the values of R/L. become increasingly uncertain. It 
P Ps oe 310 is known that this ratio approaches an infinite value 
Actua! hearth * at the edge, but whether or not the total heat loss, in- 
a 5 tegrated over the whole area, would also become infinite 
— : 4 cannot be determined by the graphical method. In 
” Conve for Adiaboric Earth Surhoce| |, | | | " any case the question is not of practical importance, 
. 02 Of 06 08 0% 0% 097 096 099 100 because the walls of an actual furnace have a thickness 
Ratio ies which is usually an appreciable fraction of the hearth 
Fic. 3 ReLation oF EquivaALeNt THIcKNE@s AND Heat-FLow Rate To width, and this factor greatly reduces the rate of flow 
Distance From CENTER OF CrRCULAR HEARTH near the edges, as will be seen from the following section. 
ms stand, the limit of the available tables of Bessel functions is I1]—Crrcutar Heartn, Sipe WaALLs or Finire THICKNESS 
8° reached before they show any signs of co avenge. The effect of the side walls is to act as an insulating layer on 
ent In this impasse, the graphical constructions of Maxwell are the ground surface near the furnace, and the heat-flow conditions 
low of the greatest service. By their use the gradients can be deter- for the parts near the outer edge of the hearth thus approach 
the mined graphically without great trouble. Referring to Fig. 2, those which exist in the case of the adiabatic ground surface 
i consider a small annular element of width w, and mean radius To (Fig. 1). More than this, the downward spreading of the heat 
the The total length of path of heat flow from point (1) to point (2), — which flows through the lower part of the side wall depresses the 
ia along the dotted line, is L. As far as concerns the temperature — ow jines from the outer part of the hearth to a still lower level. 
the drop, any small length dL at any point (3) is only equivalent to a 
length dLA./A, at point (1), and therefore to dLworo/wern; 
- and the total equivalent length L. of the path of heat flow for this 
i channel is — oh, By plotting a curve with fractional 
sir. Q 
to parts of the length L as abscissas, and with the corresponding 
ace values of w.r./Wnt, a8 ordinates (the values being determined 
ind from Fig. 2 by measurement), and integrating by planimetering 
on the area under the curve, the value of the equivalent length of 
00 heat-flow path L, is determined for the points of the hearth repre- 
| sented by the radius r.. 
The meaning of “equivalent length’? can be explained thus: 
4] If the heat from any small area of the hearth, instead of spreading 
laterally, were to follow a path of constant cross-sectional area, 
to the length through which a temperature drop equal to (7; — T.) 
he would cause the same rate of flow as in the actual spreading path is 
on fe the equivalent length for single-dimensional flow. (Compare 
o Fig. 5.) 
The equivalent wore determined in this way for all Flow Lame vox 
4 points from the center to r/R = 0.95. For the center, where the yexston D, AND Heartu Leven Hicuer THan THE Grounp LeveL 
ce [| ‘ow path is infinitely long, it is of course impossible to complete By a Distance D/6 


the integration but the equivalent length from the hearth surface [Numbers on isothermals denote the corresponding fraction of total tempera- 
(poi ‘ ture difference (7i + To).] 
d int 4) to the last isothermal shown (point 5) can be found; 

» |p then, for another path such as (1)(2), the ratio of total equivalent Another modifying feature is the discontinuity caused by the 
length between (1) and (2) to the equivalent length to the same difference in level between the hearth surface and the surrounding 
isothermal, point (1) to point (6), is found; and the product ground surface. A strict analytical solution is out of the question, 
of the former by this ratio gives the total equivalent length of | but by a combination of methods a solution sufficiently accurate 
the central path. The latter was found to check almost exactly for engineering purposes was obtained. 
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It applies to furnaces having side walls of thickness equal to 
1/, of the least width of the hearth, the height of the hearth 
level above the ground level also being taken as '/, of that width. 
Although considerable variation is encountered, these figures 
represent average proportions existing in actual furnaces. 

Using Maxwell's flow lines as a guide, tentative flow lines were 


sketched in. The flow line proceeding from the extreme edge 


of the hearth—the uppermost solid line in Fig. 4—starts tangent 
to a 45-deg. line through that point, but approaches the hori- 
zontal as it nears the outer surface of the wall. The lines farther 
from the edge approximate more closely to Maxwell’s lines. 
For many of these tentative lines and heat-flow paths, the equiva- 
lent lengths and the lengths from the hearth surface to various 
isothermals were calculated, and the isothermal lines were drawn. 
The conditions for correctness are that the isothermals must 
throughout their length be at right angles to the flow lines at 
their intersections and that the isothermals must be regular 
curves, without kinks or discontinuities. The first-tried set of 
lines failed at a few points to satisfy these conditions, and had 
therefore to be modified. Thanks to the guiding Maxwell lines, 
however, the error was not great, and a few further modifications 
produced the flow lines and isothermals shown in Fig. 4. The 
equivalent lengths were then calculated for all of these flow 
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Surface 
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Fic. 5 Stas oF Non-Unirorm THIcKNEss EQuIVALENT To ACTUAL 
Hearta Heat Fiow) 


paths, and the ratios R/L. were plotted in Fig. 3. This resulted 
in a very smooth and regular curve—the middle, solid-line curve 
in that illustration—which lies just a little lower than the thin- 
wall curve at the hearth center but rises much less steeply toward 
the outer edge, where it approaches the adiabatic-ground-surface 
curve. 

The meaning of this curve is perhaps illustrated more clearly 
by Fig. 5. Suppose that in place of the actual hearth there were 
substituted a slab of the same material of non-uniform thick- 
ness, divided into cylindrical sections (concentric about the axis) 
by very thin vertical partition walls supposed to be perfect insu- 
lators and to prevent lateral heat flow. Then the thickness of 
the slab at any radius would be the equivalent thickness L, for 
that radius; and if the upper and lower surfaces were held at 
temper:tures 7; and 7’, respectively, then the rate of heat flow 
at any radius, and the total heat flow through the hearth, would 
be the same as in the actual hearth. 

Just here is encountered a factor which is not taken into 
account in the calculations for the ideal cases, Figs. 1 and 2: 
namely, the “‘surface resistance” to flow of heat into the hearth 
surface and away from the ground surface. In those calculations 
it has to be assumed that these surfaces are held at constant 
temperature, otherwise the complicating factor would lead to 


insoluble transcendental equations. Actually, the temperatures 
which are to be regarded as constant are the “furnace temper. 
ature” and the temperature of the surrounding atmosphere. The 
hearth temperature is always lower than the former: only very 
slightly so near the center, more so near the edge of the hearth, 
The ground surface is considerably hotter than the atmosphere 
near the furnace, but quickly approaches that temperature as we 
proceed from the furnace. This means that the flow lines no 
longer start at right angles to the hearth and ground surfaces 
(which are not now isothermals), but are inclined to them, very 
slightly at most points but more so near the side walls. The 
additional equivalent thickness corresponding to the surface 
resistance is represented by the dotted lines in Fig. 5. At most 
points it is negligibly small, as will be shown by the calculation 
of an example for points half-way from center to edge, or r/R = 
0.50. 

For this location the equivalent length of flow path is 0.95 R, 
and the area through which the heat escapes at the ground surface 
from the flow channel is 70 times the area through which it 
enters the hearth. Let the furnace interior be at 2200 deg. fahr 
the atmosphere at 60 deg. fahr., the hearth diameter 6 ft., and 
the average conductivity of the hearth and material under it 
0.75 B.t.u. per hr., deg. fahr., foot. Then 


L. = 0.95 R = 0.95 X 6/2 = 2.85 ft. 


and, per unit area at this radius, 


0.75 
2.85 


T, then is 2196 deg. fahr., or 4 deg. lower than the furnace 
interior; T. is 63 deg. fahr., or 3 deg. higher than the atmo 
phere, and the equivalent length, including the surface resistances 
is 


= 2.5 coefficient X 70 area X (7. —& 


2200 — 60 
2196 — 63 


At this radius, therefore, the two surface resistances reduce th 
rate of heat flow by only about */;) of 1 per cent. Nearer th 
edge of the hearth the effect of the surface resistances become 
appreciable, and directly at the edge they reduce the rate from 
an infinite to a finite value. 

That the rate of heat flow at a sharp-cornered interior joint 
two walls would have to be infinitely great, if the interior surfs 
were to be maintained at a constant temperature at al! points 
has long been evident (although apparently never pointed out 
from consideration of the shape of the flow lines and isothermal 
developed by Langmuir in his work on flow through thick furns 
walls.* The same conclusion is reached as to the joint of t® 
side wall with the hearth, whether the ground surface is suppo* 
to be adiabatic, as in Fig. 1, or penetrable to heat as in Figs 
and 4. Since in fact the rate can only be finite, the interior 
face cannot be isothermal; points very near the edge or jolt! 
must always be less hot than the main body of the walls or heart 

The curve of Fig. 3 for the actual hearth has therefore been mod 
fied to take the surface resistances into account. A s# 
effect is here encountered, since the surface resistance is in# 
pendent of the hearth dimensions but varies with interior te 
perature, while the solid resistance is directly proportional ' 
the hearth width but almost independent of the temperatu™ 
The modification required was calculated for 2200 deg. fs 
furnace temperature and for a hearth of 9 ft. diameter. T* 


X 2.85 = 2.859 ft. 


* Trans. Am. Electrochem. Soc., vol. 24, p. 58, fig. 4. 
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curve can be used with confidence, however, for most other diam- 
eters and temperatures encountered in practice, since only very 
close to the edge do the surface resistances produce an appre- 
ciable effect, and when integrated over the whole area of the 
hearth the changes due to differences in temperatures or in size 
are in most cases negligible. 

To obtain the average value of the ratio of diameter to equiva- 
lent thickness for the whole area of the hearth, which is 


(r/R)? 


the curve was reduced in the ratio r/R, the area under it was 
planimetered, and the average height obtained; twice the latter 
is the average value of R/L.. This worked out at 2.00, which 
means that the heat loss through a circular hearth is equal to 
that for unidimensional flow through a flat wall of the same 
area and of thickness '/: the radius or '/, the diameter of the 
hearth, the surfaces of the wall being held at the same temper- 
atures as the furnace interior and the surrounding atmosphere, 
respectively. 

The total loss of heat in unit time from a hearth of diameter 
Dis therefore 


C — T.) 


Q = = CeD(T; — 7.) ....... {6] 


and is proportional, not to the area but only to the first power 
of the diameter of the hearth. That this seemingly paradoxical 
conclusion is correct becomes clear if we consider that for a 
hearth of, say, twice the size, the ratios of all corresponding areas 
throughout a given flow channel remain the same as for a hearth 
of unit size, but the length of the path becomes twice as great, and 
the flow per unit area drops to '/,. Exactly the same conclusion 
would apply to side walls, if these were always increased in 
thickness in direct proportion as the furnace size was increased. 

On account of the restricting effect of the side walls, the flow 
lines from the points near the center do not spread quite as much 
as the Maxwell lines, and for a given width of hearth a given 
temperature penetrates to a slightly greater depth. The ex- 
ponential relation of temperature to depth still holds, but with 
aslightly different constant; thus 


at the center, the symbols having the same meaning as before. 

Example 1. Find the heat loss from a circular furnace hearth 
of 18 ft. diameter, the interior furnace temperature being 
1600 deg. fahr. ‘ 

Hearths usually consist of alayer of firebrick resting ona concrete 
slab or foundation which is embedded wholly or partly in the 
earth. The conductivity of firebrick for the range from 1600 
to 1000 deg. fahr., expressed in B.t.u. per sq. ft., hr., deg. fahr., 
and foot thickness, averages about 0.75; that of concrete averages 
about 0.83, varying with the kind of concrete and the thorough- 
hess of tamping; while the values for conductivity of the soil 
given by various experimenters range from 0.22 for very dry soil 
to an estimate of 1.01 for the whole crust of the earth, with an 
average of probably 0.6. Evidently there is not a great differ- 
ence between the average conductivities of the three materials, 
and since most of the concentrated heat flow occurs in the fire- 
brick, its conductivity will be used in calculation. 

From Equation [6], heat loss = 0.75 X w X 18 X (1600 — 


60) = 65,400 B.t.u. per hour after the steady state of temperature 
has been reached. 
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Example 2. If the temperature of the top of the concrete 
foundation must be held below 900 deg. fahr. to prevent dis- 
integration, find the thickness of firebrick which must be placed 
above the concrete. 

From Equation [7], 


900 = 60 + (1600 —60)e—1-92#/? 


whence z/D = 0.31; that is, the 900-deg. temperature penetrates 
to a depth equal to 31 per cent of the hearth width, and the fire- 
brick thickness would have to be 31 per cent of 18 ft. or 5 ft. 7 in. 


HEARTH 


This shape is never used in practice, but study of it is useful 
as an approach from the circular to the rectangular hearth. 
Lamb, on page 146 of his “Hydrodynamics,” gives an equation for 
the velocity of flow through an elliptical aperture (corresponding 
to heat flow through an elliptical hearth when the ground surface 
is assumed to be adiabatic) in which the factor determining the 
distribution of rate of flow throughout the area is 


1 
V1 — + y?/b*) 


a and b being the half-lengths of the major and minor axes of the 
ellipse. Inspection of this expression shows that in the plan 


Fig. 6 Contour Lines For HEARTH 


view of the hearth the contour lines for constant rate of heat flow 
are concentric (not confocal) ellipses, as in Fig. 6. 

From elementary considerations, it appears that the same 
should hold true for the thin-side wall hearth where heat can 
escape from the earth surface—which in the electromagnetic 
analogy would be represented by Maxwell's circular current 
changed to an elliptic current; the contour lines should be 
concentric ellipses. 


V—Very Lone Heartu WiTH PARALLEL SIDES 


This is a problem in two-dimensional flow, and therefore does 
not correspond to any actual case. It does, however, furnish a 
limiting condition which will be useful when we come to consider 
rectangular hearths. 

Mathematically, this is equivalent to the hydrodynamic prob- 
lem of a rectilinear vortex. Lamb, on pp. 67, 68, and 213 of his 
“Hydrodynamics,” gives the equations as 


¢@ = —constant X log — and y = — const. X (,— 6) [9] 
2 


where ri, r2 are distances from the points at the edges of the 
vortex to any point in a plane of flow, and @,, @ are the angles 
which these distances make with lines perpendicular to a line 
through the two vortex points z = +a, z = 0, which correspond 
to the hearth edges in the heat-flow problem. 

The curves ¢ = constant and y = constant form two systems 
of “coaxial” (not concentric) circles. In the heat-flow problem,, 
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arcs of these circles form the isothermals and the flow lines, as 
shown in Fig. 7, which is adapted from Lamb’s drawing. The 
temperature gradient is found by differentiating y with respect 
toz. At the center it is 


R in this case being half the width of the hearth. 
The temperature at any depth z below the center of the hearth 
is 


Fie. 7 Fiow Lines anp IsoTHERMALS FoR Very Lone_HeEartu, 
Two-DimeEnsionaL Heat 
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Fie. 8 RELATION oF EQuivALENT THICKNESS TO WIDTH OF VERY 
Lone Hearts Wits HEAT Ftow 
(R='!/2 hearth width; rate of heat flow = conductivity/Le.) 


and numerical calculation shows that a given temperature 
penetrates deeper than for a circular hearth of the same width; 
this is also evident by comparison of the flow lines of Fig. 7 with 
those of Fig. 2. 

At any distance r from the center, the ratio R/L, is 


2 
[1 — (r/R)*] 


which corresponds to the upper curve in Fig. 8. Integration over 
the whole width would give an infinite flow through a section of 
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the hearth of only finite length; this of course corresponds to the 
ideal case of side walls of infinitesimal thickness, and must be 
modified to take care of the effect of side walls of finite thickness, 

The modification was carried out by the same method as 
described under circular hearths, and the resulting values of R/L, 
are shown by the lower curve in Fig. 8. Near the center the 
change is practically nil, but near the edge the curve is depressed 
considerably below that for the ideal case. Furthermore, the 
closer we approach the edge, the more nearly does the curve 
coincide with the one for the circular hearth, since in the latter 
the effect of tangential spreading of the flow channels becomes 
less near the edge, and the divergence from two-dimensional flow 
conditions is not great there. 


VI—SquaRE OR RECTANGULAR HEARTHS 


A complete analytical solution for these forms of hearth being 
out of the question, the problem was approached in the following 
manner: First, the contour lines representing (in the plan view 
of the hearth) approximately the positions of constant rate of 
heat flow were calculated and drawn; next, a relation between 
these lines and the rate-of-flow curve or R/L. curve for the 
circular hearth was established; and finally, the hearth plan 
having been divided into a large number of small, equal squares, 
a point-by-point, or rather area-by-area, integration was carried 
out, resulting in an average value of the ratio R/L, for the entire 
hearth. This procedure was repeated for several different rec- 
tangular shapes, enabling a curve to be plotted relating the value 
of average R/L. (which of course is a measure of the rate of heat 
flow) to the ratio of the sides of the rectangle. 

It was shown above that the contour lines for an elliptical 
hearth (plan view) are concentric ellipses. For the square or 
rectangular hearth, simple reasoning shows that while those 
contour lines which are near the center must be nearly circular 
or elliptical, others farther away from the center and nearer 
the boundary must approach closer and closer to the rectangular 
shape, finally coinciding with the latter at the boundary of the 
hearth. Curves which fulfil these conditions are known. They 
are mathematically identical with the stream lines of a perfect 
fluid circulating in a fixed cylindrical vessel of square or rectangu- 
lar cross-section, and also with the constant-velocity lines for 
laminar motion of a viscous fluid through a uniform tube or 
closed channel of such cross-section. 

The equation for the function y is given by Love’ as 


1 1 2\° (—1)" 
n=0 


(2n +1) wx 
cosh —————— 


x = (13] 
(2n +1) ra 2b 
cos wel 


when the origin is located at the center of the rectangle, and the 
boundaries are z = +a, y = +b; that is, a and b are the half- 
lengths of the sides of the boundary rectangle. For the square, 
the equation is simplified slightly since a = b. The parametric 
equation for the contour lines is 


¥ (2? + y*) = constant ........-.-- [14] 
The work of evaluation is extremely tedious; often the series 


converge, a8 one writer mildly puts it, “with painful slowness.” 


A. E. H. Love, ‘Mathematical Theory of Elasticity,’’ 1921, ed., 
323. The equation is also given in somewhat different form by G. 
G. Stokes, ‘‘Mathematical and Physical Papers,”’ vol. I, p. 191. 
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1 
Nevertheless, the values of y — F (x? + y*) were computed for a 


great number of values of x and y, and were plotted as functions 
of these variables. Then, for each value of z on, say, the z- 
axis (y = 0), the corresponding values of y on the y-axis and of 


1 
zand y for other points at which the value of y — 5 (x? + y?) 


is the same, could be read from the curves, and the contour lines 
were drawn through these points. 

Figs. 9 and 10 show these lines for the square and for a rec- 
tangle of length 3 times the width, respectively. Since all four 
quarters into which the axes divide the area are symmetrical with 
each other, the values of R/L, need be averaged over one quarter 
only. 

That the contour lines derived by this method of “squaring 
the circle” must be absolutely correct, even in the ideal case of 
side walls of infinitesimal thickness, has not been proved, and in 
the actual case of walls of finite thickness it is even less certain; 
but for engineering purposes, considering the relative uncer- 
tainty as to other factors such as conductivity of the materials, 
the overall error due to slight discrepancies in their location 
would be negligible. 

The next question is the relation of the R/L, curve for either 
axis to those curves previously obtained for simpler forms of 
hearth. Near the center, where the flow lines in passing down- 
ward spread comparatively little until they reach a considerable 
depth, the influences of irregularities such as the straight sides 
and the sharp corners will be little felt, and the difference of the 
rate of flow from that at the center of a circular hearth of diameter 
equal to the width of the square (or least width of rectangle) 
will be negligible. Moving out along the axes, however, as 
we approach the boundaries the contour lines become more 
nearly straight, the possible lateral spreading of the flow lines is 
less, and we approach the conditions of two-dimensional flow 
(Fig. 7). It appears, then, that the R/L. curve for the minor 
axis should be tangent near the center to the curve for the cir- 
cular hearth (Fig. 3), and tangent near the edge to the curve 
for two-dimensional flow (Fig. 8). But as we have seen, the closer 
we approach the edge the nearer does the latter curve approxi- 
mate to the circular-hearth curve. Hence, the R/L. curve for the 
minor axis of the rectangle must be practically the same through- 
out as that for the circular hearth, being slightly lower near 
the edges. 

It may also be mentioned that at the extreme corners the value 
rises higher than at any point along the sides. The contour 
line coinciding with the boundary at the sides should therefore 
by curved at the corners (dotted line, Fig. 10). The value of 
R/L, can only be estimated here, but it affects a negligibly small 
part of the total area. It does show, however, that the “cold’”’ 
zone previously shown to exist near the edges extends consider- 
ably further out at the corners, and the floor is inevitably lower 
in temperature here than at any other place. 

The net result of all these calculations is shown by the curve 
of Fig. 11, which gives the average value of R/L, over the whole 
hearth area, as related to the shape of the rectangle (ratio of sides). 

Example 3. Find the loss of heat, supposing the steady-tem- 
perature state to have been reached, from a rectangular hearth 
8 ft. wide by 12 ft. long, the furnace temperature being 2250 
deg. fahr. 

From Fig. 11, for a/b = 1.5, average R/L. = 2.09, or Le = 


5 * 8/2.09 = 1.92 ft. 


Q=0.75 conductivity X (8 X 12) x (2250 — 60)/1.92 = 82,000 
B.t.u. per hour. 


Example 4. Find how thick the firebrick of a hearth should 
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be, in order to protect the concrete from temperatures in excess 
of 900 deg. fahr., for various furnace temperatures. 

At the center, where the temperatures penetrate to the greatest 
depth, the temperature gradient is the same as for the round 
hearth, and T = T. + (T; — T.)e~1-9?*/? for the steady-tem- 
perature state—see Equation [7]. For 7; = 2200 deg. fahr., 


900 = 60 + (2200 — 60) e~ 1.92#/P 
or z/D = 0.48, which means that the firebrick thickness would have 


Fig. 9 Lines or Constant Rate or Heat For SQuaRE 
HEARTH 
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to be 48 per cent of the least width of the hearth. The propor- 
tion works out at 38 per cent for 1800 deg., and 24 per cent for 
1400 deg. furnace temperature. Since in practice the thickness 
is usually made about '/, or 16.7 per cent, the top of the concrete 
must finally reach temperatures which are sufficient to disinte- 
grate it. The layer of powder thus formed, however, protects 
the solid material farther down. 
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Example 5. Find the temperature to which the top of the 
concrete in example 4 would actually be subjected if the fire- 
brick hearth were made of the usual thickness of !/. of the hearth 
width, for 2200 deg. fahr. furnace temperature. 


T = 60 + (2200 — 60) e~!-9?/6 = 1620 deg. fahr. 
VII—Errectr or VARYING PROPORTIONS 


All of the above results have been calculated for furnaces having 
side walls of thickness '/. of the least width of hearth, and with 
hearth surface higher than the ground level by the same distance. 
While most furnaces are close enough to these proportions 
to permit the constants given to be used directly, some are 
sufficiently different to require their modification. 

From Fig. 3 it will be observed that the loss per unit area is 
very much greater near the edges than near the center; in fact, 


Fic. 12 Proportions oF HoLLow HEMISPHERICAL SHAPE 


about '/; of the total loss occurs through the outer 5 per cent of 
the width (r/R = 0.95 to 1.00). But it is just in this section 
that the greatest change would be produced by changes in the 
side walls. For instance, it is estimated that increasing the latter 
to 11/2 times the thickness figured on—making their thickness 
1/, of the hearth width—would decrease the total loss about 5 
per cent in the circular hearth. Reducing their thickness to ?/;, 
or !/s of the hearth width, would increase the overall loss between 
8 and 10 per cent. 

Varying the hearth level has much less effect, unless it is 
elevated to a height equal to about half the width or higher. 

Incidentally, it may be mentioned that the influence of flow 
from the hearth reduces the flow from the lower part of the side 
walls below the values calculated by Langmuir’s method. It is 
estimated that the length to be added to height of side wall to 
correct for the “‘corner effect”’ at the bottom is about 2'/: per cent 
of the hearth width. 

Some readers will doubtless wish to have a rough average figure 
for the hearth loss, for use in quick calculations where no great 
accuracy is required, relating it to the side-wall loss. As 
previously explained, the latter has no necessary relationship to 
width of hearth, since the ratio of side-wall thickness to hearth 
width varies considerably in different furnaces. Assuming the 
ratio '/, to represent average practice, however, the hearth loss is 
(roughly) 75 per cent of that from an equal area of the side wall, 
for steady-state conditions. As the approach to that state is 
very much slower for the hearth than for the side walls, the 
loss through the hearth will be greater than that through the same 
area of side wall for a considerable period after lighting up. 
(See the next section.) 


VARIATION WiTH TIME 


(a) Heating Up from Cold. The preceding sections have dealt 
with steady-state temperature conditions only. The cases in 
which temperature varies with time must now be considered. 
The first of these applies to the heating-up period. 

The equation for temperature variation in a half-infinite solid 
extending from one side of an infinite plane surface, the solid 


being originally at T. throughout and the surface being instantly 
raised to and held at temperature 7\, is well known:” 


2 
T = + — T.) —= 
2Vat 


This, however, applies only to single-dimensional flow, and 
requires modification when applied to three-dimensional flow. 

The simplest case approximating to the case of flow through 
hearths is that of the hollow hemisphere of infinite outer radius 
(Fig. 12), where the heat flows in radial lines only. For the 
steady state,'! 


T =T. + (T [16] 


which means that the product r (7’— 7’.) is constant. 
For spherical coordinates, the fundamental differential equa- 
tion of heat flow is shown by Ingersoll and Zobel to become!* 


d [r(T — T.)] do? [r(T — T.)] 

ot or? 

a being the diffusivity of the material, which is equal to con- 
ductivity + (density x specific heat). For simplicity, writing 
r(T —T.) = u, we have 


which is exactly the same as the fundamental equation for linear 
or single-dimensional heat flow, except that u appears instead 
of T. We can then replace the actual medium having three- 
dimensional flow by an imaginary medium having the same 
diffusivity for u as the actual one has for 7, in which the function 
u is propagated in single-dimensional flow, the distance z then 
corresponding to (r— RR) in the actual case. This leads to the 
equation 


2 @ 
Ve 


(r—R) 
2 Vat 
or 
(ry —R) 
2Vat 


The integral, including the factor 2/ V/ x, is the “probability inte- 
gral.’’ Its value can be read from the chart, Fig. 13. 

Proceeding next to the case of the actual hearth, where the 
function which is propagated through the medium, and tends 
toward a constant value throughout it, is not (7’— 7.)r but as 
seen from Equations [4] and [7] is (7 — T.)e**, we have 


2 @ 
Ve 


2Vat 
or 
2 
T + (T—T.) e~* dg....[22] 
2Vat 


The strict applicability of this last equation is somewhat un- 
certain because, although the differential equation for heat flow 
in cylindrical coordinates is satisfied by it for the steady state 


10 Ingersoll and Zobel, ‘‘Mathematical Theory of Heat Conduc- 
tion,”’ p. 78. 

11 Gréber, p. 96. 

12 ‘‘Mathematical Theory of Heat Conduction,”’ p. 125. 
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(2 = 0), it has not been proved that this is true when 


~ 0. Nevertheless, the close analogy between this case, 
where the final temperature state is expressed by (7' — 7.) e~** = 
constant, and the case of the hollow hemisphere discussed above 
where (T — T.)r = constant, makes it certain that the final 
result is sufficiently accurate for practical use. 

Differentiation gives the heat-flow rate as 


dT 1 
dQ =C| — = C — T.) { +k 


where & is the constant factor in the exponent of e in Equation [7]. 
The use of the equations can best be illustrated by the calculation 
of several examples. 

Example 6. If the rectangular hearth of Example 3, which is 
8 ft. wide by 12 ft. long, is quickly raised to a temperature of 
2250 deg. fahr., and is held at that temperature, how deep will a 
temperature of 900 deg. penetrate after 1 day, after 1 week, or 
after 6 months? 

The diffusivity of firebrick is 0.025 (units are sq. ft. per hr.), and 
that of concrete about 0.05, whereas the diffusivity of the ground 
ranges from 0.03 for slightly moist earth to about '/, of this value 
for very dry ground. An average value of 0.03 will be used. 

From Equation [7], the value of k is 1.92/D, or 1.92/8 = 0.24. 
Then 


T = 60 + 2190 dg 
Vr 2/2»/0.03t 


t being the time in hours. The equation is solved by calculating 
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Fie. 13. VALUES OF THE “PROBABILITY INTEGRAL” 


and plotting 7 for several values of z for each of the times. 
For instance, at a depth of 1 foot, after 24 hours have elapsed, 


T =60 + 2190 e—°-24 
Vr 


20.03 X24 


2 £ Bd 
e~ "dg tor z = 
Vs 0 


1 2 
210.003 X 24 = 0.589 is 0.599. The value of e~ 
18 1.00. Hence T = 60 + 2190 X 0.787 X [1.00 —0.599] = 750 
deg. fahr. From the curves relating T and z, the penetrations of 
the 900 deg. temperature are found to be: after 1 day, 0.87 ft.; after 
1 week, 1.76 ft.; and after 6 months, 3.35 ft. Even after the latter 
interval, the depth of penetration is only 84 per cent of the depth 
for the steady state. It should be noted that the time required 
for the temperature to attain to a given percentage of its final 
value is proportional to the square of the depth. 


1 


From Fig. 13, the value of 
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Ezample 7. Find the average heat loss for the hearth of 
example 3 after 1 day from the time of lighting up, after 1 week, 
and after 6 months. 

At the center, & is 0.24 from example 6, and the equivalent 
thickness at the center is 8 ft. diam./1.92 = 4.16 ft. The average 
equivalent thickness for the entire area of this hearth, from 
example 3, is 1.92 ft. Since k is inversely proportional to the 
equivalent thickness, the average value of k for the whole hearth 
is 0.24 X 4.16 ft./1.92 ft. = 0.52. 

The average heat loss per square foot is obtained from Equation 
[23] 


dQ = 0.75 X (2250 — 60) X 


1 
+ 0.83 
) 


= 1950 B.t.u. per sq. ft. per hour. 
This is the rate after 1 day has elapsed. 
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After 1 week and after 6 months the rates are 1270 and 935 
B.t.u. per sq. ft. per hour, respectively. As the steady-flow rate 
is only 850, it appears that even when 6 months have elapsed 
after lighting up, the heat loss is still 10 per cent greater than that 
calculated from Fig. 3. 

These figures may be compared with losses from the side walls. 
The thickness of the latter, if made '/. of the least width of 
hearth, would be 16 in. The nearest multiples of standard brick 
sizes are 13'/,in.and18in. From Trinks’ “Industrial Furnaces,” 
vol. I, p. 103, Fig. 81, the heat flow into a wall 18 in. thick after 
24 hours is 1090 B.t.u. per sq. ft. per hour, which is 22 per cent 
in excess of the steady-state rate, namely, 890 B.t.u. per sq. ft. 
per hour. (For a 13'/;-in. wall the steady-state rate would be 
greater—1150 B.t.u. per sq. ft. per hour—but this would be ap- 
proached more quickly than in the 18-in. wall.) 

Evidently the loss through the hearth is greater, even after 
1 week, than that through the side walls after 1 day. The rela- 
tive rate of diminution of the losses is shown in Fig. 14 for the 
hearth and for the side wall. 

(b) Cyclical Variation of Temperature. Many, in fact most, 
furnaces are not maintained at constant temperature, but are 
subjected to a repetition of heating and cooling, according to a 
cycle of more or less uniform period. It is often desired to know 
the depth of penetration of temperatures under such conditions, 
as well as the range of fluctuation at various depths. The equa- 
tions for such cases are all based on sine-harmonic fluctuations 
of the surface temperature. Actually, the surface fluctuations 
may vary widely from the simple sine form, and could only be 
expressed by a complicated Fourier series; but as is well known, 
the short-period waves of such a series are damped out very 
quickly, and at a small depth below the surface the actual fluc- 
tuations are not distinguishable from those produced by a true 
sine-curve temperature fluctuation at the surface. 


v 
_— 
= 
2 
0 2 5 
| 
iii 
| 
0 
0 Q2 2 14 16 ; 
(tak 
. 


ie 
¥ 
He 
4 


120 


An expression in which some of the factors distinguishing 
three-dimensional from linear flow have been neglected, but 
which has been found to check exactly with actual temperature 
measurements, is 


[= 


where AT is the total maximum variation of the surface tem- 
perature, ¢. is the length of the cycle in hours, 7’, the mean 
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BENEATH HEARTH 


temperature of the hearth surface, and the other symbols have 
the same meaning as before. The fluctuation of temperature 
at any depth z is 


AT, = ATe 


Example 8. A furnace 24 ft. wide inside is periodically heated 
to a temperature of 2100 deg. fahr. and is allowed to cool to 900 
deg. fahr., the length of the complete cycle being one week or 
168 hours. Find the temperature fluctuation and the highest 
and lowest temperatures at depths of 2 ft. and 5 ft. below the 
center of the hearth. 

AT = 2100 —900 = 1200 deg. fahr. 7, = 1500 deg. a = 
0.03. At 2 ft. depth, fluctuation AT’, is 


1200¢— 2V 5 03X168 = 250 deg. 


1270 deg. Maximum temperature = 1270 + 250/2 = 1395 deg. 
fahr.; minimum = 1145 deg. fahr. At 5 ft. depth, the fluctuation 
is 23 deg. fahr.; the maximum, 1037; and minimum, 1014 
deg. fahr. 
The relation of the various temperatures is shown in Fig. 15. 
It is also possible to figure the heat lost per cycle, by an ex- 
tension of the methods shown in the treatises of Ingersoll and 


Zobel and of Gréber. 


There are, of course, many factors which have had to be 
excluded in the derivations, but which may nevertheless affect 
the temperature distribution and the heat loss to a greater or 
less extent. Among these are variation of conductivity with 
temperature; differences in conductivity at various depths; 
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the backing-up of the normal outward heat flow from the inte- 
rior of the earth; and the effects of water in the ground. Of these, 
the first-named three are negligible, but the last may in some cases 
be of great importance. 

Water in the ground has several effects. As it dries out, with 
increasing depth of heat penetration, the conductivity of the 
soil decreases greatly, although the diffusivity is not much 
changed. At the same time, the amount of heat which must be 
conducted to cause a given penetration is much increased on 
account of the heat required to evaporate the water. The result 
is that temperature penetration is in some cases much slower than 
calculated. Finally, if the natural ground-water level is at only 
a small depth below the surface and if the upward seepage is 
vigorous, an artificial heat-absorbing surface is established much 
closer to the hearth surface than the same isothermal would 
otherwise be (see Fig. 16) and the heat loss even for the steady 
state is much increased. In one case, the measured temperature 
gradient after practically steady temperature conditions had 
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been reached {was about 2'/, times the value calculated from 
Equation [7]. The steady-state position of the surface of 
evaporation would be reached when the amount of upward seep- 
age became just equal to the evaporation produced by the heat 
conducted downward. The former is by no means constant, 
varying with the location as well as from season to season. The 
temperature of evaporation may be higher than 212 deg. fahr., 
depending on the resistance encountered by the vapor in forcing 
its way to the surface. The mechanical effects of excessive 
ground water are well known, ranging from the merely un- 
pleasant, such as steaming of the ground, to the actively in- 
jurious, such as uneven shrinkage of the soil which may cause 
cracking or collapse of the furnace. No general figures can be 
given, the conditions varying so greatly that each furnace instal- 
lation is unique. 


X—INSULATION OF HEARTHS 


To insulate a furnace hearth effectively is a difficult problem. 
The procedure ordinarily suggested is to apply a uniform layer 
of insulating bricks, one or two courses thick, on top of the com 
crete foundation and below the firebrick (Fig. 17). Let us se 
how effective this would be. 
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In a furnace having a hearth width of 20 ft., the equivalent 
thickness at the middle is 20/1.92 = 10.4 ft. Let the thickness 
of insulating material be as much as 5 inches, or 0.42 ft. The 
heat-flow resistance of insulating bricks is usually rated by the 
makers at about 10 times, by users at 4 to 5 times, that of fire- 
brick. Let us take an average of 7 times. Since the insulation 
is fairly close to the hearth surface, the flow lines will not have 
spread much, hence the insulating material will be credited 
with its full thickness, although its equivalent thickness is ac- 
tually less. 

Then, the relative heat flow at the center is 


10.4 
(10.4 — 0.42) +7 X 0.42 


= 81 per cent 


The saving produced by the insulation at this place is 19 per cent. 

Temperature penetration is difficult to calculate with accuracy 
for the insulated hearth. The effect of the insulation, however, 
is to flatten out the isothermals above it, near the middle; and 
we may consider the composite hearth to be equivalent to a 


1 
firebrick slab of (; xX 20 — a2) = 2.91 ft. thickness, with 


linear heat flow, plus the foundation and soil with three-dimen- 
sional flow but equivalent to a linear-flow slab of thickness (10.4 
—'!, x 20) = 7.07 ft. The temperature at the bottom of the 
insulation, or top of the concrete, would then be about 1120 deg. 
(for a 2000-deg. furnace), which is about 260 deg. lower than it 
would be if no insulation were used, but is still high enough to 
disintegrate the concrete. 

At points midway between center and edge of the hearth, the 
conditions are somewhat more favorable for insulation on account 
of the smaller equivalent thickness of hearth; but near the 
edge, where the very high rates of heat flow occur (Fig. 3), the 
flow lines would pass altogether above the insulating layer, as 
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may be judged from Fig. 17, and the insulation has no direct 
effect on the heat flow from these points. It must have a 
certain indirect effect in reducing the flow by crowding upward 
the flow lines from points further in, but this must be small. 
Since about '/; of the total heat loss occurs in the outer 5 per cent 
of the width, it may be concluded that the overall reduction of 
heat loss which can be effected by a horizontal insulating layer 
of practicable thickness is disappointingly small, as compared 
with the saving by the same thickness of insulation applied to the 
side walls. 

Again, little would be gained by a vertical layer of insulation 
at the bottom of the outer part of the side wall, extending to the 
ground surface, because there the flow lines have spread widely 


and the temperature gradient is small. The proper place to 
apply insulation—from a heat-flow standpoint—would be as close 
as practicable to the hearth surface and the lower part of the in- 
terior side-wall surface, near the corner or edge. There the 
flow lines are close together and the insulation would be most 
effective. From a construction and durability standpoint, 


‘ 
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INSULATION TO HEARTHS 


SUGGESTED 


however, this would in most cases be impracticable, because 
the material at that place is exposed to high temperatures, to the 
action of slag, and at the same time to either the static load of the 
furnace superstructure or the impact of material laid on the hearth. 
Even the protection afforded by one or two courses of firebrick 
above it would not be sufficient to prevent the destruction of 
ordinary insulating bricks. Of late, new kinds of insulating 
brick have been developed, which have heat-resisting properties 
almost equal to firebrick, combined with great mechanical 
strength. But even these would be susceptible to the action 
of slag, since the porosity which produces the insulating proper- 
ties is also most favorable to slag penetration. 

For furnaces where the slag nuisance is not encountered, 
however, these new insulating materials when properly applied 
should find wide application for the insulation of hearths. 

Cases in which the insulation would be of very great advantage 
in reducing heat loss, especially if placed close to the hearth, 
would be those in which the furnace is heated and cooled in cycles 
of rather short period. 


Discussion 


M. H. Mawutnney.'* The writer wishes to congratulate 
Mr. Keller for his scientific and yet understandable attack upon 
this problem in furnace design. The design of industrial furnaces 
seems at the present time to be based largely upon unproved 
theories, which are all too hazy in the minds of most of us, and 
only by such contributions can the science of furnace design be 
made a rational one. The development of this paper may appear 
complicated at first glance, but the conclusions are adaptable 
tools that can be readily used in design. Most engineering formu- 


M 
las, such as the well-known = formula for strength, used by all 


engineers, have also a formidable background of mathematics, 
which does not prevent their constant use in design. When exact 
formulas are more widely used in furnace design, we should have 
better furnaces and a lower national fuel bill. 

The writer is particularly interested in the author’s reference 
to temperature variation with time, because it substantiates his 


Mem. A.S.M.E. 


13 Gas Equipment Engineering Corp., Phila., Pa. 
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own belief that too many furnace calculations are based upon 
steady-state temperature conditions, which conditions seldom 
apply, especially when so many furnaces are operated only about 
15 hours in each day, including the lighting-up period. An 
example is one of the many furnaces which are lighted about 2 
a.m. and operated from 7 a.m. until 5 p.m., when they are shut 
off until the following morning. In the case of a furnace 
12 ft. long and 8 ft. wide, Mr. Keller has shown in Example 3 that 
the average loss per square foot with a steady-temperature state 
82,000 
is 

8 X 12 
values of Example 7, the average heat loss per square foot of 
hearth at 5 p.m. (after 15 hours) is: 


= 855 B.t.u. perhr. By using Equation [23] and the 


1 
IQ = 0.75 (2250 — 


= 2240 B.t.u. per hr. 


By averaging the results of such a calculation made for each hour 
from 1 to 15, it can be determined that the average heat loss per 
square foot during the 15 hours from lighting to shutting off is 
about 3000 B.t.u. per hr., which is about 3!/2 times the above 
loss for steady-state temperature conditions. 

The higher figure includes heat absorption by the hearth, and 
the use of this method in fuel consumption calculations therefore 
eliminates the necessity for the direct calculation of heat absorp- 
tion, which is exceedingly complicated for conditions preceding 
the steady-state of temperature. The writer has had good re- 
sults from the use of a similar method of calculation for furnace 
walls and roofs. 

The time-temperature relation is also important in the consid- 
eration of temperature penetration. Considering Example 8 in 
the paper, we see that with a cycle of one week of 168 hours, the 
mean temperature of the top of a foundation protected by 24 in. 
of firebrick is 1270 deg. fahr., with maximum and minimum 
temperatures of 1395 and 1145 deg., respectively. For the same 
assumptions, except that a complete cycle of 24 hours (15 hours 
heating and 9 hours cooling, as used above in this discussion) is 
used, the calculation will be: 


AT = 2100 — 900 = 1200 deg. fahr. 


2100 + 900 
Tm = oes = 1500 deg. fahr. 
24 
AT, = 1200e = 18 deg. fahr. 
— 192 > 
Mean temperature = 60 + (1500 — 60) e “ = 1290 


deg. fahr. 
Maximum temperature = 1290 + 18/2 = 1299 deg. fahr. 
Minimum temperature = 1281 deg. fahr. 

For both the above cycle and that of the author’s example 
(168 hours), the temperatures are much lower than the tem- 
perature for steady-state temperature conditions, which from 
Equation [7] would be: 

T = 60 + (1200 — 60) e = 1795 deg. fahr. 


This probably explains why the hearths are not made anywhere 
nearly as thick as 48 per cent of the hearth width, as is specified in 
conclusion (9) at the beginning of the paper, for steady-state 
temperature conditions. 

In conclusion, the writer asks Mr. Keller to give his opinion 
regarding the effect of slots in the foundation (for air circulation) 
upon the heat loss and upon the temperature of the foundation 
top. The writer has in mind an arrangement of parallel slots, 
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each 5 inches wide by 5 in. deep, located in the top of the founda- 
tion just below the brick covering, and arranged so that there is 14 
in. between the centers of adjacent slots. It would be interesting 
to know how effective is such “‘semi-ventilation’’ which costs 
practically nothing to install when the furnace is built. 


L. R. INGersouu.'4 The writer is very glad to see a theoretical 
discussion, like this by Mr. Keller, of a practical—though diffi- 
cult—engineering problem in heat flow. While theoretical cal- 
culation can never take the place of actual experiment in a case 
like this, a treatment like the present one is very valuable in out- 
lining clearly the factors involved, showing the magnitudes of 
results to be expected and indicating where experiments may 
most profitably be made. When it is eventually combined with 
actual experimental results, it will greatly increase the scope and 
value of the latter. 

One or two small criticisms are offered. 

The writer is inclined to agree with the author's misgivings re- 
garding the application of his formula for Example 6. Calculating 
the corresponding case for a hearth of infinite extent, it is found 
that the times for the penetration of the 900-deg. temperature to 
these distances of 0.87 ft., 2.5 ft., and 3.35 ft. are, in round num- 
bers, 0.7 day, 6 days, and 10 days respectively. Now the actual 
hearth is by no means infinite in extent, but it is still more than 
twice as wide and three times as long as the greatest depth here 
considered. The difference between 10 days and 6 months is, to 
the writer’s mind, much too great to be accounted for by this 
difference in extent of the hearth, especially when considered in 
the light of the author’s Figs. 1, 2, and 7, which undoubtedly 
represent correctly the general form of the flow lines and _ iso- 
thermals. 


Greoor H. Herne." It has been argued that if the bottom of 
the hearth is insulated the heat will stay in the bricks, thereby 
shortening the life of that part of the furnace upholding the body 
of hot metal; therefore, that which is gained in insulating is lost on 
the life of the bricks. The writer would like to know whether or 
not this is true, and to have some statement as to the solution of 
the difficulty. 


W. Trivxs.'* First, Mr. Keller deserves congratulations on 
the enormous amount of work he has done, because any one who 
has made calculations for furnaces as he and the writer have made 
them together many times, realizes that work of this sort cannot 
be done in a day or a week. It requires months, like the flow of 
heat through the furnace hearth. 

The writer would point out from Mr. Keller’s conclusions the 
danger of all-solid furnace hearths, that is to say, non-ventilated 
hearths. 

It is quite evident that it is almost impossible to protect the 
ground under the hearth or the concrete unless the furnace is 
operated intermittently and that in that case the concrete or the 
clay under the hearth is properly protected and will not be over- 
heated. But business conditions change and the intermittent 
furnace becomes the continuously operated furnace and then the 
trouble begins. The concrete becomes overheated and becomes 
nothing but a powder without any cohesion, and if there is clay 
with some water in it, that clay begins to shrink and finally the 
furnace collapses; therefore, we should in practically all cases try, 
even on large furnaces where it might be inconvenient, to ve0- 
tilate the hearth; that is to say, to put some such slots under the 


14 University of Wisconsin, Madison, Wis. 

18 Power Engineer, Erie Forge & Steel Co., Erie, Pa. 

1 Professor of Mechanical Engineering, Carnegie Institute of 
Technology. Mem. A.S.M.E. 
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hearth as Mr. Mawhinney has spoken about, or put other ventila- 
tion ducts underneath. 

The heat flow will increase slightly. That is to say, the heat 
loss through the hearth will be greater than from an unventilated 
hearth, but at least we shall be sure not to have any trouble at any 
time. Our friends of the insulation factories will then again 
come into their rights, because in that case it will pay them to put 
some insulating material at the bottom of the hearth just above 
the ventilation slots. 


AvuTHOR’s CLOSURE 


In reply to Mr. M. H. Mawhinney’s question as to the 
effect of “semi-ventilation” of hearths through slots (or chan- 
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Fie. 19 VerticaL Section Across SLots, SHOWING APPROXIMATE 
Location oF Heat-FLow Lines For SEMI-VENTILATED HEARTH 


nels, or tunnels) across the top of the foundation, it may be 
said that such an arrangement is indeed very effective in reducing 
the temperatures in the foundation. Although the amount of air 
circulation produced in the channels by buoyancy or “chimney 
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A rough calculation was made, based on the assumptions that 
the length of the 5-in. square channels is 100 in. (corresponding 
to about 6-ft. width of hearth); that the thickness of firebrick 
above the channels is 12'/2 in., with furnace temperature of 2200 
deg. fahr.; and that radiation out of the channel is negligible, at 
least for points near the middle. The heat-flow lines would be 
distributed about as shown in Fig. 19, and the air circulation 
would be somewhat as shown in Fig. 20 (unless affected by wind) 
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with an average velocity of about 1 ft. per sec. Even this small 
amount of ventilation would reduce the temperature at the top of 
the channel—point A, Fig. 19—to between 800 and 900 deg. fahr. 
The heat loss would be increased, however, over that of the solid 
hearth. At the middle, the in- 
crease of loss per unit area would 
amount to between 80 and 100 
per cent, but the total loss from 
the entire hearth would be in- 
creased only 20 to 30 per cent. 


The temperature at the top of 
the concrete near the middle of 
the piers (point B, Fig. 19) would 
apparently reach 1000 deg. fahr., 
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effect” is not great, it is nevertheless sufficient to remove the 
moderate amount of heat which must be abstracted in order to 
hold the temperatures sufficiently low to prevent injury to the 
concrete. 

Of course, the length of the slots or channels, determined by 
the width of the hearth, must also be considered. For a given 
‘ross-section of channel, the circulation of air will naturally be 
slower in a long channel than in a short one. 


or slightly higher, for steady- 
state conditions. The piers are 
somewhat too wide in relation to 
the hearth thickness and to 
height of slot. In order to re- 
duce the temperature of the top 
of the piers, both slots and 
piers might be made somewhat narrower, with a correspond- 
ingly greater number of them along the length of the furnace. 

Nevertheless, it is evident that, allowing for intermittent opera- 
tion, the use of the slots as suggested by Mr. Mawhinney would 
mean just the difference between a satisfactory and a destructive 
condition under the hearth. 

Mr. Mawhinney’s remarks as to the general practice of figuring 
heat losses on a steady-state basis are quite correct. There is 
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some justification for this, however, inasmuch as no simple and 
quickly usable charts for heating up, or ‘‘flash-heat’’ conditions, 
are available. 

Professor Ingersoll’s doubt as to the applicability of Equation 
[22], for figuring penetration time, isapparently connected with the 
idea that, since at small depths the flow lines have not spread 
much, the heat flow should be practically the same as for surfaces 
of infinite extent, and that the formula for that case (Equation 
[15]) is likely to be nearly correct. It must be considered, how- 
ever, that at any depth (even an infinitesimal one) below the 
hearth surface, the flow lines have already begun to spread, and 
the heat flows laterally as well as vertically, even from the begin- 
ning of the heating-up. 

Now the steady-state relation of temperature to depth is known 
(Equation [7]), and sufficient experimental data in the form of 
actual temperature measurements are available to show that the 
form of the curve given in Fig. 21, for the steady state, is beyond 
question correct. But the curve for the surface of infinite extent 
has reached or overshot the actual steady-state curve after only 
10 days, to a depth of about 1!/, feet; and as will be noted from 
Fig. 21, after 1 month the former lies much higher than the latter, 
even to a depth of 10 feet or more. It is not to be wondered at, 


then, that Professor Ingersoll found much shorter times for a given 
penetration when using Equation [15], since that formula shows 
a greater penetration in 2 weeks than could ever actually be 
attained, even after an infinite time. It is evident, therefore, that 
whether Equation [22] be correct or not, Equation [15] cannot 
possibly be correct for the actual hearth. 

The author's reason for submitting Equation [22] as tentative 
only, on the other hand, arises solely from the lack of a complete 
mathematical proof. The time-temperature-depth curves which 
it gives, as shown by the solid lines of Fig. 21, appear entirely 
reasonable; and the close analogy with the case of the infinite 
hollow hemisphere, which permits of a strictly logical mathemati- 
cal development, leads the author to believe that Equation [22] is 
practically correct, and certainly much more nearly so than Equa- 
tion [15]. 

Experimental data on the penetration of temperature into 
hearths during heating-up are certainly very much to be desired. 

The author is glad to have Professor Trinks’ confirmation of the 
statements in the paper as to the great depth of penetration of 
temperatures sufficiently high to cause destruction of the furnace 
foundation. 

Mr. Heine’s question has been answered by Prof. Trinks. 
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Refractories Service Conditions 


FSP-50-38 
in Furnaces 


Burning Powdered Illinois Coal With 
Long-Flame Burners 


Progress Report of the A.S.M.E. Special Research Committee on Boiler-Furnace Refractories 
By R. A. SHERMAN? ann EDMUND TAYLOR,’ PITTSBURGH, PA. 


HIS report presents data which pertain to furnace con- 
ditions that affect the life of refractories in furnaces burn- 
ing coals from the Illinois field in powdered form with long- 
flame burners. The investigation, which was conducted at the 
Cahokia, Illinois (opposite St. Louis, Mo.), station of the Union 


Fic. 1 ARRANGEMENT OF APPARATUS FOR MEASURING ReEFRAC- 


TORIES TEMPERATURES, CAHOKIA STATION 


Electric Light and Power Company, and at the East Peoria, 
Illinois, station of the Illinois Electric Power Company, was a 
part of the study of the boiler-furnace service conditions which 
govern the life of refractories being conducted by the Bureau 
of Mines in cooperation with the Special Research Committee 
on Boiler-Furnace Refractories of The American Society of 

' Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 


at enectate Fuel Engineer, Pittsburgh Experiment Station, Bureau 
lines, 


nnn Fuel Engineer, Pittsburgh Experiment Station, Bureau 
Ines, 


Mechanical Engineers. The study of the properties of the 
refractories which affect their life is being conducted concurrently 
under the same cooperation by the Bureau of Standards. 

A preliminary inspection of the refractories conditions in the 
two generating stations, in which the boilers, furnaces, and 
burners were similar in design but differed in details and size, 
showed that erosion by slag from the coal ash was the most 
serious cause of the failure of the refractories. The order of 
severity of erosion, however, was the reverse of that to be ex- 
pected from the differences in the composition and softening 
temperature of the ash of the coals. Comparatively little 
difficulty was experienced in the East Peoria furnaces which 
burned the apparently poorer grade of coal, whereas the dif- 
ficulties in the Cahokia furnace were so great that in some fur- 
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Fig. 2 ARRANGEMENT OF APPARATUS FOR SAMPLING FURNACE 
Gases, CAHOKIA STATION 


naces built later than that tested, the refractories in the most 
seriously eroded areas were further protected or even replaced 
by water-cooled walls. 
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OBJECTS AND SCOPE OF INVESTIGATION 


The objects of the investigation at these stations were: 

1 To obtain data on refractories service conditions when 
burning powdered Illinois coal with long-flame burners; 

2 To determine the causes of the difference in the refrac- 
tories service in the two stations. 

The service conditions investigated were: 


1 Furnace-gas temperatures 
2 Furnace-gas composition 
3 Furnace-gas velocities 
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4 Refractories temperatures 
5 Amount and composition of the solids carried in the fur- 
nace gases. 

Samples of new and used refractories, dusts, and slags were 
collected for examination by the Bureau of Standards in con- 
nection with the ceramic-laboratory phase of the problem. 

Figs. 1 and 2 show the arrangement of apparatus for the 
measurement of refractories temperatures and the sampling of 
furnace gases at the Cahokia station. 


DESCRIPTION OF FURNACES 


Figs. 3 and 4 show front and side sectional elevations of the 
Cahokia furnace, and Figs. 5 and 6 show those of the East 
Peoria furnace. Table 1 gives the principal dimensions and 
particulars of the furnaces. 

The furnace studied at the Cahokia station was one of six- 
teen of similar type and size which were designed for and were 
normally operated at a rate of heat liberation of 12,600 B.t.u. 
per cu. ft. of combustion space per hour, equivalent to 200 per 
cent of boiler rating. The furnace studied at East Peoria was 
one of four designed for a rate of heat liberation of 13,550 B.t.u. 
per cu. ft. of combustion space per hour, equivalent to 350 per 
cent of boiler rating, and normally operated at a rate of heat 
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liberation of 10,600 B.t.u. per cu. ft. per hr., equivalent to 275 
per cent of boiler rating. 

The coal at both stations was pulverized in central roller mills, 
was fed from overhead bunkers by screw feeders, was then 
mixed with about 15 per cent of the air necessary for its com- 


TABLE 1 BOILER AND FURNACE PARTICULARS 


East 
Cahokia Peoria 
sectional water-tube 
3 Area of boiler heating surface, sq. ft........ 18010 13920 
4 Projected area, boiler tubes, sq. ft......... 390 431 
5 Projected area, rear-wall tubes, sq. ft....... 79 162 
6 Projected area, lower screen tubes, sq. ft..... 115 164 
7 Total projected area, radiant heating sur- 
8 Mean furnace height, arch to slag screen, ft. 21 18 
9 Mean furnace height, boiler tubes to slag 
10 Mean furnace width, below arch, ft........ 17 22'/, 
11 Mean furnace horizontal depth, below arch, 
12 Furnace volume, above lower slag screen, 


15 Minimum distance, center line of outer 

16 Minimum distance, center line of second 


bustion, and was blown vertically downward through flat bur- 
ners which entered the furnace through a flat suspended arch. 
A part of the secondary air entered the furnaces around the 


dividing Air Lanes 
— 


07 


° 
® 


£rtrance Ports for Secondary > 


5 60 7005 


Fig. 4 Sipe Secrionat Evevation or Canoxia 
Furnace, SHow1ne Position oF SAMPLING Hotes AND Bricks 
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burners and the remainder through ports in the front wall, after 
passing through the horizontal lanes in the side wall back of the 
9-in. brick lining. 
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The flame traveled downward toward the bottom of the 
furnace and then turned upward toward the boiler tubes. Thus 
the path of the flame was in the form of a U, and the total dis- 
tance of its travel from the burners to the boiler tubes was some 
50 ft. These burners are classified, therefore, as long-flame 
burners in distinction to those which are so placed in the furnace 
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that the distance of flame travel is relatively short. Since it is 
usually necessary, in order to secure complete combustion in a 
short distance of travel, to employ some means for thorough 
mixing of the coal and air, short-flame burners may generally 
be also classified as turbulent or mixing burners. 

The walls of the Cahokia furnace sloped inward toward the 
bottom. This slope was a straight line in the original design, but, 
as shown in Fig. 3, the inner walls were made more nearly vertical 
below the fourth air lane from the top by decreasing the width of 
the air lane. The walls of the East Peoria furnace were vertical. 

The inner lining of the Cahokia furnace was of 9-in. header 
bricks with 9 X 9-in. bricks every fifth course as a bond. Hold- 
ing tile, 9 X 18 in., divided the air space into horizontal lanes; 
although these were held by supports to the horizontal H-beams 
and thus served to anchor the lining, they did not support its 
weight, which was carried by the supporting members at the 
furnace bottom. 

The inner lining of the East Peoria furnace was of the sectional 
supported type of construction, made up of 10 X 10'/:-in. 
blocks supported on vertical cast-iron hangers which were hung 
from the horizontal H-beams. Each section of the wall, 10/2 X 
30 in., was thus independently supported and, except when 
cemented to adjacent blocks by slag, could be removed for 
repair independently. 

_A layer of 4*/; in. of insulating brick was placed between the 
air lanes and the outer steel casings of both furnaces. 
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It will be noted in Fig. 5 that there were air ports in the 
burner arch of the East Peoria furnace between the end burners 
and the side wall. The air which entered these ports by natural 
draft passed over and cooled the supporting members of the 
burner arch. The Cahokia furnace did not have such air_ports. 

The front-wall air ports in the Cahokia furnace were arranged 
as originally designed and installed. Those in the East Peoria 
furnace had been changed from an original installation, which 
was similar to the Cahokia design, to narrower and higher 
dimensions with a lesser number in the upper part of the furnace. 
The purpose of making the change was to improve combustion 
conditions. 

The rear walls and ashpits of the furnaces were protected by 
water-screen tubes which made up a part of the boiler heating 
surface. The rear-wall screen in the Cahokia furnace extended 
only to the height of the burner arch, whereas that in the East 
Peoria furnace extended to the boiler tubes. 

Fig. 7 shows the bottom view of the burner tips used. They 
differed in that the sides of those used at East Peoria were paral- 
lel at the end toward the front wall. The purpose of this design 
was to give a narrow flame at the front wall and a bushy flame 
toward the furnace. 

Eight, only, of the ten burners were normally used in the 
Cahokia furnace; the two end burners were not lighted. This 
practice was followed since operating experience had shown 
that slagging was more severe when the end burners were in 
use. All ten burners were used in the East Peoria furnace. 


COALS BURNED 


Table 2 gives the source, analyses of composite samples on 
the moisture-free basis, size, and range of ash-softening tem- 
perature of the coals used at the two stations. 


TABLE 2 ANALYSES OF COALS USED 


Source Cahokia East Peoria 


Illinois 


.0 .0 
100.0 100.0 
Calorific value, B.t.u. per Ib.............2.5- 11890 11710 
Ash 
Softening-temperature range, deg. fahr.(*).... 2210-2390 1980-2040 
Softening-interval range, deg...........--++-+ 70-210 30-80 
Fluid-interval range, 50-240 
Size of Powdered Coal, Per Cent 


(2) Fahrenheit scale used throughout this paper. 


PRESENTATION OF RESULTS 


The data taken are presented in the form of curves and tables, 
and the principal points in connection with each furnace are 
discussed in the text. 

Observations were made in each furnace at three boiler loads, 
and the data are separated in the curves and tables according 
to the load expressed in percentage of nominal rating and the 
rate of heat liberation per cubic foot of combustion space or 
per square foot of projected area of radiant heating surface. 
The data are discussed in the text with reference to the boiler 
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load in percentage of rating as this is a convenient term and is 
the usual basis for comparison of rates among power-plant 
engineers. Since, however, the nominal rating of a boiler is 
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Fic. 6 Sipe Secrionat ELevaTion oF East Peoria PowpeRED- 
FURNACE SHOWING PosITION OF SAMPLING HOLES AND BRICKS 
In Wuich TEMPERATURES WERE MEASURED 


based on the area of the boiler tubes—which does not affect the 
temperature, combustion, or other conditions in the furnace— 
the boiler load in percentage of rating is not the proper basis 
for the comparison of conditions in different furnaces. 

This is further discussed later in this report when the con- 
ditions in the two furrfaces are compared. If a reader desires 
to make comparisons when following the data in the curves and 
tables it is suggested that comparison at the following ratings, 
on the basis of heat liberated per unit area of radiant heating 
surface, may be considered approximately correct: 


Cahokia East Peoria 


150 per cent comparable to 270 per cent 
200 per cent comparable to 350 per cent 


Furnace-Gas Composition, TEMPERATURE, AND VELOCITY 


Fig. 8 shows the temperature and composition of the gases at 
points 4 ft. from the side wall, at varying distances from the 
burners, and at three boiler loads for each of the installations. 
The positions at which temperatures were measured and samples 
were taken are shown by the numbered circles in Figs. 4 and 6. 
The order of the positions in increasing distance from the bur- 
ners in each furnace was 6, 4, 2, 1, 3, 5, and 8. The gas tem- 
perature and composition were also determined at position 7, 
but, since this position was found not to be in the main gas 
stream, the results were not included in this graphical presenta- 
tion. 


Two or more surveys, each of which is presented as a separate 
group of curves, were made of the gas composition and tempera- 
ture in each furnace at each boiler load. 

Gas in Cahokia Furnace. In the Cahokia furnace, at 140 and 
190 per cent of rating, the CO, content was low, and the 0, 
content correspondingly high at 6 and 11 ft. from the burners; 
while beyond the latter point the CO, increased and CO and 
H, were present, reaching a maximum content at about 20 ft, 
from the burners which was the lowest point, or the turn in the 
U-path of the flame travel. The CO, content was higher in 
the early part of flame travel at 240 per cent of rating, and 
CO and H, appeared earlier and the maximum content, 10 per 
cent CO and 4 per cent H2, was greater than at the two lower 
ratings. The content of combustible gases which remained at 
the final sampling position 34!/, ft. from the burners, increased 
with the rating. 

The furnace-gas temperature increased, as did the CO., from 
the early part of the flame travel, to a maximum at the lower 
part of the furnace. The temperature at the first and last 
points of measurement increased with the rating. The maxi- 
mum temperature measured, which was slightly less than 2800 
deg., occurred at both 190 and 240 per cent of rating. 

The maximum temperatures and CO., CO, and Hz: content in 
the lower part of the furnace indicate that this was the zone of 
maximum intensity of combustion. The increase of the tem- 
perature and CO., CO, and H: content at the first sampling posi- 
tion at the maximum rating show that the speed of combustion 
was higher in the earlier part of the flame travel at this high 
rating. 

Gas in East Peoria Furnace. In the East Peoria furnace the 
CO, increased along the path of flame travel to a maximum in 
the lower part of the furnace and decreased at the later sampling 
positions. This decrease could not be representative of condi- 
tions in the main part of the flame as the content shown was 
less than that in the last pass of the boiler as shown by the boiler 
meter and checked by 
sampling and analysis 
by the station opera- 
tors during the present 
tests. The CO, con- CAHOKIA 
tent was always low at 
positions 7 and 8. 

Therefore the main SSS 
body of gas either EAST PEORIA 

Fic. 7 Borrom Views or Powperep- 
points or there was a Coat- Bouman Tire 

stream of gas next to 

the wall, diluted with air, of greater depth than the maximum 
penetration of the gas-sampling tube into the furnace, which 
was ft. 

The CO, content was relatively high near the burners at 210 
and 275 per cent of rating, but was eiratic at 350 per cent of 
rating. 

The CO and H; content was greatest near the burners and 
decreased along the path of the flame. The maximum content 
measured was 6 per cent CO and 4 per cent H; at 10'/, ft. from 
the burners at 275 per cent of rating. 

The gas temperature decreased along the path of flame travel 
from the value at the first position of measurement at 210 per 
cent of rating; it was nearly constant at the first four positions at 
275 per cent of rating; and it was a maximum, 2600 deg., at 
the second position of measurement at 350 per cent of rating. 

The high temperature and high CO,, CO, and H; in the early 
part of the flame travel show that the zone of maximum intensity 
of combustion was near the burners at the lowest rating; whereas 
the decrease in the temperature there at high ratings shows that 
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it moved away from the burners somewhat with increased rating. 

Fig. 9 shows the temperature at points 6 in. and composition 
of the gases at points 4 in. from the side walls in the two furnaces, 
plotted, as in the previous figure, against distance from the 
burners. 


CAHOKIA FURNACE 
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furnace the gas temperature and composition near the wall were 
considerably different from those within the furnace. The CO, 
content was low in the early part of the flame travel; it reached 
a maximum in the lower part of the furnace; and decreased 
sharply on the upper leg of the U. The maximum CO, content 


EAST PEORIA FURNACE 
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a, Boiler load in per cent of nominal rating. 


Distance from Burners, 


Feet 
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b, Heat liberation in B.t.u. per hr. per cu. ft. of c6mbustion space above water-tube slag screen. 
¢, Heat liberation in B.t.u. per hr. per sq. ft. of projected area of radiant heating surface. 


Gas at Side Wall of Cahokia Furnace. In the Cahokia furnace 
the trend of variations in gas composition and temperatures were 
similar near the wall to those within the furnace as shown in 
Fig. 8. The principal differences were in somewhat lower 
temperature and CO, content at the side wall than within the 
furnace for the two positions near the burners. This was 
probably due to the fact that the flame did not reach the side 
wall at these points, and consequently the samples and tem- 
peratures were taken in a relatively inactive space. The maxi- 
mum temperatures occurred in the lower part of the furnace and 
they were practically the same, about 2800 deg., as within the 
furnace. The maximum CO and H, content occurred in the 
lower part of the furnace and increased with increase in rating. 
It was 12 per cent CO and 5 per cent H, at 240 per cent of rating. 

Gas at Side Wall of East Peoria Furnace. In the East Peoria 


in the path increased from 10 per cent at 210 to 15 per cent at 
350 per cent of rating. 

No combustible gas was found at the walls at 210 per cent, 
only about 1 per cent CO at 275, and a total of only about 2 
per cent CO and H, at 350 per cent of rating. 

The gas temperature was low at the first positions away from 
the burners, and decreased with increase in rating. The maxi- 
mum gas temperature at the wall, approximately 2600 deg., 
occurred in the lower part of the furnace just before the turn 
in the flame at 350 per cent of rating. 

The low CO, content and the low gas temperature at the wall 
near the burners were partly due to the fact that the flame did 
not reach the wall there, in which it resembled the Cahokia 
furnace. A further factor was the air which entered the furnace 
through the port in the arch between the end burner and the wall. 


|| 
4 
i 
Aan 
4 
4 
+438 
4 
p 
vis 


130 


Effect of Arch Air Ports in East Peoria Furnace. Fig. 10 
shows the gas temperature and velocity at varying distances from 
the side wall at the first three positions along the path of flame 
travel at 275 per cent of rating, with the arch air ports open 
and closed. The positions of the air port and burners with rela- 
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burner, which is contrary to what might be expected. This was 
probably because the temperature of the inactive space was so 
low with the ports closed that further additions of air had little 
effect on the temperature; whereas some flame did reach the 
next position when the ports were closed but was swept aside 
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tion to the sampling points are shown in the upper part of the 
figure. The readings under the two conditions were made on 
separate days. The air ports were elosed for the period of several 
hours necessary to secure the readings. 

At position 6, 5*/; ft. from the burners, the velocity immediately 
under the air port was much greater when the port was open than 
when closed. The peaks of velocity under the burners will also be 
noted. The difference in the velocities when the ports were open 
or closed was less at position 4, 10'/, ft. from the burners; and the 
velocities at position 2, 17 ft. from the burners, were practically 
the same. The high velocities under the burners had also been 
dissipated at this position. 

The difference in the temperatures under the port with this 
open or closed was less at 5'/; ft. than at 10'/, ft. from the 
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rs Heat liberation in B.t.u. per hr. per cu. ft. of combustion space above water-tube slag screen. 
¢, Heat liberation in B.t.u. per hr. per sq. ft. of projected area of radiant heating surface. 


2 
rom Burners, Feet 


or cooled by the air and the temperature was lowered when the 
port was opened. 

Fig. 11 shows the gas composition and temperature at the 
side wall at varying distances from the burners with the aif 
ports in the arch open and closed. The CO, content was 8p 
proximately the same under the two conditions within 12 ft. 
of the burners, but it was greater with the ports closed further 
along the path of travel and the greatest difference was at the 
final position of sampling. CO was present at more positions 
and in greater amount with the ports closed; the greatest 
difference was in the early part of the gas travel. 

The gas velocities at the side wall of both the furnaces were, 
except for those near the arch air port in the East Peoria fur 
nace, quite uniform; they varied from 15 to 25 ft. per sec. 
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oF FurNACE Gas 


The sulphur content of the gas, calculated to SO,, was de- 
termined at ithree positions along the flame path at each of the 
three boiler loads in each furnace. The results varied from 
0.009 to 0.081 gram per eu. ft. or from 0.01 to 0.12 per cent 
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(Boiler load, 275 per cent of rating; heat liberation, 10,600 B.t.u. per hr. 
per cu. ft. of combustion space.) 


by volume for the Cahokia furnace, in which the coal burned 
had 1.6 per cent sulphur; and from 0.014 to 0.184 gram per 
cu. ft. or from 0.02 to 0.26 per cent by volume for the East 
Peoria furnace, in which the coal burned had 3.8 per cent sul- 
phur. (See Table 2.) 

Table 3 presents the average values at each position, boiler 
load, and furnace calculated as the ratio of the SO; to the carbon 
in the gas which eliminated the effect of dilution by varying 
amounts of excess air. The results were uniform for the three 
Positions in each furnace at the minimum and maximum ratings, 
but were markedly higher at all positions in the Cahokia furnace 
and at position 5 in the East Peoria furnace at the medium rating. 

is no apparent explanation for these high values. 

The theoretical values given in the table after the station 
name are the calculated ratios of SO, to carbon if all of the 
sulphur in the coal were present in the gas. The average value 


for all samples from the Cahokia furnace was 0.020 gram of 
SO, per gram of carbon or 42 per cent of the theoretical value; 
whereas the average for all samples from the East Peoria furnace 
was 0.077 gram, or 65 per cent of the theoretical. 

No determinations were made in the gases from the uptake or 
last pass of the boilers which might not be of the same order as 
those taken near the walls of the furnaces. 


REFRACTORIES TEMPERATURES 


The temperatures of the refractories were measured by means 
of thermocouples placed in bricks in various parts of the walls. 
The numbered rectangles in Figs. 4, 5, and 6 show the position 
of the bricks, of which there were seven in the side wall of the 
Cahokia furnace, and seven in the side wall and one in the 
front wall of the East Peoria furnace. 

Figs. 12 and 13 show the temperatures measured in four of 
the bricks in the Cahokia furnace, and Figs. 14, 15, and 16 show 
the temperatures in six of the bricks in the East Peoria furnace; 
hourly readings are plotted. The curves in the upper part of 
the figures show the boiler load in percentage of rating or rate 
of heat liberation in B.t.u. per cu. ft. of combustion space and 
the air flow as taken from the boiler meters. When the air 
flow was the same as the boiler load the excess air was that 
for which the meter was set; when it was above or below the 
boiler load the excess air was greater or less, respectively, than 
the desired amount. 

Because there was but a small area of new brickwork in the 
Cahokia furnace, it was brought to steaming within two hours 
after lighting the fires. There was an entire new front wall in 
the East Peoria furnace, and to protect it, a low fire, the boiler 
not steaming, was maintained for the first 11 hours. 

The load on the Cahokia boiler was fairly uniform during 
TABLE 3 SULPHUR CONTENT OF GAS IN FURNACES WHEN 


BURNING POWDERED ILLINOIS COAL, GRAMS SO: PER GRAM 
OF CARBON IN GAS 


Distance 
from Canoxia (theoretical, 0.048) 
burners, -—Boiler load, per cent of rating—. 
Position ft. 140 190 40 
4 11 0.015:(a) 0.038: 0.0173 
1 20'/3 0.016: 0.029; 0.0163 
5 2091/4 0.018: 0.033: 0.015: 
East Prorta (theoretical, 0.118) 
-—Boiler load, per cent of rating—. 
200 275 350 
4 10'/3 0.067: 0.083: 0.078: 
1 20 0.065: 0.075: 0.078: 
5 30!/s 0.0603 O.111s 0.079: 


(a) Subscripts 1, 2, 3 following values denote number of determinations 
averaged. 
steaming, while that on the East Peoria boiler varied frequently 
and abruptly. Consequently the variations in the refractories 
temperatures were more frequent and abrupt in the latter 
furnace. 

The temperature variations during steaming, in bricks 6 and 
8, Fig. 17, were not as great as in bricks 1 to 4 in the East Peoria 
furnace because bricks 6 and 8 were in the upper part of the 
furnace and were not affected by changes in the length of the 
flame as were those in the lower part. 

Figs. 17 and 18 are extended time-temperature curves, over 
nightly banking periods, of bricks in similar positions in the 
two furnaces; quarter-hourly readings are plotted. The tem- 
perature at '/,; in. from the surface fell more rapidly in the 
Cahokia than in the East Peoria furnace, and, shortly after the 
boiler had been banked, it was lower than that at 6 in. from 
the surface. The rate of temperature rise was similar in the 
two furnaces. It does not follow that the same relation would 
hold for other banking periods. 

Fig. 19 shows temperature gradients through several bricks 
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in each furnace selected at times when conditions were as nearly 
at equilibrium as it was possible to find. The boiler loads at the 
selected times were 185 per cent for the Cahokia furnace and 
275 per cent for the East Peoria furnace, which were near the 
normal boiler loads. 

The difference between the gradient in brick No. 1 and the 
others in the Cahokia furnace was due to the difference between 
the wall constructions. Brick No. 1 was in that part of the 
wall below the first air lane and was backed up by 9 in. of fire- 
brick and 4!/; in. of insulation; while the other bricks were 
cooled by the secondary air which passed behind them. 

The highest temperature at the surface, as determined by 
extrapolation, denoted by the dotted lines, was about 2800 deg. 
in brick No. 2 where the highest furnace-gas temperature also 
occurred, as shown in Fig. 9. 

The highest surface temperature in the East Peoria furnace 
was about 2600 deg. in brick No. 2, which was in the lower part 
of the furnace. This corresponds approximately to the furnace- 
gas temperature measured at the wall at this position. 

The temperature at the surface of brick No. 6, which was near 
the burners, was about 2200 deg. The temperature of the gas 
within the furnace at this position was about 2400 deg. but at 
the wall ranged from 1400 to 1800 deg. It is probable that the 
cool gas, which was, as just explained, largely air entering through 
the arch air port, lowered the temperature of the wall. 


QUANTITY OF Sotips CARRIED IN THE GASES 


Table 4 gives the results of the sampling of the solid material 
carried in the gases at position 1 or 2, in the lower part of the 
furnace, and at position 5, on the upward leg of the flame path, 
at three boiler loads in each furnace. The samples were taken 
at points 4 in. from the wall in the Cahokia furnace and at 
points 6 in. from the wall in the East Peoria furnace. (See 
Figs. 4 and 6.) 

The results presented are the percentage of combustible and 
ash, the weight of ash per 100 cu. ft. of gas, and the percentage 
of the total ash. 

The weight of ash found was calculated to the percentage 
of the total ash which should accompany the carbon in the gas 
as follows: 


grams of ash per cu. ft. of gas 


TABLE 4 AMOUNT AND COMPOSITION OF SOLIDS CARRIED 
IN THE GAS AT THE SIDE WALL, WHEN BURNING POWDERED 
ILLINOIS COAL 


Ash per 
Boiler Distance Combus- 100 
: load, ; from tible Ashin cu.ft. Ash, per. 
Sample percent Posi- burn- in sam- sample, of gas, centace of 
No of rating tion ers, ft. ple, percent percent grams total ash 
CAHOKIA 
17 140 2 16'/: 35.3 61.7 26 it 
15 140 2 16'/2 25.3 717 33 
16 140 5 29'/4 23.9 76.1 10 5 
4 199 1 19.7 2: f 
7 190 1 20's 23.0 77.0 19 
14 190 1 20'/: 40 5 2 20 
6 190 5 29'/s 39 4 5 $ 
240 1 20'/s 39.3 63 76 
13 240 1 20 39 3 0) 7 35 45 
10 240 5 29'/s 26.5 73.5 44 65 
East Peoria 
17 200 2 17 13.5 86.5 16 $2 
24 200 2 17 11.6 19 
1s 200 5 7.0 33.0 23 7 
25 200 5 Boa 5 0 95.0 22 
13 275 2 i7 24.1 75.9 32 
16 275 2 17 25.3 74.5 28 2 
14 275 5 30" /s 53 7 34; l 
15 275 5 wv 10.5 2 27 76 
ll 2 17 32.0 65.0 s2 
12 2 i7 $3.9 64.1 S5 
21 $4 2 7 $4 
19 34 5 16.1 33.9 ss 


Separate determinations at one position and rating in th 


East Peoria furnace agreed very well. The percentage of com- 


bustible material increased with the rating at both sampling 
positions. The weight of ash in the gas increased with the 
rating at both positions. The weight of ash was somewhat 


greater at position 5, 30',. ft. from the burners, than at position 


2, 17 ft. from the burners, at 200 per cent of rating, probably 
because the main body of the flame did not drop to the lower 


+ +) 


position; it was about the same at the two positions at 275 


cent of rating; and it was somewhat less at 3)'’; ft. than at 


17 ft. at 350 per cent of rating, at which rating the main body 
of the flame reached the lower position. Two of the values of 
the percentage of the total ash are over 100 per cent. This 
does not necessarily indicate an error in the determinat as 
there ild well be stratification of the ash in the gas stream 
so that the amount of ash carried would be mor a 


calculated from the 


[grams solid carbon per cu. ft. + 15.2 


where CO, and CO are the cu. ft. of these gases per cu.ft. of gas 
as found by analysis, 15.2 the grams of carbon per cu. ft. of 
either gas at 32 deg., the factor (460 + ¢)/492, the correction 
for the temperature ¢ of the gas at the point of metering, and 
the grams of ash per gram of carbon is taken from the ultimate 
analysis of the coal. 

There was considerable variation among separate determina- 
tions in the Cahokia furnace at positions 1 or 2, 20°; or 16‘; 
ft. from the burners, and there was but one determination at 
each load at position 5, 29'/, ft. from the burners. The amount 
of ash was somewhat less at 190 per cent than at 140 per cent 
of rating, but it was considerably greater at 240 per cent of 
rating. The amount of ash was much less at position 5, 29'/, 
ft. from the burners, than at position 2, 16'/, ft. from the burners, 
at the low and medium ratings, but was only slightly less at the 
maximum rating. The much greater percentage of the total 
ash at position 2 at 140 per cent of rating than at position 1 
at 190 per cent of rating was probably due to the difference in 
the distance of the positions from the burners. The weight 
of ash per 100 cu. ft. varied from 8 to 63 grams, and the per- 
centage of the total ash varied from 14 to 76. 


40 +1 


$92 


ROFTD 


CO, + CO)] X grams of ash per gram of carbon 


the average percentage of the total ash was greater at 275 than 
at 200 per cent of rating, but it was consideral ty less at 350 per 


cent of rating; it inereased regulariy with the rating at ; 
5. The weight of ash per 100 cu. ft. of gas im this furnace 


varied from 16 to 53 grams, and the percentage of the total 


Coat-AsH aND Siac Composrrion 


Table 5 gives the chemical analyses and softening tempers- 


tures of composite samples of coal ash, of the non-combustible 
portions of dusts from the furnace gas, and of slags taken irom 


Cahokia Ash. The Cahokia ash had, for a coal from the 
101s field, a relatively low flux content. The content of the 
neipal fluxing constituents, FeO, and CaO, was less that 
nd 4 per cent, respectively. The only moderately low 
ning temperature should indicate an ash which would not 
y be expected to excessively erode refractories 

The five samples following (samples 11, 13, 7, 6, and 20) 
were dusts, four taken from the gases in the furnace near the 
side wall at the positions noted, and one from the gases 10 the 


the water-sereen tubes and walls of the furnaces. 
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FUELS AND STEAM POWER 


uptake after the last pass. The composition of these samples 
was not greatly different from that of the coal ash. This is to 
be expected since all the ash of the coal was carried in the gases. 

The composition of the three samples (samples 37, 35, and 36), 
from the water-screen tubes differed, however, in that the 
Fe.0; and CaO content was greater than in the coal ash. This 
selective action was probably due to the lower softening tem- 
perature of this material and its consequent greater tendency 
to stick to the tubes and walls. 

The silica-alumina ratio of all of these samples was approxi- 
mately the same. 
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(Boiler load, 275 per cent of rating; heat liberation, 10,600 B.t.u. per hr. per 
cu. ft. of combustion space.) 


East Peoria Ash. The East Peoria coal ash had a high flux 
content and the CaO content, 17.6 per cent, was particularly 
high. The alumina content was notably low; the silica-alumina 
ratio was 3.25 in contrast to the value of approximately 2 for 
most coal ash. The softening temperature of the ash was low; 
hence it might be expected that this coal ash would severely 
erode the refractories. 

The composition of the 6 samples of dust (samples 24, 13, 12, 
18, 14, 20, and 23) from the furnace gases did not differ greatly 
from that of the coal ash, although the Fe,O; and CaO content was 
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somewhat lower. The silica and alumina content of the sample 
of dust from the uptake was considerably higher, and the FeO, 
and the CaO and SO; content lower than in the coal ash. The 
fluxes had apparently been deposited in the furnace, as is indi- 
cated by the greater amounts in the slags from the tubes and 
wall (samples 26, 27, 28, 29, and 30); but it was impossible to 
determine by calculation whether the decrease in fluxes in the 
dust in the uptake was balanced by their increase in the slags 
in the furnace. 

The silica-alumina ratio was lower in the dust and slag samples, 
with two exceptions, than in the coal ash. 

The greatest difference among the softening temperatures of 
the dust samples was 80 deg. The fluid intervals for the dust 
samples were much higher than for the slag samples, probably 
more because the latter had been melted and the various mineral 
combinations already formed than because of the differences in 
their chemical composition. Sample 26, which had the highest. 
softening temperature, 2160 deg., was from the lower slag screen, 
which also contained the maximum CaO content, 33.2 per cent. 


REFRACTORIES SERVICE 


Fig. 20, A, shows the side wall of the Cahokia furnace as 
it was rebuilt before the tests were started. The 9-in. bricks 
used in the wall were made from Missouri clays by the dry- 
press method. The 9 X 9-in. bonding tile and the large hold- 
ing tile were also from Missouri clays, but from a different 
manufacturer. 

The holding tile projected from the wall several inches in the 
lower part of the furnace. This was caused by the setting back 
of the wall to make it more nearly vertical, as previously men- 
tioned. 

The boiler was operated for a period of 26 days, during which 
it steamed for a period of 404.5 hours at an average, during 
steaming, of 177 per cent of rating and at a maximum of 230 
per cent. 

Fig. 20, B, shows the side wall at the end of this period. The 
wall was covered with a thin slag coating and considerable 
erosion had occurred. In the area immediately above the 
slag-screen tubes, where the wall was solid, approximately 1 in. 
of the brick was slagged away. In the first two air lanes from 
the bottom the erosion amounted to 2 in., and above this area 
the erosion was from !/, to '/, in. 

The holding tiles which had projected into the furnace were 


TABLE 5 COMPOSITION OF COAL-ASH AND SLAG SAMPLES 


Soft. 
K:0 SiO2- temp. Soft. Fluid 
Sample and as AlOs deg. in- in- 
No Description of sample SiOe AlsOs Fe2Os CaO MgO Na:O SOs ratio fahr. terval terval 
CAHOKIA STATION 
Com- 2210 70 70 
Call 54.1 25.5 9.7 3.6 3.0 3.0 2.12 to to to 
2390 210 290 
11 Dust from gases, position 4.............1 55.4 26.6 6.0 2.8 1.2 + 3.3 2.10 (a) a ¥ 
18 Dust from gases, position 1................. 53.1 26.1 8.0 3.5 1.2 . 4.4 2.07 (a) - 
: Dust from gases, position 1................. 53.9 26.0 8.7 4.0 a.8 : 1.8 2.07 (a) é% 
6 Dust from gases, position 5......... 9.8 ‘ 0.3 2.00 (a) 
20 55.3 26.2 8.7 3.3 1.3 0.5 2.11 (a) 
4 Slag from water screen near side wall........ 53.9 26.5 11.6 5.1 0.8 2.0 0.1 2.03 2170 70 160 
35 Slag from lower water-tube slag screen....... 47.4 22.0 20.2  & | 0.8 1.6 0.3 2.15 2080 90 290 
36 Slag from tubes of rear water screen......... 52.1 24.4 15.4 5.0 0.9 2.0 0.05 2.14 2130 130 410 
RIA STATION 
East PEorI 1960 60 
36.4 11.2 16.5 17.6 0.8 2.2 15.3 3.25 to to to 
24 15.9 2.36 3000 40 «180 
“ Dust from gases, position 2—200 per cent.... 31.9 13.5 13.1 12.2 0.4 ‘i 5. a. : 
13 Dust from nem oe om 2—275 aad cent.... 35.1 15.0 18.2 10.3 0.5 se 12.0 2.34 2040 60 230 
12 Dust from gases, position 2—350 per cent.... 33.8 12.4 13.9 12.1 0.5 o* 13.4 2.73 2020 50 200 
18 Dust from gases, position 5—200 percent.... 35.5 12.9 15.0 11.7 0.4 ~< 14.9 2.75 1990 50 180 
14 Dust from gases, position 5—275 per cent.... 35.0 14.1 17.9 10.5 0.5 ee 12.8 2.48 1990 70 230 
20 Dust from gases, position 5—350 per cent.... 33.9 7 14.3 14.4 0.5 ee 16.4 2.90 2070 70 200 
23 Dust 48.7 17.0 12.5 10.2 0.9 3.8 2.87 2040 30 260 
a Slag—stalactites on front wall.............. 34.5 14.4 23.8 25.2 BH! 0.9 0.1 2.40 2030 30 50 
<6 Slag from lower slag screen...............-- 26.7 9.1 28.9 33.2 0.7 0.2 ® 2.94 2160 10 60 
= Slag from rear of side wall—granular..... 32.3 9.6 22.6 26.1 0.6 1.6 7.2 3.36 1990 40 60 
<9 Slag from rear tubes—granular.............. 26.8 9.8 26.5 27.4 0.9 2.3 6.3 2.73 2100 10 60 
= Slag from rear tubes—hard............ 29.4 9.3 25.5 31.5 0.7 3.0 0.6 3.16 2090 30 70 


(2) Insufficient sample for S. T. determination. 
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slagged and spalled until they were nearly flush with the 9-in. 
bricks. The 9 X 9-in. bonding tile apparently resisted the 
slag action better than the 9-in. brick as they projected slightly 
from the rest of the wall. 

In Fig. 20, Z and F show the front and rear walls of the furnace 
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at the same time as view B. Spalling is shown on the front 
wall. There was a heavy accumulation of slag on the rear- 
wall tubes and on the lower slag-screen tubes near the side wall. 

Molten slag could be seen running down the side walls, through 
observation doors in the front wall, at nearly all times, and when 
the boiler was operated at above 200 per cent of rating the slag 
became very fluid and ran freely. This slag was cooled some- 
what as it flowed over and among the slag-screen tubes and 
solidified in the ashpit. Fig. 20, D, shows the ashpit at the 
close of this period of operation as the accumulated slag was 
being taken out. It was black and glassy, and was so nearly 
solidified into one mass that it had to be mined out with pick 
and bar. 

It has been pointed out that the zone midway between the 
front and rear walls just above the lower screen tubes was the 
turn in the U-path of the flame, and that in this area at the side 
wall the gas and refractories temperatures and the reducing gas 
content were at a maximum. Fig. 20, C, shows the side wall 
of this furnace as it had been carried to complete failure before 
the repairs in Fig. 20, A, had been made. This view shows 
more clearly the position of the most severely eroded area. 

In Fig. 21, A and B show the side wall and front wall and 
burner arch of the East Peoria furnace before the tests were 
etarted. The wall was in good condition and new blocks were 


installed only for the placing of thermocouples. The front wall 
had been entirely rebuilt, and a large part of the burner arch 
was also new. The blocks were made of Missouri clays. 

The boiler was operated for a period of 27 days, during which 
it steamed for 407.4 hours at an average, during steaming, of 
approximately 275 per cent of rating and at a maximum of 
350 per cent. 

In Fig. 21, C, D, E, and F show the side wall, front wall, 
rear wall, and ashpit, respectively, at the close of this period. 
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Fie. 13 Curves, Furnace WALLS OF CAHOKIA 
SraTIon 


There was a thin slag coating on the lower part of the side wall 
in the path of the flame. The maximum erosion had occurred 
in the lower part of this area and amounted to about 1'/; in. 
The erosion was greater on the downward path of the gas, be- 
tween the burners and the turn in the flame, than on the up- 
ward path of the flame. The slag in front and to the rear of 
the main path of the flame built up on the wall and was spongy 
in texture. 

The slag coating on the front wall was thin, except over the 
air ports below the third air lane from the top of the furnace, 
where stalactites formed which were caused to curve into the 
furnace by the force of the air entering through the air ports. 

The rear-wall tubes were relatively free of slag and there was 
no great accumulation of slag on the lower slag-screen tubes 
the side wall. The ashpit was largely free of slag accumulation 
except for a few stalagmites. These had a rather spongy te* 
ture as the ash had not been fused into a glassy slag. 

Actual running or dripping of the slag on the side wall w% 
rarely seen and only at the maximum ratings. 
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FUELS AND STEAM POWER 


The ash which did deposit on the lower screen tubes was not 
allowed to accumulate or the continued heat treatment would 
eventually fuse it to a hard slag. The tubes and ashpit were 
thoroughly cleaned every third night during banking hours, and 
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Fic. 14 Curves, Furnace WALLS oF East 
Peoria STATION 


in addition a hand air lance was used to blow the ash from the 
screen tubes daily. 


COMPARISON OF CONDITIONS IN THE TWO FURNACES 


It has been pointed out that the conditions which govern 
refractories service in the two furnaces may not properly be 
compared at equal boiler loads expressed in percentage of nominal 
rating, because this is based on the area of the boiler tubes and 
does not affect the conditions studied. Two factors which do 
affect the furnace conditions are: (1) the rate of heat liberation 
per unit volume of combustion space, and (2) the rate of heat 
liberation per unit area of heating surface exposed to the furnace. 
Inasmuch as the volume and shape of the combustion space, and 
the area and position, relative to the flame, of the exposed 
heating surface were not the same in the two furnaces studied, 
it is difficult to assign to each factor its proper relative value 
and fix a common basis which will combine these factors. 


TEMPERATURE 


Let us consider first the relation of the individual factors to 
the temperature of the furnace gases or of the refractories, 
assuming the excess air to be constant. Wohlenberg and 
Lindseth* have shown that at a given rate of heat liberation per 


‘The Influence of Radiation in Coal-Fired Furnaces on Boiler- 

Saggy Requirements, and a Simplified Method for Its Calculation,” 

y W. J. Wohlenberg and E. L. Lindseth. Trans. A.S.M.E., vol. 
48 (1926), pp. 849-937. 
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unit volume of combustion space the mean temperature should 
increase with increase in the volume of the combustion space. 
Therefore, other factors being equal, at a given rate of heat 
liberation per unit volume the temperature in the East Peoria 
furnace should have been higher than in the Cahokia furnace, 
because the volume of the former was greater. However, as 
the total volume of the combustion space was not filled by the 
flame, it would be necessary for accurate comparisons on this 
basis to determine the effective volume. The difficulty of an 
accurate determination of this effective volume is obvious. 

The furnace temperature increases with an increase in the 
rate of heat liberation per unit area of radiant heating surface 
in a given furnace, but in different furnaces the relation will 
be modified if the position of the surface relative to the flame 
or the efficiency of the surface in heat absorption varies. 

Further factors which affect the temperature are the size of 
the coal particles and the speed of combustion. 
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Fie. 15 Time-Temperature Curves, Furnace WALLS or East 
STATION 


ComBusTION RaTES 


The time was not available nor was it the purpose of the 
present investigation to study furnace design and heat transfer 
in order to determine the proper relative values to assign to 
these various factors. Therefore no attempt has been made 
in this report to fix a common basis for comparison of conditions 
which combines all factors, but Fig. 22 presents a comparison 
of the combustion rates in the furnaces studied in which the 
boiler load in percentage of rating is plotted against the heat 
liberated in the furnace per hour per square foot of projected 
area of radiant heating surface and per cubic foot of furnace 
volume. The rate of heat liberation was greater at any given 
rating in the Cahokia furnace on either basis; the difference 
between the furnaces was greater on the basis of the heat liber- 
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ated per square foot of projected area of radiant heating surface; 
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and the difference on either basis increased with increase in 
boiler load. 
EQUIVALENT OF RATINGS 


On the basis of the heat liberated per square foot of radiant 
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Fic. 16 Time-TeEMPERATURE CURVES, FuRNACE WALLS oF East 
PEorIA STATION 


heating surface, a boiler load of 200 per cent of rating in the 
Cahokia furnace was equivalent to a load of 350 per cent of 
rating in the East Peoria furnace. These percentages of rating 
are convenient for comparison because they are those at or near 
which observations were made and represent the extreme con- 
ditions which may be compared; and extreme conditions are of 
particular interest in relation to refractories service. 

At these equivalent percentages of rating, other factors 
being equal, the temperatures would be expected to be very 
nearly the same in the two furnaces. However, the maximum 
temperature in the Cahokia furnace at this percentage of rating 
was 2800 deg., while that in the East Peoria furnace was but 
2600 deg. Although 49 measurements were made in each 
furnace at each percentage of rating, they were made with 
particular reference to the refractories, and it is not thought 
that they are enough or well enough distributed over the furnace 
to permit an accurate calculation of the mean temperature. 
However, it is apparent from inspection of the temperature 
curves that the mean temperature in the Cahokia furnace must 
have been higher than that in the East Peoria furnace, as was 
the maximum temperature. 

The difference in temperature is not accounted for by the 
difference in furnace volume. On this basis a boiler load of 
350 per cent of rating in the East Peoria furnace was equivalent 
to a load of 215 per cent in the Cahokia furnace, or somewhat 
higher than on the other basis. As the volume of the East 


Peoria furnace was greater, its temperature should have been 
higher instead of lower as it was. 


Heat ABSORPTION 


One of the factors which accounted for the temperature 
difference was the difference in efficiency in heat absorption of 
the radiant heating surface in the two furnaces, which must 
have been lower in the Cahokia furnace because of the more 
rapid accumulation of slag upon it. 


SPEED OF COMBUSTION 


The other principal factor which accounted for the difference 
in the furnace temperature was the difference in the speed of 
combustion and the position of the zone of most intense com- 
bustion. 

In the Cahokia furnace the temperature and CO, were low 
near the burners, which showed that combustion was proceeding 
slowly; the temperature increased along the path of the gases, 
which showed that the rate of heat liberation by combustion 
was greater than the rate of radiation to the cooling surface; 
the content of combustible gases was high, which indicated a 
smoky flame and consequently reduced radiation; and the com- 
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bustion was most intense at the turn in the flame, near the 
lower slag screen, but in an unfavorable position to radiate \ 
the rear-wall tubes; hence the maximum gas and refractories 
temperatures occurred there. 

In the East Peoria furnace the temperature and CO: wer 
high near the burners, which showed that combustion was Pp" 
ceeding rapidly; the temperature decreased along the flame 
path, which showed that heat was being radiated faster than 
it was being liberated by combustion; less CO and Hz: wer 
present than in the Cahokia furnace, which indicates  clearé' 
flame and better radiation; a longer time in a more favorable 
position was allowed for radiation to the cooling surface; and 
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hence the maximum temperature was not as high as in the 
Cahokia furnace. The zone of most intense combustion moved 
away from the burners somewhat with increased rating in this 
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furnace, so that the position of the maximum gas temperature 
at the maximum rating was but little nearer the burners than 
in the Cahokia furnace. The maximum refractories tempera- 
ture also occurred in the lower part of the East Peoria furnace 
at all percentages of rating because the upper part, near the 
burners, was cooled by the air entering the arch air port. 


CarBON MONOXIDE AND HYDROGEN 


The maximum CO and H; content occurred in the lower part 
of the Cahokia furnace, both within the furnace and at the side 
wall; while the maximum content in the East Peoria furnace 
occurred nearer the burners within the furnace, and only small 
amounts were found at the side wall. 


Errect or SEcoNnDARY AIR 


No further experimental investigation than that reported 
was made to determine the causes of the differences in the speed 
of combustion in the two furnaces. Some of the contributing 
factors were: (1) The difference in the burner tips; (2) the 
difference in the size of the coal; and (3) the difference in the 
arrangement of the secondary air ports in the front wall. The 
somewhat finer size of the East Peoria coal was shown in Table 
2. Experiments which were carried on by the station operators 
on another furnace during the present tests at Cahokia showed 
that considerable difference in flame length could be effected by 
change in the secondary air admission. The operators at the 
East Peoria station also reported that marked improvement 
had resulted in the change of the secondary air ports from the 
original design. 

Gas VELOCITIES 


The gas velocities were similar at the walls of the two fur- 
haces and did not vary greatly with the rating. 


SuLPHUR 
The sulphur content of the gases measured at three points 
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along the side wall of each furnace did not vary directly as the 
sulphur contents of the coals. A greater percentage of the total 
sulphur of the coal was present in the East Peoria than in the 
Cahokia furnace at the points of measurement. 


AsH 


The weight of ash carried per cubic foot of gas did not differ 
greatly in the two furnaces at the points of measurement, but 
the percentage of the total ash was much less in the Cahokia 
than in the East Peoria furnace. The order of accuracy of the 
method of determination has not been experimentally determined, 
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PowDERED-CoAL FURNACES 


East Peoria furnace 44 hr. after lighting, 275 per cent of rating, 10,600 
B.t.u. per hr. per cu. ft. of combustion space. 

Cahokia furnace 30 hr. after lighting, 185 per cent of rating, 11,600 B.t.u. 
per hr. per cu. ft. of combustion space. 


but it was the same ir. both furnaces. One possible explanation 
for the difference in the values is that in the Cahokia furnace the 
ash tended to melt together to form heavy droplets which fell 
out of the gas stream, whereas in the East Peoria furnace the 
ash did not melt to such an extent but remained powdery and 
was carried along with the gases. 
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period of 407 hours operation, was |'/, 
in. 

Molten slag, which was thinly fluid at 
high ratings, ran over the walls of the 
Cahokia furnace and solidified in the 
ashpit, whereas fluid slag was seen in 
the East Peoria furnace only at the 
maximum ratings, and there was little 
" accumulation of slag on the screen tubes 

or in the ashpit. 
eT The severity of erosion in the two 
rash furnaces varied as the fluidity of the 
slag. The slag was less fluid in the East 
Peoria furnace because: (1) The tem- 
perature was lower; (2) there was less 
CO and H:, which lower the softening 
temperature and increase the fluidity of 
slags containing iron; and (3) possibly 
because of the very high lime content of 
the ash. 


ViscosiTy oF AsH 


The softening temperature of the 
East Peoria ash was lower than that 


The principal difference in the com- 
position of the ash of the coal burned in 
the two furnaces was the lower Al,Os, 
somewhat greater Fe,O;, much greater 
CaO content, and lower softening tem- 
perature of the East Peoria ash. The 
dusts collected from the gases in the two 
furnaces were alike in that their composi- 
tion did not vary greatly from the com- 
position of that of the original ash. The 
slags collected from the screen tubes and 
walls of both furnaces contained greater 
amounts of flux than the coal ashes. 


Erosion 


The area of maximum slag erosion in 
the two furnaces was on the side walls 
just above the lower water-tube slag 
screen. The erosion was more severe in 
the Cahokia than in the East Peoria 
furnace. The maximum erosion mea- 
sured in the former furnace, after a 
period of 404 hours operation, was 2 in., E 
while that in the latter furnace, after a Fie. 20 Views or Inrerion oF Canoxia Furnace 
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of the Cahokia ash, but the softening temperature of an ash 
is not an index of its viscosity at a higher temperature. No 
reference has been found in the literature to the effect of 
variations in the lime content on the fluidity of slags similar to 
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serious trouble by adhesion to the tubes, to a dry, pulverent 
ash which did not cohere or clinker. Hughes did not give 
any details as to the composition of the ash or the type of equip- 
ment used. 


Fig. 21 


coal ash in composition, but several references’ show that an 
increase, above certain amounts, in lime content decreases the 
fluidity of iron and copper blast-furnace slags. Also, Hughes® 
has reported that the addition of limestone to the coal in a 
powdered-coal furnace changed the sticky slag, which had caused 


. “A Method for Measuring the Viscosity of Blast-Furnace Slags 
at High Temperatures,” by Alexander L. Field. Bureau of Mines 
Technical Paper 157, p. 25, 1916. 

R Lonstitution and Melting Points of Copper Slags,’’ by Charles 
-- ulton. Trans. A.I.M.E., vol. 44 (1912), p. 777. 

, Combustion of Pulverized Coal,’’ by L. 8S. Hughes, Trans. Am. 
nst. of Chem. Eng., vol. 4 (1911), pp. 347-349. 


Views oF INTERIOR OF East Peoria FURNACE 


It was not feasible to operate the Cahokia furnace for an 
extended period at 140 per cent of rating, at which load the 
maximum temperature was 2600 deg. corresponding to the 
maximum temperature in the East Peoria furnace at 350 per 
cent of rating. Therefore the extent of erosion cannot be com- 
pared at similar furnace temperatures. It may be that the 
causes of the difference in the severity of erosion were only the 
differences in the temperature and content of reducing gas. 
But there is indicated the possibility that the extremely high 
lime content of the East Peoria ash actually lessened the slag ero- 
sion; and there is indicated the further interesting possibility that 
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it might be economically feasible to add lime to the coal in certain 
powdered-coal furnaces to decrease the difficulties from slagging. 

The study of the four-component system—silica, alumina, 
lime, and iron—which is a part of the laboratory phase of this 
investigation being conducted by the Bureau of Standards, 
should throw more light on this problem. 
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Fig. 22 Comparison oF ComBusTION Rates, CAHOKIA AND East 
Peoria FURNACES 


SUMMARY OF INVESTIGATION 


The results of this investigation may be briefly summarized 
as follows: 


1 The range of the refractories service conditions, namely, 
furnace-gas temperatures, composition, and velocity, refrac- 
tories temperatures, and the amount and composition of the 
solid materials carried in the gases in two similar furnaces 
burning different types of Illinois coal in powdered form with 
long-flame burners has been determined and recorded. 

2 The principal differences in the service conditions were 
higher furnace-gas temperatures, greater content of reducing 
gases, and more severe slag erosion in the Cahokia furnace. 
The temperatures were higher in this furnace, even at equal 
rates of heat liberation per unit area of radiant heating surface. 
The temperatures were higher because the efficiency in heat 


absorption of the radiant heating surface was low, due to the 
rapid accumulation of slag on the tubes; also because, as the 
initial speed of combustion was low, the combustion was con- 
centrated in a small zone with less time for radiation to the 
absorbing surface. The content of reducing gas was high 
because of the slow combustion near the burners. The slag 
erosion was more severe because of its greater fluidity. The 
slag was more fluid because of the higher temperature and 
content of reducing gas. It is possible that the slag might have 
been less fluid if the lime content had been as great as that in 
the East Peoria furnace. 
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Some Fundamental Considerations in the 
Design of Boiler Furnaces 


This paper deals with the influence of furnace water walls on the 
furnace volume requirements in so far as flame temperature is the 
limiting factor in the allowable rates of energy release. It is shown 
that the totally cold furnace envelope provides for the highest per- 


missible energy-release rate at a given flame temperature. The 
permissible load range in a given furnace for given high and low 
limits of flame temperature is, however, greatest in the refractory- 
lined water-wall furnace. 


considered may be outlined as follows: 

1 The influence of the extent of water-wall surface 
exposed to furnace radiation on the heat-absorption 
efficiency of the steam generator as a whole 

2 The influence of the extent of water-wall surface 
exposed to furnace radiation on the permissible 
rates of energy release for a given limiting furnace 
temperature 

3 The influence of the extent of water-wall surface 
exposed to furnace radiation on the permissible 
range of load variation for given limiting high and 
low furnace temperatures 

4 The influence of refractory coating on the furnace 
water wall on the conditions outlined under (1), 
(2), and (3). 

These conditions have of course been the subject of con- 
siderable discussion, and in a recent paper presented before 
the Society, E. G. Bailey* includes with his discussion of the 
limiting factors in reducing excess air numerous data from 
tests which are well worthy of study in this connection. 
It is shown that an increase in excess air is used in practice 
as a partial remedy for deficiencies occurring at both ends of 
the limiting range of furnace temperatures: thus, for tem- 
peratures too low, in order to prevent excessive losses due to 
incomplete combustion, and for temperatures tending toward 
the ash-fusion point in order to prevent this condition and 
hence the difficulties of operation resulting when ash in a 
molten state is present in the furnace. In general, for low 
ash-fusion points it is necessary to reduce the rate of energy 
release, because a reasonable increase in excess air alone does 
not have sufficient influence on furnace temperature to hold 
it below the ash-fusion point. . 
The mean temperature of energy release in the boiler 

furnace is the result of: 

1 The rate of energy input to the furnace 

2 The rate of energy discharge to the furnace walls 

3 The rate of energy absorption by the gases within 

the furnace. 

The first quantity is determined by the rate of burning fuel 
plus the energy brought in by the air supporting combustion. 
The second quantity is largely influenced by the character 
of the furnace walls, i.e., the extent of the water wall and 


ie Associate Professor of Mechanical Engineering, Sheffield Scien- 
© School, Yale University. Mem. A.S.M.E. 
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i particular phases of the above subject which are 


* Metropolitan Section A.S.M.E., New York, April 8, 1926. 
‘ Peseunted at the Tri-State Power Meeting, Erie, Pa., June 3 and 
927, of the Power Division and the Erie Section of the A.S.M.E. 
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refractory surfaces of the furnace envelope. The third 
quantity is determined by the thermal capacity of the result- 
ing gaseous mixture. 


FUNCTION OF THE WATER-COOLED FurRNACcE WALL 


The influence of water-wall surface exposed to furnace 
radiation on the heat-absorbing efficiency has recently been 
the subject of some investigation. Thus the term “fraction 
cold, ¥,” Fig. 1, has been introduced in a paper‘ presented 
before the 1926 annual meeting of the Society. The shaded 
faces of the conventionally shown cubical furnace cavities 


PULVERIZED-COAL FURNACES 
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Fuel Beal 
Fie. 1 CoNnvenTIONAL REPRESENTATION OF FuRNACE TYPES 


represent water-wall surfaces, and the remaining faces in 
each case refractory surfaces. The type A pulverized-coal 
furnace has one face cold or water walled and five refractory 
faces. The fraction cold y is equal to one-sixth. The 
fraction cold is thus the fractional part of the furnace envelope 
which is occupied by water-wall surfaces. The type B 
furnace has two water-wall faces and hence a fraction cold 
of two-sixths. The type E or all-cold-walled furnace has 
six cold faces for pulverized coal and five cold faces for the 
stoker, hence the difference in fractions cold in the two cases 
for the types A, B, and D furnaces. 

The curve in Fig. 2 shows how, for the conditions indicated, 
the total surface requirement, for a given final gas tempera- 
ture, varies with the fraction cold. The least requirement 
in total surface results when it is about four-tenths or when 
800 sq. ft. of surface is placed in the furnace envelope. 
The arrangement would correspond closely to that shown for 
type B furnace in Fig. 1. Under these conditions the total 
surface requirement for a 2600-deg. fahr. gas temperature is 
1630 sq. ft., whence the difference, 1630 — 800 = 830 sq. ft., 
is placed in the convection zone. If the fraction cold y is 
either larger or smaller than that for the minimum point on 
the curve it will obviously require more total heating sur- 
face, but it is seen that for all arrangements resulting in 
values of y between two-tenths and unity, the variation is 


4 Wohlenberg and Lindseth, Trans. A.S.M.E., vol. 48 (1926), p. 
849. 
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not large. This curve is typical of a number included in the 
above paper,® and hence indicates in a general way what 
influence cold furnace walls have in this respect. 

Miinzinger,® employing results of water-wall absorption 
shown in a paper’? by Wohlenberg and Morrow, arrives 
at the same conclusions in a somewhat different manner. 
His resulting curves are shown in Fig. 3. Instead of finding 
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(Furnace No. 2, 8000 cu. ft.; 80,000 B.t.u. per cu. ft. per hr.; Illinois coal; 
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the surface requirement for a given escaping gas temperature 
he finds the escaping gas temperature for a given amount 
of surface and then varies the fractional part of this surface 
which is exposed to furnace radiation. It is seen, when 
the fraction of the total surface which is exposed to radiation 
is increased over 0.125, that there is an increase in the es- 


‘ Wohlenberg and Lindseth, Trans. A.S.M.E., vol. 48 (1926), p. 
849. 

* Zeitschrift des Vereines deutscher Ingenieure, Nos. 40 and 42, 
1926. 

7 Trans. A.S.M.E., vol. 47 (1925), p. 127. 
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caping gas temperature. It should be noted that Miinzinger 
uses the ratio 
surface exposed to radiation 
total surface 


as the abscissa scale on his chart, whereas in Fig. 2 the 
abscissa scale y is equal to 
projected water-wall area in furnace envelope 
total area of furnace envelope , 


This accounts for the large difference in values of the ratio 
at the most effective surface distribution in the two curves. 
How a change of the fraction cold influences the escaping 
gas temperatures for a given convection zone as distinguished 
from a given total surface is shown by the temperature 
gradients in Fig. 4. Gradients A and E are those resulting 
when the gases enter the convection zone, respectively, 
from the type A and type E furnaces, other conditions being 
the same for both cases. It is seen, for boilers and boilers 
plus economizers, that as the final gas temperatures decrease 
the influence of the difference in water-wall surface in the 
two cases is decreased and assumes very small proportions 
indeed for low escaping gas temperatures. For the air 
preheater, however, the conditions are somewhat altered. 
The slight divergence of the two gradients through the air 
preheater is primarily due to the relation between the thermal 
capacities of the outgoing gases and the incoming air. ‘This 
condition is thus fundamental to the two media and more or 
less independent of the design of the particular air preheater 
considered. Obviously, the higher the temperature of the 
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Fie.4 TrMPpeRATURE GRADIENTS THROUGH CONVECTION ZONE 

(A—Furnace type A; E—Furnace type E. Furnace No. 2; pulverized 
coal; coal No. 1; excess air = 20 per cent; air temperature = 70 deg.; 
energy rate = 25,000 B.t.u. per cu. ft. per hr.) 
air which leaves the preheater, the larger will be the difference 
in final escaping gas temperatures for the type A as compared 
to the type E furnace when the same amount of surface is 
provided in the boiler convection zone in both cases. 

If now we consider the gas temperatures at entrance to the 
air preheater for a given total surface (water wall + boiler) 
the gradients through the air preheater assume the positions 
shown by the dotted curves, because now the surface points 
of A equivalent to those on E are 2000 sq. ft. further out on 
the abscissa scale; furnace E being provided, for the dimen- 
sions considered, with 2000 sq. ft. of water-wall surface not 
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present in furnace A. It is noticed that the E gradient is 
above the A gradient, which relation holds for equal total 
surfaces unless the gas temperatures entering the air pre- 
heater are so low as to make an air preheater of little value. 

It is apparent that the extension of the water-wall area to 
include a large part or all of the furnace envelope results, 
for a given total of heat-absorbing surface, in a somewhat 
reduced average rate of heat absorption by this surface as a 
whole. This is accounted for as follows: First, for given 
conditions as to rate of energy release and combustion, an 
all-cold or type E furnace envelope absorbs only from 10 
to 20 per cent® more energy by radiation from the combustion 
process than does an envelope occupied only one-half by 
cold surface. Second, the arrangement of the surface as a 
whole is such, when a considerable part of it is placed in 
the furnace envelope, that the average rate of heat absorption 
by convection is less than would otherwise be the case. 
Obviously, the gas velocities over the furnace walls are 
less than in the first rows of tubes in the convection zone, 
and this condition, combined with the lower furnace tem- 
perature, still further reduces not only the mean gas velocity 
over the cold surface but also the mean temperature dif- 
ference between gases and the surface, over a considerable 
part of the surface. The result is that the gases escaping 
from the now reduced convection zone are at a higher tem- 
perature than would be the case should some of the cold 
surface in the furnace envelope be transferred from there 
and added to the convection zone. 

As a result of these observations the following important 
conclusions may be drawn concerning the real function of 
extended water-wall surfaces in furnace envelopes: 

a A considerable extension of the water-wall area in 
furnace envelopes over and above that representing the best 
fraction cold does not result in a reduction of the total- 
heating-surface requirement for given conditions as to rate 
of energy release and combustion. On the contrary, it 
generally results in an increase of the total surface require- 
ment for a given final escaping gas temperature. 

b When water-cooled furnace walls occupy a considerable 
part of the furnace envelope they really serve to permit of 
an increase in the rate of energy release for a given furnace 
temperature. The permissible increase in the rate of energy 
release is such that the average rate of heat absorption per 
square foot of total heating surface is considerably greater 
than it would be at the lower permissible rate of energy 
release with the partially cold furnace, in spite of the more 
favorable surface distribution in this respect under the latter 
arrangements. 


QUANTITATIVE INFLUENCE ON PERMISSIBLE RATE OF ENERGY 
RELEASE OF EXTENSION OF BARE WATER-WALL SURFACE 


In the paper by Wohlenberg and Lindseth are included, 
as the result of the application of an analytical method to 
numerous cases under different conditions, considerable data 
on the mean flame temperature and the fraction of the re- 
leased energy which is absorbed by the furnace walls. The 
method of computing the mean refractory temperature is 
also included. Some of these data are now applied in an 
attempt to arrive at a fair quantitative estimate of what 
may be the results of varying amounts of water-wall surface. 
It is not intended to treat this phase of the subject ex- 
haustively in this paper, but rather to show, by example, 
how the information and methods included in the above 
paper may be applied. 


: Wohlenberg and Lindseth, Trans. A.S.M.E., vol. 48 (1926), 


It may be argued that the mean temperatures yielded by 
any methods of analysis with the above basis are not fairly 
representative of furnace conditions. Thus there have 
been several reports® recently as well as the earlier investi- 
gation’® of the Bureau of Mines dealing with the variation 
of temperatures throughout the furnace. It is shown that 
in certain zones within the furnace, temperature variations 
are not as great as those of the mean temperatures. Some 
such local hot spots may be unavoidable and will always 
have to be specially provided for. The variations of mean 
temperatures are nevertheless important indicators of what 
may be expected in furnace performance, and a theoretical 
analysis which yields information of this nature may serve 
as an important guide in establishing what should and what 
should not be done. 

With this in mind the following quantities are defined: 


Tv = radiation mean temperature of gases in furnace. 
It is also the mean temperature of the gases 
escaping from the furnace 

Tr = mean temperature of the inner surface of 
refractory walls 

Ms = energy which is absorbed by the furnace walls ex- 


pressed as a fraction of released energy. 


The fuels and combustion conditions are taken as given 
in Tables 1 and 2 for all eases here considered. 


TABLE 1 COALS 
Coal No. 1 Coal No. 2 
Ill. Bit., McDowell, 
Saline Co. W. Va. 
6.0 3.00 
Fixed carbon, per cent............ 54.3 78.80 
ULTIMATE ANALYSES 
Approximate ash-fusion point, deg fahr.. 2000 2500 
TABLE 2 PRODUCTS OF COMBUSTION 
Coal No.1 Coal No. 2 
: z 120 per cent air 11.58 13.10 
Air per pound of coal....... 140 per cent air 13.51 15.28 
; 9 79 
in flue gas, per cent.....{120 percentair 
, 120 per cent air 6.32 4.74 
"H:0 in flue gas, per cent. .... 140 per cent air 5.45 4.09 
. 120 per cent air 3.31 3.34 
O: in flue gas, per cent...... 140 per cent air 5.70 5.76 


1 Percentages CO: given in this table as they would appear without con- 
densation of H2O as is the case in ordinary Orsat analysis. 


The results shown in curve form are all based strictly on 
furnace No. 2 (of 8000 cu. ft. volume) and coal No.1. How- 
ever, the mean flame and refractory temperatures as shown 
by Wohlenberg and Lindseth apply also to coal No. 2 in 
furnace No. 2 with practically no error. The coefficient 
ps differs slightly, being a little larger for coal No. 2. With 
respect to limitations placed on furnace performance by ash 
fusion, the temperature curves are thus applicable for either 
coal. Larger furnaces than that used will result, for the 
same conditions otherwise, in a slight increase of the tem- 
peratures shown, and smaller furnaces in a decrease of these 
temperatures. 


® Refractories, Sherman, Rice, and Berger, MrecHANnicaL En- 
GINEERING, vol. 48, no. 12, p. 1389; Temperatures in Powdered-Coal 
Furnaces Having Extended Radiant-Heat-Absorbing Surfaces, 
R. A. Sherman, MecHANICAL ENGINEERING, vol. 49, no. 4, p. 335. 

10 Bulletin No. 223, Kreisinger, Blizard, Augustine, and Cross. 
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FUELS AND STEAM POWER 


The curves in Figs. 5 and 6 illustrate how the mean flame 
and refractory temperatures and the coefficient yw; vary 
with the fraction cold for different energy-release rates and 
air temperatures. It is to be noted in particular, as the 
fraction cold approaches unity, that the refractory tempera- 
tures approach temperatures considerably above that of 
the water-cooled wall, in spite of the fact that in the limit 
no refractory is present. At the limit these curves of course 
actually break sharply, descending to the cold-wall tempera- 
tures. Just inside of this point the mean temperatures 
assume the indicated values, because obviously even a square 
foot of refractory surface will, due to its low conductivity 
and because of the radiation of energy to it, assume a tem- 
perature considerably above that of the cold wall. The 
temperature indicated is, however, exactly the mean of the 
temperatures that would be assumed successively by the 
refractory block if moved from place to place on the furnace 
envelope until it had occupied every possible position once. 
If the furnace gas temperature is fairly uniform the mean 
temperature would be, for the pulverized-fuel furnace, very 
nearly the temperature in any position. But in the stoker 
furnace it would vary even in this case, because of the in- 
crease in radiation to it as it approaches the fuel bed. 


FuRNACE-FLAME AND REFRACTORY IsOTHERMS 


The furnace-flame isotherms shown in Figs. 7 and 8 are 
particularly useful in showing how the permissible rate of 
energy release for a given limiting ash fusion may be increased 
if the fraction cold W is increased. It is noticed in all cases, 
if for example the fraction cold is increased from 0.2 to unity, 
that the permissible rate of energy release for a given flame 
temperature may be more than doubled. This is the particular 
advantage gained by use of the water-cooled wall. 

The influence of excess air on the placement of the flame 
isotherms is shown in Fig. 9. It is seen that the magnitude 
of this influence decreases as the air temperatures are in- 
creased, but that for a given air temperature it increases for 
the higher flame temperatures. Even for air at a temperature 
of 70 deg. fahr. the permissible increase in energy-release 
rate for an increase from 20 to 40 per cent excess air is small 
compared to that which would result should the fraction 
cold be increased from, say, two-tenths to four-tenths. Ob- 
viously, then, the furnace designer should proportion his fur- 
nace walls for desirable combustion conditions by including the 
proper amount of cold surface. A reasonable variation of 
excess air may then be looked upon primarily as a controlling 
variable in the operation of the furnace, but not as a cure- 
all that the designer may eventually fall back upon in opera- 
- to correct the mistakes of poor design at the out- 
set. 

Some furnace-refractory isotherms are shown in Fig. 10. 
These, together with the furnace-flame isotherms, form the 
kind of data most useful in determining furnace proportions 
and kinds of refractory materials to be used. These, as the 
flame-temperature isotherms, may be plotted from such 
data as are shown in Figs. 5 and 6, whence additional re- 
fractory-temperature isotherm charts may be constructed 
for both the 500- and 1000-deg. air temperatures by means 
of the data at hand. 

The two curves in chart III of Fig. 10 indicate, with 
respect to limitations imposed by refractory walls, that a 
higher rate of energy release is possible in the stoker-fired 
furnace at 40 per cent excess air than in the pulverized- 
coal furnace at 20 per cent excess air when, for the conditions 
considered, the fraction cold y is greater than that shown 
by the intersection of the two curves. The greater excess- 
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air fraction for the stoker of course favors it in this respect. 
For a given value of y on the abscissa scale, other than 
zero, the pulverized-coal furnace is, however, provided 
with more water-wall surface than is the stoker-fired furnace. 
This becomes obvious by again referring to Fig. 1. In this 
respect, then, the pulverized-coal furnace is favored. Even 
at the same excess air in both cases a stoker-fired furnace 
cavity, of symmetry corresponding to that of the pulverized- 
coal cavity, would undoubtedly show a lower refractory 
temperature for equivalent energy-release rates. 

This becomes obvious when considering for a moment the 
mean solid angles subtended in the two cases by the re- 
fractory surfaces from the solid radiating fuel masses. For 
a given extent of refractory surface these are smaller in the 
stoker furnace than in the pulverized-coal furnace because 
the average distance from the surface of the fuel bed to the 
refractory is more than the average distance from the fuel 
particles in suspension to any refractory face. Also, in large 
furnaces the radiating area of the carbon particles in sus- 
pension is greater than that of a fuel bed considered as at 
the bottom of the furnace. The two conditions combine to 
bring the refractory temperature in the pulverized-coal fur- 
nace closer to the flame temperature than is true in the stoker 
furnace. Of course in many stoker-fired furnaces refractory 
arches may be provided directly over the fuel bed, in which 
case such relations would not hold. They apply to furnace 
cavities in which the volume is essentially free of pockets 
of any kind. 

The crossing of the two foregoing curves as the energy- 
release rate is decreased is again due to the differences in radia- 
tion angles, but now those subtended by the cold surface 
from the solid carbon radiating masses. Obviously, for a 
given cold-surface extent such solid angles are again greatest 
in the pulverized-fuel furnace. This means that the direct 
absorption at the cold surface will, for a given energy rate, 
be greatest in the pulverized-fuel furnace with a resultant 
lower mean flame temperature. At low energy rates this 
differential depression of flame temperature is apparently 
sufficient to cause a lower mean refractory temperature in 
the pulverized-fuel furnace as compared with that in the 
stoker-fired furnace. 

Throughout the range of energy-release rates generally 
extant in the pulverized-coal-furnace operation the curves 
indicate but little difference in this respect for the two cases, 
and no doubt necessary assumptions may be in error to such 
an extent that it is futile to draw any conclusions other 
than that at the higher rates of energy release the mean refrac- 
tory temperatures would be the higher of the two in the pulver- 
ized-fuel furnace. This, then, is a condition to be considered 
in connection with any possible developments toward con- 
siderably higher rates of energy release in the pulverized- 
fuel furnace in which uncooled refractory walls are to be used. 


EXAMPLE OF APPLICATION OF THE Data SHOWN AND ADDI- 
TIONAL CONCLUSIONS CONCERNING THE ALI-CoLp 
ENVELOPE 


Let us consider that coal No. 2 should be burned in the 
pulverized form with 20 per cent excess air and that a total 
hourly energy release of 200 million B.t.u. is required. The 
ash-fusion temperature of this coal is 2500 deg., whence 
2400 deg. might be a safe maximum mean flame tempera- 
ture. Foran air temperature of 70 deg. we find from I in Fig. 7: 


for Y = 0.4, maximum energy-release rate = 24,000 B.t.u. 
fory = 1.00, maximum energy-release rate = 36,000 B.t.u. 


Hence the required furnace volumes are 
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The furnace of symmetry y = 0.4 is slightly larger than 
furnace No. 2 (8000 cu. ft.) and the type E furnace ( = 1.00) 
The curves in Fig. 11, taken from 
Wohlenberg and Lindseth, indicate what the influence js 
in this respect for the latter type of furnace. 


It is seen that 
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Fie. 8 Furnace-FLAme IsoTHERMS 
(Furnace No. 2; coal No. 1; stoker; excess air, 40 per cent. 
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mean flame temperatures in the 5560-cu. ft. furnace will be 200 million 
about 50 deg. lower than in the 8000-cu. ft. furnace. The 4 thoumand 
net effect of volume on the position of the isotherm in chart : 

I of Fig. 7 is shown by the dotted 2400-deg. curve for a This is sufficiently close to 5000 cu. ft., so that results for a 
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(Furnace No. 2; coal No. 1 or No. 2; air temperature, 70 deg. fahr.) 


5000-cu. ft. isotherm may be used without further adjust- 
ment. The difference in volume between the 8430-cu. ft. 
furnace of symmetry (¥ = 0.4) and an 8000-cu. ft. furnace 


furnace volume of 5000 cu. ft. The corrected permissible 
_  ehergy rate for the furnace of symmetry y = 1.00 is thus 
: 42,000 B.t.u., whence the corrected furnace volume is 


147 
| 
| 
| | | | 
| | | | | 
AN) | AX 
S | | | 
5 T 75 T t 4 | 25 ; 
AS Zr 
5 + 4, + 15 + 5 + +-— 
0 + = 10 + + 4 + 0 —+- 7000 
7000 
0 0.2 a4 0.6 0.8 1.0 ) ).2 0.4 0.6 08 10 eee 
ay, 
. 
23 
3 
a 


148 


Flame Temperature Ty, Hundreds of Deg. Fanr. 
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is small enough to have practically no influence on flame 
temperatures, whence no correction is required. 
seen by reference to Fig. 11 that in general the larger the 
furnace the less the results are influenced by differences in 


furnace volume. 


It is 


7 and 10 the flame- and refractory-temperature characteristics 
for the foregoing set of conditions are plotted, with the resu)ts 
shown in Fig. 12. On chart I are shown the resulting tem- 
perature characteristics of the design for a given limiting 
flame temperature at a given total energy-release rate, 
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Thus when two furnaces, 
with some refractory wall area 
and the other with none, are 
proportioned for the same total 
energy release, B.t.u. per hour, 
at a given maximum flame tem- 
perature and remaining condi- 


by bare water-wall surface. 


The maximum permissible 
rates of energy release in the 
two furnaces for a 2400-deg. 
flame temperature are now 


42,000 B.t.u. At 


one-fourth of this rate of energy 
release the results are, by ref- 
erence to Fig. 7, seen to be 
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flame temperature falls off more rapidly with decrease in 
load in the furnace cavity whose envelope is occupied totally 
This condition obviously has 
an important bearing on the permissible range of load varia- 
tion for a given permissible range of variation in mean flame 
temperature. 

By utilizing the flame and refractory isotherms of Figs. 
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B.t.u. per hr. In chart II are shown the results as to 
flame-temperature characteristics when the same furnace 
volume is employed for both the symmetry y = 0.4 and 
the symmetry y = 1.00, with other conditions as indicated. 
Inspection of these figures will bring out the following 
facts if we assume, for example, the limits of high and low 
flame temperatures, respectively, as 2400 and 1800 deg. 
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Fie. 12: 
200 Million B.t.u. per Hour at 2400 Deg. (Ty) 
For y = 0.4, furnace volume = 8430 cu. ft. and load at 
1800 deg. = 20 per cent of load at 2400 deg. 
For yY = 1.00, furnace volume = 4860 cu. ft. and load at 
1800 deg. = 31 per cent of load at 2400 deg. 


CHART 


Cuart II: 
Furnace Volume = 8430 Cu. Ft. for Both Furnaces 
Maximum energy released in furnace of symmetry y = 
1.00 at 2400 deg. is equal to 150 per cent of that re- 
leased when y = 0.4 at 2400 deg. 
For symmetry of y = 0.4, load for 1800 deg. = 20 per cent 
of that at 2400 deg. 


40 
For symmetry of ¥ = 1.00, load for 1800 deg. = 150 x 100 
= 27 per cent of that at 2400 deg. 


Obviously, the type E symmetry (¥ = 1.00) is of a necessity 
one in which the economical range of load variation is nar- 
rower than it is in the furnace provided with some refractory 
wall surfaces. 

The above statement of the case has so far not taken into 
account the limitations imposed at either the high or low 
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Fie. 13 CONVENTIONAL REPRESENTATION 


rates of driving by the temperature of the furnace wall. 
From I of Fig. 12 it is evident that the mean refractory 
temperature varies between limits of 1400 and 1960 deg. 
for the load range indicated when the symmetry is y = 0.4. 
Obviously, then, the refractory material must be so chosen 
that it will withstand a temperature of at least 2000 deg. 
As a matter of fact, there will no doubt be local hot spots on 
the refractory surface at which the temperature will rise 
above the indicated mean value. Judgment must therefore 
be exercised in determining where these areas are and how 
much the temperature is likely to exceed the mean. 

_ At the lower end of the curve the temperature of 1400 deg. 
is still considerably above that of bare water-cooled surface 
and hence in this respect, too, by virtue of reduced incomplete 
combustion in the gas zone near the wall, the conditions favor 
the furnace cavity with the partially cold envelope. In 
other words, it will be possible to operate economically at a 
lower mean flame temperature in the furnace cavity with 
some refractory-wall area than in that one surrounded by 
only bare water walls. This means that the real difference 
in permissible load range for the two cases is greater than is 
indicated by the figures just given. 

For large steam generating plants, a high maximum ca- 
pacity is often of greater importance than a wide permissible 
tange of load variation at a somewhat reduced maximum 
capacity. With a sufficient number of units installed, the 
load variation may be adjusted for by cutting them in and 
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out for small increments of load change, thus maintaining 
an economical rate of energy release on all units in service. 
The very condition, however, which provides for a wider 
permissible load range also provides for greater ease of 
operation from this point of view. Highly preheated air is 
of course very desirable in the type E furnace. Its use, 
however, raises the flame temperature, thereby decreasing 
the permissible maximum capacity for a given ash fusion 
point. 
WaTER WALLS 


In order not to sacrifice too much in the way of permissible 
capacity at the high limit of furnace temperature while 
at the same time improving the conditions at the low limit 
of furnace temperature, it appears to have been found ad- 
vantageous to use a refractory-coated water wall in place of 
either the uncooled refractory or bare water wall. The 
wall on which the present study is based is equivalent to that 
shown in cross-section in I of Fig. 13, and in which a perfect 
bond is assumed at g between the metal surface and the 
refractory coating. Such a wall results, with one exception 


Refractor 


oF WATER WALLS 


to be discussed later, in the maximum heat absorption for 
a given refractory material and refractory thickness. Mean 
flame and refractory temperatures arrived at for this ar- 
rangement thus represent, with the above exception, the 
lowest values attainable by means of the given furnace sym- 
metry, refractory material, refractory thickness, combustion 
conditions, and rate of energy release. 

The type I wall does not readily lend itself to actual ap- 
plication because of obvious difficulties. The construction 
shown for the type II wall is, however, perfectly feasible. If 
in this wall the tube spacing is such that the front half of the 
outer circular tube surface is equal to or greater than the 
area of a plane C-C, it may be even a better wall than that 
shown in I. Obviously, a projected square foot of the 
refractory front R receives, for given flame and refractory 
temperatures, just as much energy by radiation in II as in 
I. For the conditions stated the mean heat-flow area com- 
posed of the sum of the semicylindrical surfaces F in the 
refractory front R is greater than the mean heat flow area 
through the refractory front in I. For a given constant 
refractory thickness (¢) the resistance to heat-flow through 
the refractory is inversely proportional to the ratio of the 
two mean heat-flow areas. Also there is, per square foot 
of projected wall front, actually more exposed refractory 
surface in wall type II than in wall type I. Thus there 
will be more energy absorbed by convection in the former 
case. The relations which exist between the dimensions of 
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wall type II are as follows: For tube spacing, S = '/21d; 
then for t = (S—d)/2 a wall of type II is at least as effective 
for heat transfer as a wall of type I having the same refractory 
thickness. From the above equations it is also obvious that 
if the refractory thickness is to be changed, either the tube 
spacing or the diameter will have to be changed. If the wall 
front presents a plane surface as for the arrangement shown 
in type III, the mean effective thickness of the refractory 
is increased. This is indicated by the temperature valleys 
L. In wall type IV part of the refractory shown between 
the tubes in wall type III is replaced by metal. This ar- 
rangement is thus designed to approach the type I condition. 

Whatever their initial condition, in all of the walls shown 
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this part of the discussion with the statement that unless 
the conductivity of the refractory is quite high and the gap 
is over 0.01 in. across, then a single gap will have only a small 
influence on the interior refractory temperature for refractory 
walls one inch or more in thickness. In other words, the 
principal resistance to heat flow is in the refractory itself, 


EQuILIBRIUM CONDITIONS IN THE FURNACE Cavity Provipep 
Wiru Rerracrory-Coatep WATER WALLS 


The general equilibrium equation within the furnace is of 
the same form as that used by Wohlenberg and Lindset})."" 
It may be stated as follows: 

Energy discharge from combustion process to furnace walls 

ae = Energy radiated from 
fuel masses to refractory 
| | surface 
+ Energy radiated 
from fuel masses to cold 
surface 
+ Energy radiated 
from gases to refractory 
surface 
+ Energy radiated 
from gases to cold surface 
+ Energy received 
by convection at refrac- 
tory surfaces 
+ Energy received 
by convection at cold sur- 
faces. 

The general equilibriun 
equation at the refractory 
surfaces now involves, 1: 
addition to the radiation 
reflection and convectior 
at the refractory surfaces 
also the conductio: 
through the refractory | 
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Fie. 14. Errect or VaryinG THICKNESS OF 
FRACTORY COATING ON REFRACTORY-COVERED Fur- 
NACE WATER WALLS 

(Furnace No. 2, type A; 25,000 B.t.u. per cu. ft. per hr.; 


70 deg. fahr. air. Conductivity K = 10; for any other 
conductivity, multiply abscissa scale by K/10.) 


Fie. 15 


(Furnace No. 
fahr. air. 
tivity, multiply 


there is at least the danger of a break at the junction of metal 
and refractory after some heating and cooling cycles have been 
undergone. In the case of wall IV there are two joints 
(g: and ge) in series, across which the energy must flow. 
Any break in such joints results in a modification of the mode 
of heat transfer, in that across the joint the transfer will take 
place primarily by radiation and by conduction through the 
air in the gap. A negligible amount of energy is transferred 
by convection due to the low-velocity air currents set up 
within the gap. Such conditions of course increase the re- 
sistance to the flow of energy by causing a temperature 
difference to exist across the gap. The authors, together 
with J. Frease,"! have investigated these conditions quite 
thoroughly. For the present, however, we shall conclude 


11 Graduate student, Department of Mechanical Engineering, 
Yale University, 1926-1927. Jun. A.S.M.E. 
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EFFECT OF VARYING THE FRACTION COLD ON 
REFRACTORY-COVERED FuRNACE WaTER WALLS 


Conductivity K = 10; for any other conduc- 


envelopes considered in t! 
preceding papers'® men: 
tioned above were tak 
as of the usual well-ic 


© 
Fraction Cold 


signed non-water-cvol' 
type and hence were % | 
sumed to permit of on: 
a negligibly small amount of heat transfer by conductio 
Thus the conduction term did not appear in the refractor 
equation. For the present case this equation assumes t 
form: 


Energy radiated from the refractory to the cold surfac | 
+ Energy conducted through the refractory 

= Energy radiated from solid fuel masses to refractory 
+ Energy radiated from gases to refractory 
+ Energy received at the refractory by convection. 


Without going into the theoretical development 2! 
further at this time, it may be said that the mean flame 4! 
refractory-surface temperature values T'v and Te and th 


2; 25,000 B.t.u. per cu. ft. per hr.; 70 deg. 


refractory thickness shown by K/10.) 


12 Trans. A.S.M.E., vol. 48 (1926), p. 849. : 
13 Wohlenberg and Lindseth, Trans. A.S.M.E., vol. 48 (192° 
p. 849. 
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at Furnace No, 2, types A and B; coal No. 1, pulverized; 20 per cent excess air; air temperature, 500 deg. fahr. For any other conductivity, 
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Fic. 17. Errecr or VaryinG oF REFRACTORY ON PERMISSIBLE Rate oF ENERGY RELEASE FOR DIFFERENT AIR 
20) TEMPERATURES 


(Furnace No. 2, type A, water-cooled refractory walls; coal No. 1 or No. 2, pulverized; 20 per cent excess air. Solid curves, Tu; dotted, TR. 
Conductivity K = 10; for any other conductivity, multiply refractory thickness by K/10.) 
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FURNACE TYPE A, % =0.167 
Water-cooled Refractory Walls 


coefficient ys values included in the following are all based 
on an analysis, for the various conditions assumed, which water tubes. The other faces are considered as plane metal 


has its foundation in the above equilibrium equations. surfaces cooled by water in the boiler circulation and covered 
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FURNACE TYPE E, Y=1.00 


one in which the top face of a cubical cavity presents bare 
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INFLUENCE OF RerFRacTORY THICKNESS 

The influence of the thickness of the refractory coating on 
furnace conditions is shown in Figs. 14, 15, and 16. The 
type A water-wall furnace in this analysis is considered as 
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Fig. 18 Errect or VARYING THE FRACTIONAL PART OF THE FURNACE ENVELOPE WuicH Presents BARE WaATER-COOLED SURFACE ON THE 
PermissisLeE Rate or ENerGy RELEASE FOR DIFFERENT THICKNESSES OF REFRACTORY COATING ON ParT OF ENVELOPE OccurpieD 
By Rerracrory WaTerR-CooLep WALLS 


(Furnace No. 2; coal No. 1 or No. 2, pulverized; excess air for furnace types A and B, 20 per cent; air temperature, 500 deg. Conductivity K = 
10; for any conductivity multiply refractory thickness shown by K/10. Solid curves = TU; dotted curves = TR.) 


on the interior plane surfaces with a refractory coating of the 
thickness shown. The conductivity of the refractory * 
taken as 10 B.t.u. per sq. ft. per degree difference per inch 
of thickness, which is a fair average for the ordinary ref ractory 


Fie. 19 FurRNace-FLAME-TEMPERATURE ISOTHERMS 


(Furnace No. 2; coal No. 1 or No. 2, pulverized; excess air, 20 per cent; air temperature, 500 deg. fahr. Mean flame temperature Tu indicated 
on curves. Conductivity K = 10; for any refractory conductivity multiply thickness shown by K/10.) 
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materials. Carborundum has a very much higher conduc- 
tivity and the curves may all be applied also for such cases ' 
simply by multiplying the refractory thickness shown by 
the ratio of conductivity of the refractory under consideration 
to that for which the chart was constructed. Thus, if the 
conductivity should be 50, the same furnace conditions 
as shown in the figures result when the refractory of higher 
conductivity is 50/10 or five times as thick. 

The general shapes of the various curves shown in Figs. 14 
and 16 are practically the same for all cases. Their magnitude 
and relation to each other, though, varies considerably. 
The extreme left-hand end of all curves represents the type : 
E furnace conditions; that is, for the furnace cavity com- 
pletely surrounded by bare water-cooled walls. In general, 
the temperature curves rise quite rapidly to a practically : 
constant value, so that by the time the 6-in. refractory 
thickness is reached the furnace conditions are not at all 
dissimilar to what they would be if the refractory wall were 
much thicker and had no water wall back of it. In other 
words, for a conductivity of 10 the water cooling of the ® 190¢ 


| 


a 


refractory has very little effect as far as thermal advantage ; 
is concerned after a thickness of even 2 in. isreached. If the ie, 
conductivity is 50 the wall thickness might be increased to i: 
10 in. before the effect on furnace conditions becomes negli- | | < 
gible. The lower group of curves in each of the charts 0 ae ee a 

Fig. 16, shows how the conditions are altered if two faces : ee 3 

———— Mean Refractory Temperature Tp 
of the cubical furnace cavity, instead of one, present bare- 
iron water-cooled fronts, the remaining four walls being 
water-cooled-refractory lined and of the refractory thickness 

shown. The influence of fraction cold for a given set of 9 5 0 (5 20 25 =§O 
furnace conditions otherwise is well illustrated by Fig. 15. Furnace Volume, Thousands of CuFt 

The influence of rate of energy release on mean flame and Fic. 21 Errecr or Varyinc Furnace Votume on Rerracrory- 
refractory-surface temperatures for different air temperatures Coverep-Furnace Water WALL 


: . > (Type A furnace, 25,000 B.t.u. per cu. ft. per hr.; air temperature, 70 
and different furnace-envelope types is shown, respectively, — fanr. KR = 10; for any conductivity multiply thickness shown by K/ioy™ 
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Fic. 20 Furnace-Rerractory IsoTHERMS 
‘Coal No, 1 or No, 2, pulverized; excess air, 20 per cent; air temperature, 500 deg. fahr. Conductivity K = 10; for any conductivity multiply 
refractory thickness shown by K/10.) 
~ Figs. 17 and 18. As before, the curves all have the same shown. The influence of variation in the excess air is shown 
tends, but are shifted in position for the different conditions in chart III of Fig. 18 to be quite small. 
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FurNACE ISOTHERMS AND THEIR APPLICATION 


The charts of mean-flame-temperature isotherms shown 
in Fig. 19 indicate how much the influence of change in frac- 
tion cold on permissible rate of energy release is decreased The mean refractory temperatures at an 1800-deg. flame 
as the refractory thickness is decreased. Thus for a'/:in. temperature are 


refractory a furnace with 


for the conditions shown, of an energy-release rate of 23,000 


as against 30,000 B.t.u. for 


If the refractory thickness is increased to 2 in. the permissible 
energy-release rate for furnace symmetry y = 0.2 is decreased Thus it is apparent that thinning down of the refractory 
from 23,000 to 16,000 B.t.u. 
furnace volume in the ratio of 23,000/16,000. 
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1/,-in. refractory = 35 per cent 
l-in. refractory = 30 per cent 
2-in. refractory = 26 per cent 


symmetry ~¥ = 0.2 permits, 


1/-in. refractory = 1100 deg. 
l-in. refractory = 1260 deg. 
2-in. refractory = 1450 deg. 


the type E furnace symmetry. 


, thus requiring an increase in coating, as was to be expected, has the effect of narrowing 
the limits of economical load variation. At the same time, 
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Fig. 22 VARIATION OF FLAME- AND RerracTory-TEMPERATURE CHARACTERISTICS AND OF VoLUME WiTH VARIATION IN THICK 


(All furnaces designed for 200 million B.t.u. per hr. energy release at Tu = 2400 deg. fahr. Coal No. 2, pulverized; excess air, 20 per cent; air tem 


perature, 500 deg. 


similar manner how the mean 


change with thickness of refractory. Thus for an energy- charts. 
release rate of 20,000 and symmetry of Y = 0.4 the refractory 
temperature varies from 1400 deg. for '/:-in. thickness to 
1850 deg. for 2-in. refractory thickness. 

The relation of furnace volume to temperature, for a If instead of the ordinary refractory materials some car- 
given set of conditions otherwise, is illustrated by Fig. 21. borundum, which has a high conductivity, is used, the '/,in. 
As before, it is seen that until the volumes are fairly small refractory thickness indicated for chart I of Fig. 22 could 
a change of volume has but a small effect on the temperatures. be increased about 50/10 or five times. A l-in. thickness 

By means of the method used earlier in connection with the is probably ample from structural and practical-operation 
charts of Fig. 12, but now by application of the curves in considerations. The resistance in the air gap will certainly 
Figs. 19, 20, and 21, the temperature characteristics shown not be greater than that of the extra 1'/2 in. of refractory if 
in Fig. 22 are arrived at. The furnaces are in each case some care is taken in fitting the refractory to the metal, 
designed for a 200-million-B.t.u. total energy-release rate whence the curves in chart I of Fig. 22 should represent 
(B.t.u. per hr.) at a maximum mean flame temperature of what may actually be accomplished in the refractory-lined 
2400 deg. For the refractory-coated furnace the symmetry water-wall furnace of the symmetry and other conditions 
also is constant in all cases at Y = 0.2. It is found that shown as compared to that which may be accomplished in 
at a low temperature limit of 1800 deg. the fractions of the the type E furnace. It is seen that the difference in required 
load at 2400 deg. are as follows: furnace volumes for the two types of furnace envelope is very 


The furnace-refractory isotherms, Fig. 20, indicate in a 


60 
Per Cent of Energy- Release Rate at Flame Temperature= 2400 Deg Fanr. 


NESS OF REFRACTORY COATING IN WATER WALLS 


fahr. Conductivity A = 10; for any conductivity multiply refractory thickness shown by K/10.) 


however, it has a decided influence on the required furnace 
refractory-surface temperatures volume. This is shown numerically at the bottoms o/ the 


CoMPARISON OF Rerracrory-CoaTep Water WALL WITH 
Type E or Aut-Cotp Furnace ENVELOPE 
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much less than was true for the former comparison involving 
as one case the uncooled refractory wall. The two mean 
flame-temperature characteristics are practically identical, 
but there is one striking difference in favor of the refractory- 
lined water-wall furnace. The mean temperature of the 
refractory front is about 1000 deg. for loads even as low as 
25 per cent of maximum load. As compared to a wall 
temperature of between 300 and 500 deg. for the type E 
furnace, it is apparent that the refractory coating provides 
for lower losses due to incomplete combustion, particularly 
at the lower rates of energy release. 

In none of the cases has anything been said of the limita- 
tions which may be imposed on the possible rates of energy 
release by the methods employed in burning the coal, or how 
this may effect the comparisons which have been drawn. 
Obviously, if conditions in this respect are such as to make 
it uneconomical because of some factors other than ash-fusion 
points, such for instance as the loss of too much unburned 
carbon with the flue gases, then the apparent volume ad- 
vantage which the type E envelope has may be considerably 
decreased. Not only this, but the permissible load range of 
the type E furnace is still further reduced because now its 
maximum rate of energy release has been lowered, as shown, 
for instance, by the points C in Fig. 22 for an assumed maxi- 
mum energy-release rate of 25,000 B.t.u., and furthermore 
without any change in the lower limit of energy-release rate. 
It is hoped that this phase of the subject may bring forth 
some discussion. 


CONCLUSIONS 


1 The type E furnace envelope provides for the highest 
permissible rates of energy release in so far as flame tempera- 
tures are the limiting factors. 

2 Furnaces provided with properly designed refractory- 
lined water walls provide conditions in which the energy- 


release rates of the Type E furnace envelope may be ap- 
proached, in so far as flame temperatures are the limiting 


factors. They provide better conditions for the completion of 
combustion, at least in the lower ranges of load. 

3 Furnace envelopes of interior symmetry identical 
with that of the refractory-lined water-wall furnace but in 
which the refractory walls are not cooled require the greater 
volume of the two for given limiting mean flame temperatures. 
If the fraction cold y is not large for these, the provisions for 
efficient combustion at the lower ranges of load are fully 
as good as they are in the refractory-lined water-wall furnace. 
If, however, the fraction cold of the former is increased to 
yield an energy rate on a par with that of the latter, the actual 
interior area of the refractory wall is likely to cover only a 
relatively small portion of the total envelope. In the latter 
case the combustion conditions at the lower ranges of load 
may be deficient. This is particularly so if the refractory 
portions are not properly located. 

4 In view of the importance of the information furnished 
by such an analysis, and because of the dearth of data from 
experiments on the boiler furnace which might serve as refer- 
ence points, it becomes obvious that there is a need for a 
thorough experimental research in the field of radiation and 
heat transfer in boiler furnaces as related to combustion 
conditions. 

5 Comparisons made by such an analysis as this are 
probably justifiable because of the care that has been taken 
In having all factors reduced to a comparable basis, but 
Whether the whole scene should be shifted up or down will 
Probably not be known until more data from experiment 
are made available. 


Discussion 


G. H. Kaemmer.ina.“ The paper which Professor Wohlen- 
berg and Mr. Brooks have presented is very evidently the sum- 
mation of a long period of interesting effort and study. . The 
relations of combustion rates and heat distribution in water- 
cooled furnace constructions have been the subject of much 
discussion, but this paper is the first comprehensive analysis of 
limits and proportions in definite terms that the writer is ac- 
quainted with, and it should do much to clarify a matter which is 
becoming daily of more importance. 

A number of points are brought out which deserve special 
emphasis. One of these is that the least total heating surface 
required for a given heat absorption, including both cold sur- 
face and boiler proper, does not correspond to the condition of an 
all-cold surface in the furnace. The importance of this is in- 
creased by the fact that such cold surface as is removed from the 
convection zone and exposed in the furnace becomes more ex- 
pensive per square foot in the transfer. 

The writer would like to call attention in passing to the 
assumption which is made that the radiation mean temperature 
in the furnace is also the mean temperature of the gases escaping 
from the furnace. This assumption is not obvious to the writer, 
and it would be of interest to have it substantiated. 

A considerable disparity is apparent in mean refractory tem- 
peratures between stoker settings and pulverized-coal settings 
for the same cold fraction and equal heat releases. It should 
be borne in mind, however, that the cause of this is the uniform 
distribution of the pulverized coal throughout the furnace volume, 
and for the same reason the variation from the mean of the 
temperatures of the refractories should be higher in the stoker 
setting, which will make the maximum refractory temperatures 
in the two cases more nearly equal. 

The high rate of heat release possible when the cold fraction 
is unity is of interest—permitting unusually small furnace 
volumes—but the economics of the case seem to be against 
approaching the maximum obtainable cold surface in the furnace, 
as it would appear that the total heating surface required is in- 
creased. It also suffers the disadvantage of allowing only a 
narrow range of operation, which would make it unsuitable for 
the average industrial plant. 

The advantage of cold surface lies in reduction of the size of 
furnace, thereby increasing the rate of heat release. The 
result is that a shorter time is available for the combustion 
reaction, and if the chilling effect upon combustion of the cold 
zone about the walls is also considered, it seems probable that 
full benefit of the advantages of the all-cold furnace cannot be 
attained without adverse effects upon efficiency. 

The advantage of hot walls in the burning of pulverized fuel 
is a very real one. The retention of this advantage and preser- 
vation of the refractories from destructive temperatures, while 
obtaining a high rate of heat release, is evidently readily accom- 
plished by the use of water-cooled refractory surfaces. It appears 
that with this type of construction the performance of the cold- 
wall furnace may be approached while retaining the beneficial 
effects of refractory lining plus durability. 

The analysis and conclusions arrived at by the authors are 
based upon an ideal distribution of temperature through the 
furnace, which demands an ideal burner design. This in no way 
effects the value and general accuracy of the conclusions, but will 
naturally lead to corrections based on burner performance and 
the study of temperature distribution in actual furnaces during 
the process of applying the conclusions quantitatively to the 
design of furnaces. 


14 Technical Assistant to General Manager, Erie City Iron Works, 
Erie, Pa. Assoc-Mem. A.8S.M.E. 
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E. G. Battery." Professor Wohlenberg and Mr. Brooks have 
written an excellent paper, and the only discussion the writer 
would add is confirmation of their theory based on the experiences 
of his company in the practical design of furnaces. 

This paper shows mean temperatures that may be expected. 
Actually, hot spots that may be 300 to 400 deg. hotter than the 
mean are experienced, and more cooling and more fraction cold 
must be provided if these local spots are to be protected. 

Many of the curves have been based on values of fraction cold 
with the assumption that two or three sides of the furnace could 
be cooled and the rest left uncooled and certain mean temper- 
atures obtained. It has been found in practice, however, that 
cooling one side will not entirely protect uncooled refractory on 
the other side of the furnace. The rational furnace design then 
is a moderate degree of cooling on all surfaces that are in a 
hot location. 

Fig. 14 shows four types of construction that are very interest- 
ing to the writer and his associates because of the practical ex- 
perience they have had with all four and many others as well. 

Type II looks ideal on paper, but in practice it has been found 
that the ‘‘V’s’’ between tubes either fill up with slag or cut back 
between tubes until nothing is left. It is practically impossible 
to get good contact at g, due to the difference in expansion between 
tile and tube. The mechanical strength of the tile will not 
permit the high pressures necessary to get good thermal contact. 
As a result of the mechanical weakness of the tile, difference of 
expansion, and poor contact, the tile will waste away rapidly and 
will also spall and crack. The same difficulties apply to Type 
III. 

Type IV represents construction which has been used under 
many varied conditions and has many advantages not found in 
the other types. The metal blocks can be ground and fitted 
to the tubes, and by the use of a highly developed heat-conducting 
cement and a heavy pressure holding the metal to the tube, 
the thermal resistance g; can be reduced to a low value. It is 
not safe, however, to assume that this joint can be poorly made 
or that the heat-conducting cement and pressure can be dis- 
pensed with and still keep the metal from burning. 

It is not satisfactory to say that the refractory need be fitted 
only approximately to the metal. Experience has shown that 
a gap as large as 0.05 in., mentioned in the paper, will cause a 
thermal resistance much greater than 1 in. of ordinary refractory. 
In many furnaces, even with very good contact at g; and almost 
perfect contact at gz, a refractory of high heat conductivity will 
thin down until only '/, in. is left. It is very obvious that unless 
g2 Were very good, no refractory at all would remain. The method 
used to get good contact at gz is to cast the metal to the refrac- 
tory, thereby obtaining a junction that has almost zero resis- 
tance and one that is strong mechanically even when the tile 
becomes very thin. 

The writer would like to introduce this fundamental principle 
in furnace design: The best furnace is one the conductivity 
of which is such that all walls will be at a temperature equal to 
the fusing temperature of the ash. Cooler walls have a detri- 
mental effect on combustion, while wall surfaces hotter than this 
cannot be maintained, as the washing of the slag will auto- 
matically bring the refractory thickness to such a point that its 
surface temperature will equal that of the fusing temperature of 
the ash. 

Many furnaces today are operated much closer to the point 
where unburned fuel passes up the stack than we realize. For 
instance, in one series of tests higher efficiency was obtained on a 
furnace having refractory-covered water-cooled walls than was 
obtained on a similar one with only metal covering over the 


15 President, Fuller Lehigh Co., Fullerton, Pa. Mem. A.S.M.E. 
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tubes. On another installation of refractory-covered water. 


cooled walls appreciably higher efficiency was obtained after 


some slag had built up on the wall than was obtained when the 
wall was absolutely clean. This again bears out this funda- 
mental principle that the best all-round furnace is the hottest 
possible one that will live. Such a furnace will have a surface 
temperature equal to the fusing temperature of the ash. 

The basic advantage of a refractory-covered water-cooled 
wall is that the refractory can thin down to an equilibrium con- 
dition, which may be '/, in. or less, and still be mechanically 
strong if the metal is cast to the refractory, or it can build up 
from 2 to 12 in. of slag if required to reach that equilibrium con- 
dition necessary to get a surface temperature equal to the fusing 
temperature of the ash. No stable accumulation of slag can be 
made to build up on bare tubes. This building up or thinning 
down tends to equalize the wall temperatures and thereby smooth 
out irregularities in furnace temperature. 

Another advantage of refractory covering is that it protects 
the tubes. High heat liberations of from 30,000 to 40,000 
B.t.u. per cu. ft. are only obtained by turbulent burners which 
invariably have some hot spots. The result is such a high 
rate of heat transfer through bare tubes that the steam film 
inside cannot get away fast enough and the life of the tubes may 
be very short, even if very clean water is used. Failure of wall 
tubes means outage at very inopportune times. 

In addition to these factors we must consider that the effective- 
ness of any fraction cold is dependent upon the character of th 
flame and the furnace proportions. 


McRae Parker.'® Professor Wohlenberg has been somewhat 
criticized in this discussion for his manner of working the mean 
furnace temperature. The writer does not see upon what other 
basis he could have worked it out, and he feels that it does not 
detract from the value of his paper at all; in fact it would seem 
to add to its value, because the hot-spot temperatures will vary 
largely according to a particular furnace design. 

The civil engineer, for instance, works to certain means, fits the 
design to a particular condition, and takes into consideration the 
abnormal stresses which may occur at specific times and a 
specific points. 

In view of what Mr. Brooks has said regarding the wide var- 
ation in the character of the fusing of the ash, the writer feels 
that that part of Mr. Bailey’s discussion in which he indicates 
that the amount of refractory or other heat-resisting materia 
on the cool wall would be taken care of automatically, is open ‘ 
question. It would seem, at least with some types of ash, that 
as the slag built up there would be a tendency to increase rather 
than automatically diminish. 


C. G. Spencer.'” The writer recalls an experience in furnace 
design and slagging with pulverized fuel which may be inter 
esting. In this case the walls initially were air-cooled. The 
character of the ash, because of the high percentage of iron and 
sulphur was such that the walls wore rapidly. The firebrics 
was washed down by the molten slag. Starting with a +i 
thickness of firebrick between the furnace and the air-coolint 
spaces, this washed down to 1 in. in thickness, which maintaine 
until some mechanical action, through expansion or contractio®, 
caused failure. 

As a further development, which has a bearing on this questio® 
of surface cold, a fin-tube furnace was next installed for the same 
condition. 


16 Mechanical and Electrical Engineer, Cleveland Worsted Mil 
Co., Cleveland, Ohio. Mem. A.S.M.E. 


17 Vice-President, Baker & Spencer, Inc., New York, N. Y. Mea 
A.S.M.E. 


That furnace was metal-lined on both side walls and | 
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on the rear wall, and in addition had a screen across the ash 
hopper. It is interesting in the light of that experience to note 
that Professor Wohlenberg is giving data on what might have 
been expected had it been known at that time. The practical 
result in putting that furnace in operation was a drop in super- 
heat. 

This was anticipated, but could not be determined except by 
operation. In turbine operation a drop in superheat is a loss 
in station economy; therefore the problem of bringing the super- 
heat back had to be faced. All types of coatings for the black 
tube surfaces were considered, even to applying aluminum coat- 
ings, or some material to be brushed on. 

The interesting point is that as operation developed, it was 
found that a deposit of ash or very fine material collected on these 
black surfaces and materially reduced their furnace-cooling 
effect. It did not bring the furnace temperature up to where 
it was desired, but the slight collection of fly ash, a light-colored 
material, did improve the furnace temperature. 

The water-cooled walls reduced the maintenance, but it did 
not seem wise to go ahead with more furnaces with so much black 
surface, so bare tubes in vertical recesses in firebrick walls were 
next tried. The furnace was lined with such tubes, so installed 
that the face of the tube was flush with the face of the wall. 
This construction, by the way, represented a material dollar 
saving. It was also found that slag building out on the refrac- 
tory was more or less self-adjusting as to thickness, with the 
result that the maintenance was low on those furnaces, which 
have been in service now for two or three years. 


Linpseru.'® Mr. Kaemmerling raised the question of 
whether radiating mean temperature of the flame was the same 
as the temperature of the gases leaving at the furnaee aperture. 
The fundamental equations through which the flame temper- 
atures are arrived at make this a necessary conclusion. The 
entire development is one of heat balance, therefore the energy 
entering the furnace must exactly equal the energy leaving the 
furnace. The energy entering the furnace is made up of the 
heat content of the fuel plus the sensible heat in the preheated 
air. The energy leaving the furnace is made up of the heat 
absorbed by the steam and water in the water walls, plus the 
sensible heat in the gases leaving at the furnace aperture. 

The solution is one of cut-and-try. The radiating-flame 


temperature—better still, the mean flame temperature—which 


is chosen is that temperature which will give an equilibrium in 


_ this equation, that is, this flame temperature when assigned to 


the solids and gases in the furnace will give a heat loss from the 
flame (as calculated from the radiation and convection equations) 
exactly equal to the difference between the energy entering the 


) furnace or fuel and air and the energy leaving as heat in the prod- 


+ ucts of combustion. 


Hence, it must inevitably follow that, 
when equilibrium is established, the mean flame temperature and 
the temperature of the gases leaving at the aperture will be the 
same, 


_W. R. Lrrrie.'® If the refractory tile is placed like a core 
into a mold and iron is cast on to the tile, penetrating every 
pore of it, a satisfactory bond is secured. Since the temperature 
difference between the surface of the refractory and the surface 
of the metal is from 60 to 120 deg. fahr., there is not enough 
difference in the expansion of the two materials to break the 
close-knit bond between the metal and the refractory. 

Mr. Parker mentioned the variation of the refractory thickness. 


, 18 Production Engineer, Steam Department, Cleveland Electric 
lluminating Co., Cleveland, Ohio. Jun. A.S.M.E. 


Pittsburgh Office, Fuller-Lehigh Co., Assoc-Mem. 
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It has been found that the initial refractory thickness of from 
1 to 2 in. may thin down in the hot zones until conductivity is 
rapid enough to maintain the refractory surface. This surface 
ordinarily becomes coated with a thin layer of slag. 

In colder regions of the furnace the fly ash may build to the 
refractory surface until it either breaks loose on account of its 
own weight or until the heat conductivity is reduced to such an 
extent that the fly ash melts and runs down in a liquid state. 


RoutFe SHELLENBERGER.” The writer would point out that 
in this type of construction the iron almost fuses to the refractory 
and the bond is very close. Furthermore, the iron may be of such 
form that it will flex with the motion of the refractory. 


H. M. Cusutna.24, The company with which the writer is 
associated has conducted some very interesting experiments 
with refractory-lined blocks. A short description of the Buffalo 
furnaces and what we learned may be of interest in connection 
with the paper. 

The experimental furnace at Buffalo used an 8-ft. well cooled 
on all four sides with Bailey-block water walls, and heat liber- 
ations as high as 62,000 B.t.u. per cu. ft. of total furnace volume 
were obtained. The purpose of this furnace was to determine 
the limits of endurance of the materials used and bare calorized- 
steel blocks were first installed, being replaced later with re- 
fractory-faced blocks. 

Neither type of block could withstand the tremendous heat 
liberation, but they did hold up for so long a period that the 
possibility of bare tubes being able to endure was considered. 
They were tried out, and after about 50 hours service badly 
burned spots were found in approximately 50 per cent of the 
uncovered tubes. 

In the furnaces designed as a result of our experiments the well 
was enlarged to 15 ft. 7 in. square, the end walls rising vertically 
to a point just below the boiler tubes, while the side walls turned 
out at an elevation of approximately 11 ft. from the well floor 
so as to give the furnace proper a width of 24 ft. These furnaces 
have Bailey-block water walls on all four sides; the bottoms are 
flat and ash is removed in the molten state once each day by 
tapping. The burning of low-fusion-ash coal made our design 
requirements very severe. 

As we found from our experiment and operation, the secret of 
proper design of furnace walls for use in conjunction with the 
burning of low-fusion-ash coals is to absorb heat so rapidly from 
the wall that a skin of slag is allowed to freeze on the furnace side, 
separating the molten slag which runs downward on these sur- 
faces from the refractory and steel of the wall. This is essential 
as no metal or refractory which would successfully withstand 
the erosive action of molten slag streams has yet been found, 
although the melting points of the material may be much higher 
than that of the slag. 

The blocks appear to wear back rapidly at first until an 
equilibrium has been established, and then stay in practically 
the same condition for month after month, although heat liber- 
ations of 40,000 B.t.u. per cu. ft. of furnace volume are used. 

All furnaces are fired tangentially from air-swept ball mills, 
operated on the “‘direct-fired” system. 


H. B. Cannon.”? Professor Wohlenberg’s paper seems to 
follow quite the right lines; however, there still seems to be 


20 Field Testing, Steam Generating, Fuller-Lehigh Co., Fullerton, 
Pa. Mem. A.S.M.E. 


21 Chief Engineer, Buffalo General Electric Co., Buffalo, N. Y. 
Mem. A.S.M.E. 

22 Research Engineer, Erie City Iron Works, Erie, Pa. 
A.S.M.E. 
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much to be done due to the fact that different methods of firing 
alter conditions materially, and also affect the radiation from 
the furnace to the furnace walls. 

It seems fairly certain, however, that the bulk of heat transfer 
is primarily through radiation. If we admit that fact, then we 
should try to absorb that heat as such without further 
rectification between the point of energy release and point of 
absorption. 

One of the requisites of furnace design today is to make a wall 
which will conduct heat and stand up. In this respect the re- 
fractory-coated block is undoubtedly very satisfactory. The 
writer has had considerable experience with refractories, and 
also castings, and has attempted to cast metal blocks to refrac- 
tories. While he was never able to perfect a permanent bond 
between the metal and the refractory, he has successfully cast 
one refractory to another, There seems to be no doubt that the 
transfer of heat from the refractory to the metal block is by 
radiation in walls of this type of construction, and although it 
can be easily proved that there is no physical bond between the 
materials, it is not conceivable to those who have had con- 
siderable experience with this type of wall that there can be 
any physical bond between the refractory screen and the metal. 
The writer’s idea is to use super-refractory materials to retain 
sensible heat in the furnace in order to obtain the higher tem- 
peratures which some of us recognize as quite beneficial in burning 
fuel efficiently. In radiating the heat directly to the boiler 


tubes, the metal merely acts as a resistant in the transmission 
of radiant heat, but with the use of a filter screen between the 
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tubes which would be stable, it appears that we could transmit 
considerably more heat than where the refractory is attached to 
metal blocks. 

With regard to heat releases, the writer recalls a series of tests 
some years ago in which both oil and pulverized fuel were used, 
With coal a heat release of 225,000 B.t.u. per hr. was obtained, 
and even that did not represent the limit; in fact, the furnace 
screen was too cold and the heat transfer was something like 
40,000 or 45,000 B.t.u. per sq. ft. per hr. Using oil in the same 
type of furnace, the heat release ran up to 270,000, and the heat 
transfer was around 50,000 B.t.u. per sq. ft. per hr. 

More heat may be transmitted through the wall running at 
high temperatures than through one at low temperatures, }ut 
the main point to be considered is the construction of a furnace 
screen having high heat-radiating qualities and which will be 
stable in construction. It is the belief of the writer that a 
wall of this type will some day be developed. 


Avutuors’ CLOSURE 


Since the questions brought out in the discussion of this paper 
have been answered, after a fashion at least, during the course of 
the discussion, it remains only for the authors to thank all of 
those who have taken part. It is hoped that further investi- 
gations along such lines will in the future shed more light on the 
doubtful points. The subject is one which has not in the past 
been thoroughly investigated by experiment or test. This 
appears to be the line of attack which should be pursued in 
future investigations. 
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Some Economic Factors in Power-Station 
Design 


By H. BOYD BRYDON,! CHICAGO, ILL. 


After a discussion of capacity factors and average loads of steam 
turbines over a sixteen-year life period, the author examines the 
costs of seven 60,000-kw. unit plants. Of these, one is to operate 
with steam at 400 Ib. pressure, three with steam at 600 Ib., and three 
with steam at 1200 Ib., there being different reheating arrangements 
provided in the 600-Ib. and 1200-lb. plants. Preliminary layouts 
of the 400-Ib., 600-Ib., and 1200-lb. plants are shown. It is con- 
cluded that the adoption of the 400-lb. plant is preferable on the 
score of simplicity, ease of operation, and cost. Should conditions 
ever arise under which the use of a pressure of 1200 or 1500 Ib. 
may become attractive, the proposed pressure will fit in nicely. 
The 600-Ib. plant will not. 


HE past few years have afforded repeated instances of 

the tremendous efforts by those of us charged with the 

design of power stations to effect reductions in heat con- 
sumption. With the growth of our electric systems larger and 
larger power houses have been built, larger and larger units 
have been developed, and higher and higher pressures and tem- 
peratures have been employed. 

Superheaters, economizers, air preheating, the regenerative 
steam cycle using two, three, and even four stages of steam ex- 
traction, reheat of the steam once and twice in its passage through 
the turbine, all have contributed. 

Boilers have been worked to higher and higher capacities, and 
the consequent destruction of furnace linings has led to air- 
cooled and then to water-cooled walls. 

All these things have helped to reduce the heat required to 
generate a kilowatt-hour. Pointings with pride and gnashings 
of teeth have followed the publication of successive records of 
heat economies from one station after another. But to what 
extent have these things really been justified from an economic 
standpoint? 

Given sufficient money, it is not difficult to reduce heat con- 
sumption. The question is, Will it pay—in dollars? Has 
not too much attention been paid to the thermodynamic side 
and too little to the dividend side of power-house design? Are 
not the dollars spent for capital charges increasing faster than the 
dollars saved by reduced coal consumption? 

By setting high enough the capacity factor at which a proposed 
plant will operate, justification for increased expenditure to re- 
duce heat consumption may easily be had. It, is simply a ques- 
tion of getting the answer first. 

But is there not a tendency to overestimate this capacity 
factor? Is adequate consideration given, for instance, to the 
effect on the proposed plant of load increase as the years go on? 
Can we assert with any degree of confidence that we are reaching 
the saturation point in electric-energy consumption? For, if not, 
the effective life of a new plant may prove to be much less than 
that assumed by its designers as justifying refinements of equip- 
ment to reduce coal consumption. 

The current annual report of the Commonwealth Edison Com- 


A bs oo Byllesby Engineering and Management Corp. Mem. 
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pany remarks that the increase in output for 1927 over 1926 was 
approximately the same as the company’s entire output in 1907. 

Papers submitted in competition for the Bonbright Award 
in 1925 show growth in kilowatt-hours generated for the United 
States as a whole equivalent to about 50 per cent in five years, 
and for the East North-Central States equivalent to about 53 
per cent in five years, and that the installed generating capacity 
for the United States as a whole increased about 62 per cent in 
five years. 

If these figures mean anything they mean that, except for 
possible improvement in load factor, our generating capacity 
must be doubled every eight to ten years. Now unless we admit 
that no further improvement in equipment can be made, that 
no better solution of our problems can be achieved, it follows 
that new equipment working within the same pressure and tem- 
perature limits will do its work on a smaller heat consumption 
than the older. It is true that we are approaching the asymptote 
of heat economy in plants using steam as the working substance, 
but research is resulting in continual improvement; tomorrow’s 
steam station will be better than today’s, and the day of binary- 
vapor cycles is not yet. 

Consider the initial unit in a new power house built to meet 
the growing needs of a system containing certain power houses. 
Naturally this new unit, being more economical as regards coal 
consumption than the units in the older power houses, will be 
given the cream of the load. But the very giving of the cream 
of the load to the new unit affects adversely the load factor and 
output of all the original power houses, with the result that the 
total operating cost per kilowatt-hour of these power houses is 
increased. 

It is apparent, therefore, from a financial standpoint that con- 
sideration only of the fixed charges on the new installation and its 
operating cost under prescribed conditions cannot afford a com- 
plete solution of the problem. The effect of the new unit on the 
earning capacity of all the units previously installed should also 
be considered. 

For the new installation itself, selection of equipment and 
operating conditions of pressure, temperature, etc. must be 
governed by the condition that over its effective life the unit 
should be capable of delivering to the distributing system the 
greatest quantity of salable energy per dollar of total cost, total 
cost being of course the sum of the fixed charges and the operating 
costs for the whole effective life of the equipment. 

Three major factors control: 


1 Fixed charges 
2 Capacity factor 
3 Operated-hours factor. 


Frxep CHARGES 


Under given conditions of load and operating ability, reduction 
of operating cost can only be achieved by increase of fixed charges. 
If the proposed increase in fixed charges is merely equaled by 
the estimated reduction in operating cost, obviously nothing 
has been gained. On the contrary, much has probably been 
lost, for the fixed charges go on whether the plant operates or 
not. They are certain, whereas the improvement in operating 
cost resulting therefrom may not occur, due to load or other 
conditions outside the control of the operating company. 
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From the date that installation of additional plant capacity is 
decided upon, capital expenditures are made. These increase 
until the unit has passed its trials, is in successful operating con- 
dition, and ready for commercial service as called upon. The 
total of these expenditures is the sum upon which interest and 
taxes must be paid whether they are earned or not. 

Furthermore, to protect the capital so expended adequate 
insurance must be applied and the premiums must be paid. 

As soon as the unit is placed in commercial operation a fourth 
charge becomes necessary: a depreciation fund must be set up 
adequate to return the capital by the time the earning power 
of the equipment is at an end. 

These charges on that portion of the cost of the plant covered 
by the estimates given in this paper are assumed as follows: 
interest, 7 per cent; depreciation, 4 per cent; and taxes and in- 
surance, 2'/; per cent; making a total of 13'/2 per cent. 


EFFectTive LIFE 


If a sum representing 4 per cent of the capital expenditure 
be placed every year at interest at 6 per cent compounded 
annually, the capital will be returned in 15.72 years. In what 
follows, therefore, an effective life of 16 years has been assumed. 


Capacity Facror 


Since these fixed charges are not infrequently greater than the 
production costs, it is clear that the importance can hardly be 
overstated of estimating as accurately as possible the degree 
to which use of the proposed capacity will be made throughout 
its effective life. 

Examination of available data has therefore been made to as- 
certain the proper capacity factor to use in designing this plant. 
Such information is available in the various reports of the 
N.E.L.A., Association of Edison Illuminating Companies, and 
others. 
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The trend of the capacity factor is illustrated in Table 1 of the 
serial report of the Prime Movers Committee, 1926-1927, pub- 
lished in July, 1927: ‘1925 Operating Record for 191 Large Tur- 
bines.”’ In this table the capacity factor is arrived at by dividing 
the kilowatt-hours actually generated by the unit per year by 
the kilowatt capacity of the unit times the number of hours 
in a year, the quotient being expressed as a percentage. 

From the data given, Table 1 has been prepared. 

These figures have been plotted in Fig. 1, and as nearly as 
possible a fair curve drawn through the points. Continuing 
the curve to 16 years’ operation, it will be noted that the average 
capacity factor over this life is approximately 33 per cent. 
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TABLE 1 AVERAGE CAPACITY FACTORS FOR LARGE STEAM 
TURBINES 


Number of years Number of turbines Average 
in operation included capacity factor 
1 49 48.5 
2 28 48.7 
3 13 50.24 
4 13 40.01 
5 16 2.81 
6 22 40.0 
7 14 41.45 
Ss 12 44.58 
9 a 25.98 
10 ll 35.1 
11 5 26.3 
12 4 48.7 
4 
Ss 
1 Q000 tw 700 
\ 
\ 
Figures in Circles indicore 
of Machines Considered 
} 
0 2 . 6 8 10 12 14 6 


Age of Turbines Years 


Fie. 2. Capaciry-Factor Curves, 39TH ANNUAL Report, Asso- 
CIATION OF Epison ILLUMINATING COMPANIES 


Further illustrating this point, attention is directed to the curves 
in Fig. 2. These curves are from page 105 of the Minutes of 
the 39th Annual Meeting of the Association of Edison I!lumi- 
nating Companies, 1923, “Committee Report on Steam Turbines 
and Generators.”” In commenting upon this figure, the Commit- 
tee says: 


This graph shows very strikingly the extent to which installed capac- 
ity isnot used. ... The uppermost graph or double graph is possibly 
the most interesting of all since it represents the largest machines which 


would naturally be associated most completely with base-load opers- 
tion. This graph indicates that it took from five to six years to load the 
machines to a maximum, and that their use immediately fell of 
thereafter. If member and non-member company machines be 


considered as shown by the dash lines, it is apparent that the use 
of these large machines has fallen at the end of nine years to values 
approximately half the maximum. 


This curve shows further that the maximum referred to is 4 
capacity factor of about 60 per cent, and that the average annual 
capacity factor over these first nine years is about 48.4 per cent. 
If the high capacity factor of 30 per cent be assumed for the re- 
maining seven years of a 16-year effective life, the average ca 
pacity factor for the 16-year life is about 40.3 per cent. 

It is of considerable interest to note from these curves that the 
number of units reported upon falls rapidly after about six of 
seven years, which would indicate that units older than this 
are not in regular daily operation. 

The curves in Fig. 3 are for several large units of a system it 
the Middle West. The curves indicate the result of a decisio® 
to slow up on installing new units, which had the effect of i- 
creasing to about 77 per cent the capacity factor of unit C in the 
seventh year of its life and unit A in the tenth year of its lift 
which were coequal in date, but it will be noted also that within 
four years thereafter the factor had dropped to about 37 and 
36 per cent, respectively, and that the present capacity facto? 
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on these four units is about 39 per cent, their average life now 
being about 11 years. 
From similar data given in Fig. 4 for turbines in the Waterside 
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Fic. 3 AnNNvuAL Capacity Factors or Some LarGe TURBINES 


In Mippie-West Stations 
Station of the Louisville Gas and Electric Company, the figures 
in Table 2 are extracted. 


AVERAGE CAPACITY FACTORS FOR TURBINES IN 
GAS AND ELECTRIC 


TABLE 2 
WATERSIDE STATION, 


MPANY 
Life to Average capacity 
date factor over life 
Unit No. years to date 
3 13 22 
4(a) 12 8 
5 10 35 
6 25 
7 4 44 


(a) This was an old unit originally purchased in 1913, which was rebuilt 
and installed in 1915 in this station. It is used for peak-load purposes only. 


Similarly, analyses of the operating life of units in the Brunot 
Island and Colfax Stations of the Duquesne Light Company, plot- 
ted in Figs. 5 and 6, indicate that the average capacity factors for 
the tenth year of life of the units in Brunot Island Station are: 


5.9 per cent 
11.1 per cent 


the average of which is about 15 per cent. 

Of course, Brunot Island Station is taking considerably more 
of the swing of the load than Colfax, but in spite of this, reference 
to Fig. 6 shows conclusively the rapid fall in the capacity for 
the Colfax machines themselves. 

Considering the second year of life, we have for the complete 
unit No. 1 an average capacity factor of 71.4 per cent, and for 
unit No. 2, 83.0 per cent. In seven years unit ‘No. 1 has fallen to 
58.9 per cent. In five years unit No. 2 has fallen to 50 per cent. 
For the same calendar year the factors for 3-A and 3-B were 
78.8 per cent and 81.2 per cent. Now that Colfax Station has 
been increased by the addition of units 4-A and 4-B, the capacity 
factors on the earlier units in both stations may be expected to 
fall faster. 


From a study of these curves, it is difficult to avoid the conclu- 


sion that the capacity factor for an assumed effective life of 16 
years cannot be expected to be over 40 per cent. 


Of course, this capacity factor does not mean that the machine 
will operate at capacity for 40 per cent of the year and be shut 
down the rest of the time. Time is consumed in starting, apply- 
ing load, and removing load. It results that the unit is in opera- 
tion for a considerably longer time than it is carrying full load, 
so that the average load carried while in operation is less than full 
load. From the figures given in the N.E.L.A. report previously 
quoted, the average load carried by these turbines while in opera- 
tion may be approximated by taking the ratio of the capacity 
factor to the operated-hours factor. 

Table 3 shows the average load on the turbines previously 
considered. 


TABLE 3 AVERAGE LOAD, PERCENTAGE OF RATED CAPACITY 
(From N.E.L.A. Report, 1927) 


Year Number of Operated- 
of turbines Capacity hours Average 
operation considered factor factor load 
lst 49 48.5 70.0 69.0 
2nd 28 48.7 71.4 65.? 
3rd 13 50.24 72.87 69.0 
4th 13 40.1 62.2 64.4 
Sth 16 42.81 60.8 70.4 
6th 22 40.0 2 66.4 
7th 14 41.5 59.85 69.4 
8th 12 44.58 69.7 63.9 
9th 4 25.98 44.6 58.3 
10th 11 35.1 56.25 62.5 


Considering the varied conditions of operation of the system 
into which these turbines feed, the similarity of the average 
loading is very striking. Throughout the entire ten-year period, 
the maximum year average was 70.4 per cent, the minimum 
58.3 per cent, and the average for the entire ten years is 66.2 
per cent. 
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TABLE 4 AVERAGE LOAD, PERCENTAGE OF RATED CAPACITY 
(Colfax Station) 


Capacity Operating Average 
Life, factor, factor, load, 

Unit years per cent per cent per cent 
1 7 63.7 84.1 76.5 
2 6 55.9 87.1 64.1 
3-A 3 50.7 89.4 56.8 
3-B 3 58.2 93.5 62.2 
Average 9 
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TABLE 5 AVERAGE LOAD, PERCENTAGE OF RATED CAPACITY 
(Brunot Island Station) 


Capacity Operating Average 
Life, factor, factor, oad, 
i Unit years per cent per cent per cent 
1 12.3 43.7 43.4 £3 eee 
‘igh 2 12.3 40.8 37.2 (? eee 
4 10 28.8 43.0 67.0 
gga Se 5 9 55.3 81.6 67.8 
Par 6 13 32.5 47.5 68.5 
7 13 27.5 55.0 50.0 
Average 63.4 
Summarizing these data, we have: 
Average load, 
per cent of 
Data from rated capacity 
4 
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Tables 4 and 5 give similar data for the Colfax and Brunot 


Island units over their life. 

It is therefore evident that the average load on the unit 
throughout its effective life will probably not exceed 65 per cent 
of its rated capacity, and that certainly there is no justification 
for assuming an average load in excess of 70 per cent. 


Basis or Dgsicn 
The above summarizes an investigation made to determine 
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4-stage extraction. 
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Fie. 7 THermMat Economy or 60,000-Kw. Units 
Single-cylinder unit, 375 lb. gage, 725 deg. fahr., 1.00 in. back pressure, 


Temperature of Water, Deg. Fahr 


oOo 


Flomest 53.9 Deg. 


Mor. Apr. May June “July” Aug Sept Oct Nov 


Feb 


Tandem-compound unit, 575 lb. gage, 725 deg. fahr., 1.00 in. back 
4-stage extraction. 

andem-compound unit, 575 Ib. gage, 725 deg. fahr., reheat to 725 
deg. fahr., 1.00 in. back pressure, 4-stage extraction. 
Tandem-compound unit, 575 Ib. gage, 725 deg. fahr., steam rel 
to 500 deg. fahr., 1.00 in. back pressure, 4-stage extraction. 
Cross-compound unit, 1200 Ib. gage, 725 deg. fahr., steam reheg 
once to 550 deg. fahr., 1.00 in. back pressure, 4-stage extraction 
Cross-compound unit, 1200 Ib. gage, 725 deg. fahr., steam reheat 
twice to 550 deg. fahr., 1.00 in. back pressure, 4-stage extraction 
Cross-compound unit, 1200 Ib. gage, 725 deg. fahr., boiler reheat t 
725 deg. fahr., 1.00 in. back pressure, 4-stage extraction. 


at 


Fie. 8 AVERAGE TEMPERATURE BY Montus oF Onto River at 
Brunot FOR Pertop From 1915, To DecemsBer, 1927 


the bases upon which a proposed power house at Brunot Island 
should be designed. As a result, it has been concluded that the 


following factors shall govern: 
1 Effective life of the equipment shall be taken at 16 years. 


2 
3 
4 


From the tentative estimates made for auxiliary power re 


characteristics. 


Capacity factor used shall be 40 per cent. 
Operating factor used shall be 70 per cent. 
It was further decided to use a standard type of unit with 
which some experience was available as to its operating 


This led to the adoption tentatively of a 
60,000-kw., 80-per cent power factor, single-shaft machine. 


From the above bases it followed that the average annual 
generated output of the unit over its effective life of 16 years 
would be about 210,000,000 kw-hr. 


quirements, it was found that the corresponding average annus! 


salable output would be about 200,000,000 kw-hr. for a 400-lb. 
or 600-lb. plant, and about 195,000,000 kw-hr. for a 1200-1. 


plant. 


Thermodynamic economy is limited by conditions of pressure? 


Best OPERATING PRESSURE 


and temperatures available or permissible. 


Fig. 8 shows the average river temperature at Brunot Island 
for the past 12 years. For this period the mean annual river 
It is evident that these temper® 


temperature is 55.1 deg. fahr. 
tures limit the absolute exhaust pressure to one inch of mercury. 
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Use of commercially available metal limits the steam tem- 
perature to 725 deg. fahr. There remains only the steam pres- 
sure that may be substantially varied. 

Studies have been made for three operating pressures as mea- 
sured at the outlet of the boiler superheaters, steam temperature 
in all cases being 725 deg. fahr. at that point. 

In all cases an allowance of 25 lb. is made for the pressure 
drop in piping, valves, etc., so that the steam pressure at the 
turbine throttle will be 375, 575, and 1175 lb., respectively. 

For the 400-lb. plant the steam cycle is taken as straight 
regenerative. 

For the 600-lb. plant three plans were considered: 


a Straight regenerative 
b With steam reheat added to (a) 
c With boiler reheat added to (6). 


For the 1200-lb. plant regenerative feed heating was considered 
with three methods of reheat: 


a One-stage steam reheat 
b Two-stage steam reheat 
c Two-stage steam reheat and one-stage boiler reheat. 


From information received from the manufacturers, the curves 
in Fig. 7 were prepared showing the net heat chargeable to the 
turbine for each of these steam cycles. 

From these curves and at an average load of 42,000 kw., being 
70 per cent of the rated capacity of the unit, Table 6 below gives 
the net heat consumption chargeable to the turbine itself per 
kw-hr. generated. The third column of this table shows the 
percentage saving in this net turbine heat for the several higher- 
pressure plants, using the 400-lb. plant as the base. 


TABLE 6 

Steam Heat per Heat saving, 
conditions kw-br., B.t.u. e per cent 

400 10,990 ar 

600 (a) 10,710 1. 54 

600 (>) 10,450 4.93 

600 (c) 10,140 7.76 

1200 (a) 9,790 10.90 

1200 9,530 13.3 

1200 (c) 9,475 13.8 


It should be noted that these savings are for the turbine only; 
they do not represent the relative economies of stations operated 
on the several steam cycles. 

The cost of the stations is not even approximately identical, 
and as the added complication of equipment as pressure is 1n- 
creased necessarily involves higher cost of attendance and main- 
tenance, total operating costs do not vary in anything like the 
same ratio. Furthermore, as depreciation of equipment of 
plants of substantially higher pressure than 400 Ib. is not known 
with any degree of accuracy, allowance for depreciation for these 
plants must be largely guesswork. For simplicity, the charge 
is made 4 per cent for all cases. It is considered that, if 
anything, this flat figure probably favors the higher-pressure 
plants when compared with a 400-lb. plant. 


Cost oF PLANT 


Preliminary general-arrangement drawings of the several 
types of plant considered are shown in Figs. 9 to 11. In all 
cases the building is for two complete units. 

The 600-lb. plant illustrated in Fig. 10 shows the boiler-room 
cross-section for boilers without reheating surface as would be 
used for the steam cycles 600(a) and 600(b). For 600(c) the height 
of the boiler room would be increased by approximately 8 ft. 
due to the increased boiler height to accommodate the reheaters. 

The 1200-Ib. plant illustrated in Fig. 11 shows the boiler room 
expanded in length to provide for the reheat boilers required for 
cycle 1200(c). 


In preparing the several estimates suitable adjustments are 
made for these and similar changes in building size as necessary 
for the alternative cycles. 

In connection with the 600-lb. and 1200-lb. plants, it should 
be noted that no greater allowance for spare boiler capacity is 
made than on the 400-lb. plant. The question of spare boiler 
capacity in a 1200-lb. plant is a matter for serious consideration, 

In all cases the figures used are the result of conferences with 
the manufacturers of the particular equipment involved. While 
not firm prices, they are believed to be fairly representative of 
present conditions and adequate for the purpose of determining 
the operating pressure for which the station should be designed. 


TABLE 7 ESTIMATES ON SEVEN TYPES OF PLANT 
400-Lb. Plant 


Dollars 
5,536,000 
Overheads, 20 per cent.................+-+- 1,107,000 
6,643,000 
Fixed charges, 13!/2 per 896,800 


600-Lb. Plant, Cycle (a) 
Mechanical equipement... 3,889,000 


5,822,000 
Overheads, 20 per cent...................+- 1,164,400 


6,986,400 


Fixed charges, 13'/2 per 943,100 
600-Lb. Plant, Cycle (b) 

5,844,000 

Overheads, 20 per cent..................-++ 1,169,000 

7,013,000 

Fixed charges, 13!/: per 946,755 
600-Lb. Plant, Cycle (c) 

5,978,000 


7,173,600 


Fixed charges, 13!/s per cent. 968 ,490 
1200-Lb. Plant, Cycle (a) 

7,737,000 

9,284,400 

Fized charges, 131/s per 1,253,340 
1200-Lb. Plant, Cycle (b) 

7,777,000 


Overheads, 20 per cent..................... 1,555,400 

9,332,400 

Fixed charges, 13!/2 per cent.................... 1,259,820 
1200-Lb. Plant, Cycle (c) 

8,347,000 

10,016,400 

Pined Gharges, 1,352,160 


The estimates cover buildings adequate for two units, one of 
which is to be installed at present. They do not include cos 
of electrical equipment, transmission lines, and similar |te™* 
Neither do they include legal expense, cost of land, railros¢ 
connections, etc. 
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The estimates, which are summarized in Table 7, are necessarily 
preliminary. Much investigation and study will be needed 
before the final designs for the plant can be prepared. 


OPERATING Cost 


Several items must be considered in estimating the operating 
cost of the station. Among these are: 


a Cost of power used for auxiliary drive 
b Method of auxiliary drive 
c Effect of pressure on boiler efficiency. 


AUXILIARY POWER 


The object of building the station is, within its capacity, to 
deliver salable electric energy to the distribution system. 

If the station is such as to require that, of its product, 5 per 
cent shall be utilized within itself, the value of the station as a pro- 
ducer of salable energy is reduced by 5 per cent. If, however, 
the available capacity of but part of the equipment of the station 
is used, not all of that portion of the cost of the station is charge- 
able against the auxiliaries. 

In this respect must be considered the price at which that 
part of its product used within itself shall be charged against 
the station. 

Several views on this point have been promulgated: 


1 That only the cost of the coal so used is chargeable. 

2 That the energyso used should be charged only at the operat- 
ing cost, omitting consideration of the fixed charges. 

3 That the charge should be at the total cost of production, 
including the fixed charges, or at the same rate as that at 
which the station will supply its only other customer, the 
distribution department. 

4 That the salable value of this energy should be applied, 
since, were this energy not used in the station itself, it 
would be available for sale at this value. 


In the case of electrically driven auxiliaries, an energy charge 
based on the third method seems logical. In the case of steam- 
driven auxiliaries, the cost on this basis would be less because 
only that portion of the whole equipment required for steam 
making is affected. 


DrIvE For AUXILIARY EQUIPMENT 


The means adopted for driving the auxiliary equipment of 
the station must be that which first insures starting the station 
in event of a system shutdown, and, second, offers the greatest 
security of continuity of operation. Nothing is more annoying 
when trouble occurs to a main unit than to have it affect operation 
of the auxiliaries also. 

Steam-driven auxiliaries, so far as they can be economically 
used, being independent of electric trouble and of the main 
units, are preferable as giving the greatest security in this respect. 

To some extent the following methods of auxiliary drive can 
be used singly or in combination: 

1 All-steam drive at station steam pressure and temperature. 

2 All-electric drive from the station bus bars. 

3 All-electric drive from auxiliary generators, direct driven 

by the main turbines. 

4 All-electric drive from auxiliary turbines driving house gen- 

erators. 

5 All-electric drive through motor-generators supplied from 

distribution system. 

6 All-steam drive from a self-contained auxiliary station hav- 

ing its own boilers. 

Subject to the economic requirements, the first method of 
drive can be used certainly for 400-lb. and probably for 600- 


Ib. For the 1200-lb. station, the cost of the auxiliary turbines 
and their piping appears to be prohibitive. 

The second method is objectionable because of the high cost of 
transformers and of switch gear, etc. required to withstand 
rupturing stresses in event of a short circuit. 

The use of auxiliary generators driven by the main turbine 
(method No. 3) is bad from the operating standpoint because 
trouble on a main unit requiring shutting it down would also 
shut down the auxiliaries, thus aggravating the trouble and 
lengthening its duration. 

The house-turbine system (No. 4) has worked out well for mod- 
erate pressures but for 1200-lb. work would be costly and might 
involve an undesirable degree of risk to continuity of operation. 

Given adequate supply by a number of different routes for 
the cables, the system of driving the station auxiliaries through 
motor generators (No. 5) offers a means of escape from the 
principal objections to methods Nos. 2 and 3. Its cost would 
be high, however, as it would have to bear its proportion of 
the distribution expense of the system. 

Probably the safest, though not necessarily the least costly, 
system is that of providing a complete and separate auxiliary 
station supplying steam to the main-station auxiliaries from its 
own boilers, operating at a pressure permitting the use of mod- 
erate-priced turbines for the auxiliary drive (method No. 6). 
It may be considered a variant of method No. 4. 

Time has not permitted a sufficiently complete study of these 
several schemes. They are mentioned to serve as a basis for 
discussion. The method or methods selected will depend greatly 
upon the steam conditions for which the station is constructed. 

For the immediate purpose of this paper, the power used by 
the auxiliaries has been estimated in kilowatt-hours. The 
energy so consumed has been deducted from the generated out- 
put of the main unit to obtain the salable output of the station. 
The results follow: 


............. SOR. 600 Ib. 1200 Ib. 
Generated output, kw- 

hr... .............. 210,000,000 210,000,000 210,000,000 
Required for auxiliaries, 

kw-hr.............. 9,600,000 10,400,000 15,200,000 
Salable output, kw-hr. 200,400,000 199,600,000 194,800,000 
Say, kw-hr............ 200,000,000 200,000,000 195,000,000 


EFFect OF PRESSURE ON BoILer EFFICIENCY 


As the operating pressure is increased, the temperature of the 
saturated steam rises and limits to some extent the possible 
efficiency obtainable from the boiler because it fixes the lowest 
temperature at which the gases can leave the boiler. For the 
pressures considered, the saturated-steam temperatures are: 450 
Ib. abs., 456 deg. fahr.; 650 Ib. abs., 495 deg. fahr.; and 1250 
Ib. abs., 568 deg. fahr. 

Assuming a furnace temperature of 2800 deg. fahr. and an 
air temperature in the boiler room of 70 deg. fahr., the maximum 
gas cooling is 2730 deg. fahr. It follows that the percentage of 
the possible cooling of the gases for these different boilers is: 
for the 400-lb. boiler, 85.8 per cent; for the 600-lb., boiler, 84.5 
per cent; for the 1200-Ib. boiler, 81.7 per cent. 

Thus, considering the boiler as a gas cooler, the possible effi- 
ciency compared to the 400-Ib. plant for the 600-Ib. plant is 
98.7 per cent; for the 1200-lb. plant, 95.2 per cent. 

Of course, these fundamental differences in boiler efficiency 
can be adjusted by the installation of additional economizer 
or air-heater surface, or both, but these additions increase the 
fixed charges and also to some extent the power consumption 
and labor cost of the plant. 

In the case of the 400-Ib. and 600-Ib. plants, the temperature of 
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the gases leaving the boiler will permit putting them directly into 
anair preheater. For the 1200-lb. plant some economizer surface 
must be provided to reduce the temperature to a reasonable 
figure. 

For the purposes of this paper, the annual efficiency of the 
boiler plant has been assumed at 86 per cent for all pressures. 


Heat CONSUMPTION OF PLANT 


For these preliminary estimates, the assumption is made for 
all plants that the heat consumption of the station per generated 
kilowatt-hour will be 5 per cent in excess of the net heat charge- 
able to the turbine as given in Table 6. This figure for the gen- 
erated energy is then divided by the station output, and by the 
above boiler efficiency, to obtain the station heat consumption. 

Table 8 shows the estimated average annual coal consumption 
and cost over the effective life of the unit; a heating value of the 
coal of 13,000 B.t.u. as fired and an average cost of $2.25 per 
short ton are assumed. 


TABLE 8 ESTIMATED AVERAGE COAL CONSUMPTION AND 
COs YEAR 


T PER 
Coal consumption, 
Plant tons Cost, dollars 
400 108,150 243,338 
600(a) 105,000 236,250 


1200(5) 93.770 210,982 
1200(c) 93,345 210,026 
LABOR 


Operating and maintenance labor has been estimated for 
the first unit on the basis of 71 men at an average wage of $150 
per month. No additional labor has been assumed for the higher- 


pressure plants. 


Operating labor... $128,000 

Maintenance labor............ 25,000 

Total annual labor cost........ $153,000 
MAINTENANCE 


Sufficient experience with 1200-lb. plants is not available 
for determining a proper maintenance cost. While statements 
have been made that maintenance expense is not appreciably 
different from that of moderate-pressure plants, 1200-lb. plants 
are so new that these statements cannot be accepted as being 
sufficiently reliable for use over a 16-year life. The figures in 
Table 9 are considered fair. 


OPERATING Costs 


Summarizing the several estimates, the total operating costs 
for the several plants appear as shown in Table 9. 


TABLE 9 TOTAL OPERATING COST 


400-Lb. Plant 


$1,343,138 
600-Lb. Plant (a) 


236,250 

$1,392,350 

600-Lb. Plant (b) 


$1,391,280 


600-Lb. Plant (c) 


$1,411,175 

1200-Lb. Plant (a) 


$1,703,227 
1200-Lb. Plant (b) 


$1,703,802 

1200-Lb. Plant (c) 

Fixed charges....... $1,352,160 

$1,805,186 

CONCLUSION 


It is considered that the adoption of 400-lb. pressure has been 
shown to be preferable on the score of simplicity, ease of operation 
and cost. Should conditions ever arise under which the use of a 
pressure of 1200 or 1500 lb. may become attractive, the proposed 
pressure will fit in nicely. The 600-lb. plant will not. 


Discussion 


Frank 8S. Ciark.? This discussion is not intended to show 
partiality for any one operating pressure, as a question of the 
proper one to use must be the subject of an analysis such as the 
author has made. We are indebted to him for the frank pre- 
sentation of his case and the opportunity which he has afforded 
us to discuss the general subject of the economics of power-station 
design. We believe the author has arrived at the proper solution 
of his problem with his very favorable conditions as to cost of 
fuel. We do not believe, however, that the designs of 400-lb. 
and 1200-lb. stations are on a strictly comparable basis, and the 
following remarks are intended to clear up some of the dis- 
crepancies which we believe to exist. 

1 Fora given capacity the use of 1200-lb. steam reduces the 
quantities of steam required by 13 to 15 per cent, and the amount 
of fuel fired by 11 to 13 per cent. These economies result in a 
corresponding reduction in boiler-room equipment and space. 

2 While the high-pressure cycle is most economically realized 
by the use of cross-compound-turbine generator units, these two 
elements occupy a block floor plan of the same area as that of the 
single-turbine generator unit of the same capacity, operating at 
400-lb. pressure, and the size of condenser equipment and its 
auxiliaries for high-pressure service is reduced by 23 per cent. 
This results in a possibility of considerable saving in turbine- 
room equipment and space. 

3 Theauthor has indicated the use of 1200-lb. pressure inclined- 
header boilers having 4-in. tubes, 24 ft. long, arranged 51 tubes 
wide and 22 tubes high. No boilers have been developed for 
1200-lb. service having tubes of this diameter and length, and 
manufacturers are yet unwilling to use such tubes for 1200-lb. 
work. The latest designs for this service are based on boilers hav- 
ing tubes 3'/, in. in diameter, 20 ft. long, arranged 8 high, using 
vertical headers. With this arrangement, it is possible to obtain 
a boiler 62 tubes in width, having a steaming capacity of approxi- 
mately 400,000 Ib. per hr. This boiler is arranged in a single 
pass followed by a primary superheater, a reheating superheater, 
an economizer, and an air preheater. The use of the low boiler 
has resulted in a substantial reduction in the cost of the boiler 


2 Consulting Engineer, Stone & Webster, Inc., Boston, Mas 
Mem. A.S.M.E. 
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unit while maintaining overall efficiencies fully comparable to 
those obtained at lower pressures. 

4 The author shows five boilers in the 400-lb. plant and the 
same number and size of boilers in the 1200-lb. plant and, in addi- 
tion, two separately fired reheat boilers. This system has not 
hitherto been recommended for 1200-lb. installations, and ex- 
perience indicates that the use of a reheater with each boiler is 
more economical in installation and more convenient in operation. 
We are at a loss to understand the necessity for the additional 
boiler surface provided in the two reheat boilers, as the lower 
steam consumption of the 1200-lb. plant would be reflected in a 
reduction in the total heating surface of the main boilers, and 
the reheating could better be done in connection with these 
boilers. 

5 As we have stated previously, we believe the author has been 
prodigal in space provision in the 1200-lb. plant. From experi- 
ence in actual design and construction of stations for 1200-Ib. 
pressure, we believe that considerable economies of floor space 
and building volume can be effected in the design of a 1200-lb. 
station over those of lower pressures. The use of inclined 
headers for high pressure boilers is not necessary nor is it now 
standard design. These impose a requirement of 5 ft. additional 
width of boiler room which is entirely unnecessary. The high- 
pressure turbine generators being cross-compounded, it is not 
necessary to place the units in a single line as has been done in 
the author’s study, because the high-pressure elements do not 
require condensing equipment, and it is of advantage to place 
them nearer the boiler room if possible. Designs which we have 
worked out prove the feasibility of doing this, and the conse- 
quent savings of building space through greater compactness of 
design. 

6 No details of the estimates and mechanical equipment 
are given, but analyses which we have made indicate that the 
difference in cost between 400- and 1200-lb. plants is much less 
than the $40 per kw. given in the author’s paper. 

As there is this great difference of opinion regarding the cost of 
constructing a 1200-lb. station as compared with a 400-lb. station, 
the following comments are of interest and are derived from an 
analysis which has been completed recently of a station with two 
units of 50,000-kw. capacity each: 

(a) Ineither plant, there are certain items of a general nature, 
such as preparation of site and grounds, coal unloading and 
handling, and ash-disposal facilities which may be taken as 
substantially the same in cost for either plant, but which, if 
anything, are lower for the 1200-lb. plant. These items amount 
to about 13 per cent of the total station cost. 

(6) The cost of a 1200-lb. cross-compound-turbine generator 
of the capacity considered is very little higher than that for a 
single unit of the same size for 400-Ib. pressure. This statement 
is based on actual quotations received, and the item represents 
about 17!/, per cent of the total station cost. 

(c) It is possible to select and arrange equipment for 1200-lb. 
service so that building requirements are slightly less than for 
similar capacity with 400-lb. equipment. This item represents 
about 17!/, per cent of station cost. 

(4) The cost of furnaces, boilers, and other heat-absorbing 
equipment increases with pressure but, at the same time, the sizes 
of equipment decrease. The combined effect of these two factors 
results in an increase of about 10 per cent in cost for this equip- 
ment. 

(e) Fuel-preparation, condensing, and draft systems de- 
crease in cost with increased steam pressure so that this equip- 
ment for the same number of kilowatts of station output is 
approximately 15 per cent less for a 1200-lb. station than for a 
400-lb. station. 

(f) The items already considered comprise about 83 per cent 
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of the total cost of a steam power station and their total is about 
the same for a 1200-lb. plant as for a 400-lb. plant. This leaves 
less than 20 per cent of the cost of the station for items which 
are higher in the case of the 1200-lb. station. ' 

(g) Station piping comprises about 6 per cent of the total 
station cost and is affected by the same considerations as apply 
to boilers. The net result is that for a 1200-lb. station, the excess 
cost is about 25 per cent. The feedwater system comprising 
high-pressure-boiler feed pumps, an additional high-pressure 
extraction heater, and high-pressure economizers represents 
about 3 per cent of the total station cost. The excess cost of 
this item for a 1200-lb. station is about 50 per cent. Other aux- 
iliaries and switching equipment represent 8 per cent of the total 
station costs and their excess cost for a 1200-lb. station is about 
20 per cent. 

(h) A total effect of the above items results in an excess cost 
of the 1200-lb. station for the conditions assumed of between 5 
and 6 per cent. 

Table 10 summarizes these items. 


TABLE 10 
Increase 
Per cent for 1200- 
of total Ib. plant, 
station cost per cent 
General improvements, coal and ash handling... 13.0 None 
Buildings and foundations..................... 17.5 -5 
Boilers, furnaces, and heat-absorbing accessories . 20.0 +10 
Fuel preparation, condensing, and draft system.. 15.0 —-15 
83.0 Balanced 
3.0 +50 1.5 
100.0 5.5 


It should be borne in mind that at present 1200-lb. equipment 
is special and therefore expensive. Very few stations have been 
designed for this pressure, and there is not nearly so great fam- 
iliarity with the points involved in the design as there is with 
those of a 400-lb. station. It is reasonable to expect that greater 
use of equipment for this pressure will result in cheapening its 
cost of manufacture and design, while 400-lb. design is practically 
standardized and not much reduction can be expected either in 
cost of equipment or plant. From these considerations, it would 
appear that the differential cost against high pressure will, if 
anything, tend to decrease in the future. 

We have not discussed the relative features of intermediate 
pressures in the neighborhood of 600 Ib. Analyses have indi- 
cated that the economies of such plants have been handicapped 
by comparatively heavy construction costs which makes their 
adoption much less attractive. 

In considering the comparative economics of 400-lb. and 1200- 
lb. plants, we have prepared two tables giving assumed data for 
such plants. Table 11 is based largely on the author's figures, 
although the results are derived from power output instead of 
from power generated, asin the author’s paper. Table 12 is based 
more on our own experience, which is slightly more favorable 
toward 1200-lb. steam, and its results are also derived from power 
output. From the discussion of station costs already given we 
have assumed an increase in cost of $6 per kw. for high-pressure 
plants and have assumed fixed charges at 13'/, per cent as given 
in the author’s paper. The coal consumption in both tables is 
based on 100 per cent use and 100 per cent load, and approxi- 
mate comparisons may be made by modifying these results to 
suit the actual output to be considered. 

In order to show the results of these comparisons, Table 13 has 
been prepared, showing the saving in dollars per year per kilowatt 
installed for various load factors and coal prices. The figures are 
based onjTable%12, which shows a saving of 0.600 short tons of 
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coal per kilowatt output for 100 per cent load and use. By 
multiplying this value by the load factor and the cost of the coal, 
the figures in the table may be obtained. Assuming that a high- 
pressure plant costs $6 per kw. more than a 400-lb. plant, and 
assuming fixed charges at 13'/2 per cent, it is evident that the 
fixed charges per kilowatt on a high-pressure plant will exceed 
those for a 400-lb. plant by $0.81. A broken line has been drawn 
across Table 4 to indicate the point at which the savings in fuel 
exceed the increase in fixed charges. Other things being equal, 
plants designed for conditions giving values above the line would 
favor a 400-lb. operating pressure, while those for conditions 
below the line would favor high-pressure equipment. It must 
be kept in mind that conditions of location and requirements of 
operation materially affect the choice of pressures, and the indi- 
vidual engineer must interpret the values obtained from an 
analysis such as that contained in these tables so as to suit the 
conditions of any particular problem. 


TABLE 11 STATION ECONOMIES, 60,000 KW. OUTPUT 


400-Lb. and 1200-Lb. Steam Compared 
Based on Data by H. B. Brydon 


Steam pressure, Ib. per 7 eee 400 1,200 
ah 


Steam temperature, deg. fahr................. 725 725 
Reheat temperature, deg. 725 
Generated, kw.. 62,740 64,330 
Turbine economy, ‘B. t. u. ‘per kw- hr. 10,990 9,475 
Plant economy, B.t.u. per kw. generated. . oa 13,060 11,360 
Plant economy, B.t.u. per kw. output. . 13,640 12,180 
Improvement due to high pressure, per cent. acne 11.0 
Coal per kw-hr. in Ib. at 13,000 B.t.u.......... 1.05 0.936 
Coal per year, 100% load, 100% use, short tons.. 276,000 246,000 
Saving in coal, 100% load, 100% use, short tons.. ase 30,000 
Saving per kw. years, output, short tons....... eee 0.500 


TABLE 12 STATION ECONOMIES, 60,000 KW. OUTPUT 


400-Lb. and 1200-Lb. Steam Compared 
Based on Data by Stone & Webster, Inc. 


Steam pressure, Ib. HOF OG. 400 1,200 
Steam temperature, deg. fahr.................. 725 725 
Reheat temperature, deg. fahr................. 725 
Auxiliary load, kw.. 2,950 4,000 
Generated, kw.. 62,950 64,000 
Turbine economy, ‘Bt. u. ‘per kw-hr. . 11,090 9,400 
Boiler efficiency, per cent. 86.0 86. 
Plant economy, B.t.u. per kw. generated. error 13,170 11,270 
Plant economy, B.t.u. per kw. output. . 13,800 12,000 
Improvement due to high pressure, per cent. ‘ae re 13.0 
Coal per kw-hr. in Ib. at 13,000 B.t.u........... 1.061 0.923 
Coal per year, 100% load, 100% use, short tons... 279,000 243,000 
Saving in coal, 100% load, 100% use, short tons. . ee 36,000 
Saving per kw. years, output, short tons....... seas 0.600 


TABLE 13 1200-LB. PRESSURE PLANT ECONOMY 
(Savinc AT SEVERAL Loap Factors AND COAL PRICES) 


Coal price, 
dollars — Load in per cent maximum 
20 30 40 50 60 70 80 
2.00 0.24 0.36 0.48 0.60 0.72 0.84 0.96 
2.25 0.27 0.40 0.54 0.67 0.81 0.94 1.08 
2.50 0.30 0.45 0.60 0.75 | 0.90 1.05 1.20 
2.75 0.33 0.50 0.66 0.82 0.99 1.15 1.32 
3.00 0.36 0.54 0.72 0.90 1.08 1.26 1.44 
3.50 0.42 0.63 0.84 1.05 1.26 1.47 1.68 
4.00 0.48 0.72 0.96 1.20 1.44 1.68 1.92 
4.50 0.54 0.81 1.08 1.35 1.62 1.89 2.16 
5.00 0.60 0.90 1.20 1.50 1.80 2.10 2.40 
5.50 0.66 0.99 1.32 1.65 1.98 2.31 2.64 
6.00 0.72 1.08 1.44 1.80 2.16 2.52 2.88 


Added cost of high pressure plant estimated at $6.00 per kw. Fixed 
charges at 13'/2 per cent gives $0.81. 


E. M. Gitpert.* In general, we agree with Mr. Brydon’s 
method of analysis, but, when using a different set of assump- 
tions, which we believe are suitable to our general conditions, 
an entirely different result is obtained. In considering the 
question of correct pressure to be used for a plant, each part of 
the problem must be analyzed on its own basis and the con- 


3 Vice-President, W. S. Barston & Co., Inc., Reading, Pa. Mem. 
A.S.M.E. 
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clusions obtained cannot be applied too generally to other con- 
ditions of load factor, coal costs, etc. 

With reference to capacity factor it is thought that Mr. Bry- 
don’s picture is about right when considering only the past. It 
is believed, however, that his conclusions should be tempere:| 
by more foresight and not based entirely upon “hindsight.’’ 
The present tendency throughout the country toward complete 
interconnection of the power houses of a single system, and stil! 
further between systems of various companies, will, we believe, 
have a decided tendency to increase the capacity factor, making 
it less and less necessary to install spare units as plants are 
built, and in this way very materially reducing the investment 
required, and increasing the active use of the machinery installed. 
We also feel that the demand for electric power during and 
after the late war caused a greater percentage of growth than is 
to be expected in the near future. Also, the increase in economy 
between the old, smaller-unit, low-pressure plants, and the 
present high-pressure large-unit plants are probably greater 
than that which can be obtained in the same time interval above 
plants now being designed. These present large units are taking 
advantage of the rapid development in economy due. to higher 
steam pressure and superheat, reheat, steam extraction, etc., and 
although we still have the binary-vapor system to look forward 
to, it is doubtful if the improvement in economy for the next 
ten years will be as rapid as it has been in the past. With all 
these things in mind, we have come to a conclusion that probally 
a 50 per cent capacity factor and a 75 per cent operating factor 
might be considered as more nearly correct. 

We are now designing and building a plant at Holland, New 
Jersey, for 1400-lb. boiler pressure and 1200 Ib. at the turbine 
throttle. The decision to build this plant at the above pressure 
was arrived at only after a careful detailed study. The size of the 
first unit will be approximately 50,000 kw., the ultimate capacity 
of the plant 200,000 to 250,000 kw. 

On the west end of our Pennsylvania-New Jersey system 
at Middletown is an economical 350-lb. plant receiving coal of 
the same quality as that which will be used at Holland but on a 
somewhat lower freight rate. It was our desire to build this 
new plant so that it would better the results obtained at Middle- 
town by enough to cover this increase in freight after allowing 
for fixed charges. This led to the very careful detail stucics 
comparing 400 Ib., no reheat, 2- and 3-stage extraction, with 
550 Ib. reheat, and 1200 lb. reheat, both with 4-stage extraction. 
The fourth stage extraction on low pressures is not considered 
economically profitable and so was not used. 

We found that practically all 1200-Ib. installations in operation 
or considered at that date were built as an increment to an old, 
fairly efficient station, thus allowing the new units to be oper- 
ated upon practically base-load conditions. We do not consider 
that for the smaller systems, especially those having hy:ro 
plants, there is such a thing as a real base-load plant. ‘This 
condition may exist for a year or two after the plant is in service, 
depending more or less upon the water available at hydro plan's, 
but any addition to the system of a more economical type usually 
reduces the existing units to a condition of variable-load oper- 
ation. It was, therefore, advisable to consider with the manu- 
facturers a design of high-pressure equipment satisfactory for 
this condition, and our conclusions have been arrived at on this 
basis. The first step was to get the manufacturers to build the 
high-pressure unit with multiple valves rather than with one 
valve. This very materially flattened out the curve and assisted 
in improving the overall economies under variable-load con- 
ditions, and all other steps in the design have been carried out 
with this point in view, a combination of steam and gas reheat be- 
ing used to give a constant reheat temperature at variable loads. 
The boilers, superheaters, gas and steam reheaters, econ0- 
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mizers, air heaters, etc. have all been purchased, and firm prices 
have been obtained on the remainder of the equipment, the 
contracts for which are being closed at the present time. The 
land is purchased, the foundations for the plant installed, intake 
and discharge tunnels in place, and the design practically finished 
in all except its small details, so that we are able to check very 
closely the estimate made on this plant. 

Based on the above we find that the average cost per kilowatt 
for the first two units will be less than $105, this including land, 
engineering, supervision, interest during construction, all over- 
heads, outdoor substation, and everything necessary to complete 
the plant in its entirety. 

When considering high-pressure plants for the first time there 
has been a decided tendency among engineers to estimate on 
the increment basis, assuming certain equipment in the old 
plants to remain practically the same for all pressures and other 
pieces to increase in cost with the pressure. When the design 
of a plant for a new pressure is projected, detailed studies must 
be conducted covering every piece of major equipment in order 
to determine whether there will be an increase or a decrease in 
cost, and the result obtained may be surprising. 

The high-pressure plant calls for a complete rearrangement of 
heating surface to obtain the most overall economical assembly 
of water walls, boiler, superheater, reheater, economizer, air 
heater, ete. This study invariably leads toward the shrinking of 
the higher pressure parts. With this in mind, the arrangement 
of Mr. Brydon’s twenty-two- 
tube-high boiler does net ap- 
pear to be the most suitable for 
1200 lb. 

Fig. 12 shows the propor- 
tional arrangement of the gas 


heating surface in our 1200-lb. Steam Leheater 
plant, giving the relative sur- 
face in the different parts to- So 

gether with the relative costs | ee 

per square foot. This assem- | Hp 
bly was arrived at after a great Sol 77, re 2 

deal of balancing of costs and $ <u> 
economies for different arrange- ¥ N 

ments. With higher pressures 4 | $33 

and consequent increase in T te. 
temperature of steam and out- 

let gases, less of the very high- 

cost boiler surface and more of N . SS 

is required. Also, with higher $ 

feed temperatures less econo- 691 

mizer and more air heater is re- === 

quired, the latter being the cx ——— woe? 


cheapest surface that can be 
purchased. The balancing of 
these various types of surface 
means a great deal in the cost of the plant. 

Contrary to what might be expected, the 1200-lb. turbo- 
generator, as now constructed, is very little more expensive per 
kilowatt than the 400-lb. turbine, and is cheaper than a 600-lb. 
reheat unit. 

With four stages of steam extraction used in the 1200-lb. 
reheat plant, the condenser, with its piping and auxiliaries, is 
considerably reduced in size, and it appears to us good engi- 
heering at the present time to install a condenser for high vacuum 
and high load factor with not more than 5/9 to ®/i9 of a square foot 
of tube surface per kilowatt of capacity. 

Any material decrease in the B.t.u. requirements of a plant 
Permits a reduction in the capacity of boilers, furnaces, bunkers, 
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coal-handling apparatus, pulverizing equipment or stokers, fans, 
intake and discharge tunnels, condenser auxiliaries, etc., and 
where this decrease amounts to approximately 15 per cent these 
reductions become a very practical consideration in a large plant. 

We have found by careful study of the possible arrangements 
that a 1200-lb. plant requires no appreciable additional cost in 
building, with practically the same free space available. The 
building, including turbine room, boiler room, electrical bay, 
machine shop, locker rooms, wash room, laboratory, and office, 
has only 40.3 cu. ft. per kw. for the first unit, and this amount 
will be reduced when the second unit is installed. 

Feedwater pumps and heaters are somewhat more expensive 
for the higher pressures. The major increase in cost of piping 
and valves for 1200 lb. over 400 lb. is due to the added reheat 
piping and the increased cost of boiler feed piping. The steam 
piping for larger steam pressures costs very little more on account 
of its greatly reduced size. 

As all of the auxiliaries are to be motor driven, we have con- 
sidered it fair to charge to these auxiliaries, fuel cost plus fixed 
charge on its proportionate part of the installed capacity, no 
labor being added as this is not affected materially by the per- 
centage of auxiliary power used. 

The station feeds into a system with four outgoing lines; 
if all the lines were down we would have no use for the plant 
and when any of the lines are in service we will have ample 
energy for maintaining auxiliary service at all times. Therefore, 
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Fig. 12 DraGRAMMATIC ARRANGEMENT OF EQuipMENT, HoLLAND STATION 


no steam-driven auxiliaries will be provided except an emergency 
boiler feed pump, or, in other words, the auxiliary system is 
backed up by all other steam plants in operation on the system 
and interconnections. 

With water walls, evaporators, pulverized fuel, and many 
other features it is now possible to operate a boiler almost con- 
tinuously, the outages for cleaning and maintenance covering 
a very small percentage of the time. This being the case, with a 
thoroughly interconnected system, it has been found much more 
economically sound to carry the load dropped during these 
outages, on other plants of the system, and to force the remaining 
boilers of the plant to a point above normal operation, even at 
a slightly increased fuel cost, than to pay fixed charges on the 
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investment necessary for an added spare boiler. In other words, 
the boilers are placed in the same category as turbines, etc., 
where the interconnections render this advisable. Consequently, 
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Fie. 13 CoMPaRISON OF STEAM PRESSURES AS AFFECTED BY COAL 
Cost, HoLuanp PLANT 
(Wearly kw-hr. = 365 X 24 X 50,000 = 438,000,000 kw-hr. 50 per cent 
capacity factor = 0.5 X 438,000,000 = 219,000,000 kw-hr. 75 per cent 
operating factor = 0.75 X 50,000 = 37,500kw. 15 per cent capital charges; 
coal, 14,000 B.t.u. per Ib.) 
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Fie. 14 Comparison oF STEAM PRESSURES AS AFFECTED BY COAL 
Cost, HoLLanp PLANT 


(Yearly kw-hr. = 365 X 24 X 50,000 = 438,000,000 kw-hr. 40 per cent 
capacity factor = 0.4 X 438,000,000 = 575,000,000 kw-hr. 70 per cent 
uss factor = 0.7 X 50,000 = 35,000 kw-hr. 13.5 per cent capital 
charges; coal, 13,000 B.t.u. per lb.) 


in our comparisons no spare boiler is considered for any of the 
pressures studied. 
On the above basis, conclusions show a 400-lb. plant costing 
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$6.00 per kw. less than a 1200-lb. plant, and $15.00 per kw. less 
than a 550-lb. plant with reheat; the figures for 550 lb., however, 
are not founded on actual construction as in the case of the other 
two pressures, but on estimates, and may very possibly be some- 
what too high, and in any event this pressure does not lend 
itself to future high pressure extension as well as 400 Ib., and so 
was dropped when found to be more expensive than either 400 lb. 
or 1200 lb. 

As to maintenance, we of course have no direct comparison 
covering the 1200-lb. plant, as it has so far been in more or 
less a developmental stage. The mere fact of the change in 
pressure, with the same temperature retained in all cases, would 
seem to me to be very little reason for much increase in this cost, 
and I believe as we become more and more familiar with these 
plants that the maintenance should be kept almost as low as 
with the 400-lb. design, each design of course having approxi- 
mately the same class of regulators, instruments, controls, ete. 

Operating labor is not a question of pressure but rather one of 
the arrangement of the plant machinery, and at Holland, with 
two 50,000-kw. units, the operating personnel, including super- 
vision, clerks, janitors, ete., will be less than sixty men, or prac- 
tically the same as the Middletown plant with its two 35,000-kw. 
units. 

We have laid out some curves (Figs. 13 and 14) showing the 
effect of varying prices in coal on the operating costs of plants 
of the various pressures mentioned. These curves indicate that 
the 400-lb. plant, with no reheat cycle, is the most economical 
with coal below $3.75 per ton, and that above that point the 
1200-lb. plant with reheat is the more economical when consider- 
ing both fuel cost and fixed charges. Plants of small capacity 
and low load factor might have trouble in justifying 1200-lb. 
installations but with our problem where coal varies from $5.00 
to $6.00 per ton and with plants of 35,000- to 50,000-kw. units, 
and a capacity factor of approximately 50 per cent, we are com- 
pletely satisfied that 1200 Ib. is the most economical pressure for 
operation when considering operating costs and fixed charges 
combined, and will remain so until something decidedly better is 


developed. 


I. E. Movtrrop! anp GeorGeE E. Seasury.® We are all glad 
to get the ideas and opinions of the various engineers who are 
actually studying the economics of steam-electric generating 
station design. Widely divergent opinions at least promote 
active discussion and such discussions are of material benefit 
to the industry as a whole. 

All of us heartily agree with the author in his opinion that we 
should not lose sight of the fixed-charge item in the cost of pro- 
ducing electrical energy by means of steam power plants. 

In reply to the question of whether the capital charges on the 
more efficient steam generating stations built within the last 
few years have not actually increased the total cost of generation, 
the familiar curves taken from the 1925 report of the Power Gen- 
eration Committee of the A.I.E.E. are presented in Fig. 15. 

These curves show that within the past few years the B.t.u. 
required to generate a kilowatt-hour of electrical energy have 
been materially reduced as mentioned by the author. The 
fixed-charge item in the cost of generation has been climbing 
steadily but the fuel saving has more than offset the increase 
in capital charges and has resulted in an appreciable reduction 
in the total cost of generation. It is true that the fixed-charge 
item is entirely too high and this fact is generally appreciated 
today. Much progress has been made toward reducing the 


4 Ch. Engr., Constr. Bureau, Edison Elec. Illum. Co. of Boston, 
Boston, Mass. Mem. A.S.M.E. 

5 Supt., Sta. Eng. Dept., Edison Elec. Illum. Co. of Boston, Boston, 
Mass. Mem. A.S.M.E, 
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TREND OF OPERATING COSTS AND FIXED CHARGES plant are suggested. 


FOR TYPICAL STATIONS OF 60,000-K.W. CAPACITY AND . 
HIGHER PLOTTED AGAINST DATE OF INITIAL In place of the cycles 


OPERATIONS OF STATIONS. proposed by the author, 
Fic. 15 PerrorMance anp Cost Trenvs the regenerative cycle 
in conjunction with one ‘eueausecs! 
Stage of boiler reheat at about 350 Ib. is suggested. It is sur- eeeee 
prising that the author did not even consider this cycle, which HIE 
is the only one that has been tried out in practice and is probably SES 
the only one justified by the $2.50 coal mentioned. ate 
In place of the seven boilers suggested, four boilers of a design 


similar to the one shown in Fig. 16 are recommended. Each 
would be provided with a reheater and any three would be 
capable of carrying the load of 120,000 kw. and reheating all the By using vertical header boilers the boiler-house building need 
Steam. It is just as unsound, economically, to install seven not be any wider for a 1200-lb. station than for a 400-lb. station. 
boilers for a load of 120,000 kw. as it would be to install seven By arranging the steam reheaters, economizers, air heaters, 
turbo-generators for the same load. cinder catchers, and fans above the boilers, the auxiliary bay 

A re-drawing of the author’s layout of a 1200-lb. plant, shown _ between the boiler house and turbine room need not be any wider 
as Fig. 11, and incorporating the suggested changes, is to be than called for in the author’s 400-lb. layout, and will be avail- 
found in Fig. 17. able for the installation of the high-pressure turbines. This 


Fic. 16 Cross-Section or Borer, 6971 Sa. Fr., 1400 Ls. 
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Fic. 17 Mopirirep Layout or 1200-Lz. Power PLant 


These modifications will result in a more simple plant and one 
which will be more reliable and more flexible from an operating 
standpoint. 

It will also be noticed that this modified layout calls for 3 
considerably smaller building for the 1200-lb. plant than for the 


will also materially reduce the length of the 1200-lb. and reheat 
steam piping. 

By installing a high-pressure turbine in the steam lead from 
each boiler it is possible to use bigh-pressure turbines, running 
at 3600 r.p.m., which will cost less and will be more efficient. 
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400-lb. plant shown as Fig. 9. Other developments that would 
allow an even smaller building without a sacrifice of operating 
space are also known. 

The author has stated that the three major factors that govern 
the cost of generating electrical energy are: first, fixed charges; 
second, capacity factor; and third, operating hours factor. 
Most of us take into consideration the cost of coal as a major 
factor. We do not believe that the design of a station should 
be the same for a location where the cost of coal is high as com- 
pared with a locality where the cost of coal is low. 

The Edison Electric Illuminating Company of Boston has 
carefully analyzed the cost of the 1200-lb. equipment that has 
been installed in the Edgar Station at Weymouth, Mass. This 
analysis has shown that a properly designed 1200-lb. station 
need not cost any more per kilowatt of station capacity than a 
350-lb. station designed for the same load conditions. A number 
of other companies have made independent studies of the same 
problem and their studies have, in practically all cases, shown 
the same result. 

The general fact that an increase in operating pressure does not 
increase the cost of generation is backed up by the experience of 
the past. The same arguments were used against raising the 
operating pressure from 200 lb. to 300 lb. Some troubles were 
experienced with the first 300-lb. stations but no one today would 
question the advisability of 300 Ib. as compared with 200 Ib. 

We have not seen anything in connection with the 1200-lb. 
stations that would indicate that the increase in pressure will 
result in a financial loss. 

The author has raised the question of depreciation on high- 
pressure equipment. Has the depreciation on 300-lb. equipment 
indicated that it will offset the advantages gained by going 
to that pressure. 

It should be noted that the comparative estimates in the paper 
include buildings for twice the capacity of the mechanical equip- 
ment included. Since the layouts considered call for higher 
building costs for a 1200-Ib. station than for a 400-lb. station, the 
economic balance is not correct. 

The comparison given in the paper for the heat-absorbing 
capacity of a 1200-lb. boiler as compared with a 400-lb. boiler is 
very misleading. Our studies have shown that the same boiler 
efficiency can be obtained irrespective of pressure and the addi- 
tional surface required is a very small item in the final cost. 

A careful study of the paper under discussion indicates that 
the results obtained and the conclusions drawn are based on 
faulty design. Had the design been correct, the conclusions 
drawn would have been entirely different. 


Kk. H. McFarvanp.* The following remarks are based on 
personal experiences during the last ten years with a number 
of power stations of medium- and high-pressure designs. 


DesiGn Factors 


The Windsor Plant, near Wheeling, West Virginia, a joint 
enterprise of the Ohio Power Company and West Penn Power 
Company, is a neighbor of the Pittsburgh territory which is to 
be served by the plant discussed. Windsor started oper- 
ations in the fall of 1917 with two 30,000-kw. units for 250-Ib. 
Steam pressure and increased to six units, 180,000 kw., in 1923. 
Both owning companies at Windsor have vigorously developed 
their business and made many high-capacity interconnections. 

During the ten-year operating period Springdale, a 400-lb. 
steam station 150,000 kw.; Lake Lynn, a 48,000-kw. hydro 
Station on the Cheat River; and Philo, a 650-lb. steam station, 
80,000 kw., have been added to the Windsor group. The 


* Mer., Ohio Power Co., Philo, Ohio. Mem. A.S.M.E. 
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Windsor plant has, therefore, had its full share of giving way to 
these supplemental plants with better operating economics. 

During the same time there has been a material improvement 
in system load factors with the addition of bulk industrial loads 
of long-hour duration, use of interconnections of high capacity, 
and full employment of time diversity in loads between indus- 
tries and locations. 

To us, Windsor Plant history seems a fairly reliable index 
to govern factors of design in new plants. Windsor record for the 
first ten years has the following averages: capacity factor, 60 
per cent; operating factor, 80 per cent; average load, 75 per 
cent. The eleventh-year value with the other power stations 
mentioned loaded to a much heavier schedule is: capacity factor, 
55 per cent; operating factor, 80 per cent; average load, 69 per 
cent. Based on current knowledge, it is my opinion that we 
have around ten years more of effective life, a total of twenty 
years to expect from the present equipment, with a change in 
combustion equipment and an increase in steam temperature 
justified in the interval. 


Cost or PLANT 


During a ten-year experience period, we have made 400-lb. 
extensions to existing steam plants and built the following 650-lb. 
steam plants: : 


Philo, 80,000 kw. with boiler reheat (now being increased 
to 245,000 kw.) 

Twin Branch, 80,000 kw. with boiler reheat 

Stanton, 95,000 kw. with boiler reheat (a jointly owned 
plant with the Pennsylvania Power and Light Com- 
pany). 


Philo has been in service three and one-half years, Twin 
Branch about three years, and Stanton one year. The ultimate 
size of these plants is 400,000 kw. each. 

Engineering design is well advanced and the major equipment 
purchased for the Deepwater Plant, near Wilmington, Delaware, 
a plant owned jointly with the United Gas Improvement Com- 
pany, where the pressure is 1400 lb., with boiler reheat, and 118,- 
500-kw. turbine capacity in the initial section. The ultimate 
size is to be 400,000 kw. 

In 1922 when Philo was being designed, 650-lb. equipment and 
boiler reheat was the maximum manufacturers would endorse. 
As the designs and economic studies progressed we became in- 
sistent that apparatus for higher pressures be made available to 
us with the result that within a year we were offered 1200-lb. 
equipment and a contract was placed for a trial installation at our 
Scranton, Pennsylvania, plant. Later this development was 
cancelled when Boston initiated their pioneering work for Edgar 
Station. 

The initial 650-lb. station sections were conservatively pro- 
portioned as to apparatus as we were pioneering and we prepared 
for minimum loss of capital expenditure should it be necessary 
to reduce pressures and temperatures. Experience indicates 
that design proportioning and reserves no greater than for 400-lb. 
plants is necessary. Costs of equipment affected by pressure 
have reduced materially between the first and last purchases. 

All of our high-pressure stations are designs for interstage 
reheat of steam from turbines by return to the boiler and heating 
by combustion gases. The reheat boiler has proved very satis- 
factory, as dependable as the rest of the equipment, and the 
temperature of steam returned to the turbine can be the maximum 
(around 775 deg. fahr.) that judgment dictates for this smaller 
amount of material at lower pressures. For our plants all studies 
made between interstage steam reheat vs. boiler reheat have 
resulted in selection of the latter. 

Our opinion today is that a 650-lb. boiler reheat station can be 
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built for 5 per cent more per kilowatt capacity than a 400-lb. sta- 
tion. 

As regards 1200-1400-lb. stations with boiler reheat, while it 
will be another eighteen months before we are in possession of the 
full detail that comes with a finished job, we have good reason 
to believe the higher pressure design with its better fuel economy 
will cost no more per kilowatt capacity than a 650-lb. boiler- 
reheat station. With use of equipment designs such as are pur- 
chased for the Deepwater Station there is no increase in turbine- 
room and boiler-room floor areas and volume comparing 650-lb. 
and 1400-lb. requirements for the same generating capacity, 
whereas Mr. Brydon has increased the building requirement 29 
per cent for the higher pressure. 


AUXILIARY PowER 


With high capacity ties between our own stations and neigh- 
bors relaying and reserve power supply to any individual station, 
we have used electric drive for all auxiliaries with the exception 
of steam driven reserve boiler feed pumps. Power supply from 
the generator bus, transformers closely connected to generator 
leads, in one case direct-connected house generators to the main 
units, have all been used largely determined by capital cost 
considerations and the history of all methods has been good 
during many operating contingencies. 


OPERATING Cost 


Our experience thus far is that the 650-lb. plants operated 
have no additional labor and maintenance charges brought 
about the use of increased pressures. We expect this situation 
still to obtain with 1400-lb. plants. 


OperaATING Cost 


Referring to Table 9 in the paper based on sixteen years effec- 
tive life at 40 per cent capacity use and with coal at $2.25 per ton 
of 2000 Ib., 13,000 B.t.u. per pound, our viewpoint is summarized 
in this table in percentages, all referred to 400-lb. plant values 
given as 100 per cent: 


400-Lb. 1200-Lb. Plant 
Plant 600-Lb. Plant C Cc 
Re- Re- 
Table 9 Table 9 vision Table 9 vision 
Fixed charges, per cent..... 100 = 108 105 152 105 
errr 100 92.5 92.5 86.5 86.6 
Labor, per cent............ 100 §=6100.0 100.0 100.0 100.0 
Maintenance materials, per 
Weighted average, percent... 100 105.1 101.8 134.5 101.0 


The above premise is somewhat improved in the coal account 
if boiler reheat of steam to 775 deg. fahr. is employed on the 
high-pressure plants instead of 725 deg. fahr., which can be 
brought about without extra capital cost. 

Referring to the premise outlined in the paper from the stand- 
point of power costs through the life of the plant: 

1 The high-pressure plants gain if the effective life of the 
plant proves to be twenty years rather than sixteen. 

2 The high-pressure plants gain if the capacity use factor 
through the sixteen-year period is greater than 40 per cent. 
Real progress is being made in research work on commercial 
methods for electric heating of dwellings with power consumption 
during off-peak periods. High-load-factor business in mass pro- 
duction of steel electrically, also in synthetic chemistry, is close 
at hand. The logical increase of varied high-capacity inter- 
connection between plants and power systems is by no means 
complete. We view a capacity use factor of 55 to 60 per cent 
over a long term of plant life as reasonable in our territory ad- 
joining the Pittsburgh section. 
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3 The high-pressure plants gain if the price of fuel increases. 
At this time, due to overdevelopment, fuel is selling on a basis 
that offers scant, if any, logical business return to those in the 
fuel supply industry. 

4 The high-pressure plants gain as quantity production and 
competition reduce the price on this present special equipment 
bringing about values nearer those of 400-lb. apparatus. 

5 Condenser-water supply we find frequently to be the ca- 
pacity limitation for a power-plant project. Steam condensed 
per kilowatt capacity of high-pressure units will be from one- 
fourth to one-third less than for 400-lb. plants. The capacity 
limitation of a given site with restricted water supply is increased 
30 to 50 per cent with high-pressure equipment. 


B. F. Woop.’ Several years ago, I read a report by the chief 
engineer of the Pennsylvania State Canal on the relative economy 
of steam engines and horses for hauling freight and passengers 
on railroads. This report was made about one hundred years 
ago and concluded that unless there was need for higher speed 
or heavier trains were to be moved, there was no economy in 
the use of the steam engine. 

Traffic conditions have changed, but the locomotive has not 
replaced the horse because of economy. The steam turbine 
has now largely superseded the steam engine, but this change 
was not made because of economy, although there has been a 
possibility to greatly improve the economical performance of 
the turbine. 

It is the rapid growth in the load of power systems that is 
chiefly responsible for the great improvement in power-station 
equipment that has taken place in the last twenty years. When 
little or no growth in load occurs, the replacement of apparatus 
to improve the economy is rarely justified, and it is not difficult 
to point to many such instances. 

In Pittsburgh there is a plant operating under substantially 
the same load conditions and with practically every piece of 
apparatus that went into service nearly twenty-eight years 
ago. The operating results and economic performance have 
not changed materially. 

Mr. Brydon states the facts when he points out that the 
capacity factor of steam-power-station equipment has materially 
decreased over a period of years, but to draw the conclusion that 
equipment for a new station of possible high economy should be 
considered of short life and operated at low capacity factor, does 
not necessarily follow. If the load growth of the system makes 
additional equipment or a new generating station necessary, 
then the character of the new apparatus should be determined 
on the basis of the highest capacity factor that can be initially 
taken by the new equipment or the new station, for, if the system 
should then cease to grow, the initial capacity factor or load 
factor could be maintained as long as the apparatus can be kept 
in serviceable condition. 

On the other hand, if the system load does grow, then the 
load to be carried by the equipment under consideration can only 
be taken over if the total of the fixed charges and operating 
expenses of the new installation is less than that if the equip- 
ment be shut down. 

This does not usually occur but instead the old equipment 
simply moves a step away from the base load. The writer 
believes that these conditions can best be studied by the use 
of what has been called a load-duration curve. This is similar 
to the curve used by Mr. Funk® of the Philadelphia Electric in 4 
recent paper on the economic limit of high steam pressure which 
he calls “occurrence curves.” The load-duration curve is % 


7 Vice-Pres., Stevens & Wood, Inc., New York, N. Y. Mem- 


A.S.M.E. 
8 See ‘Higher Steam Pressures,” by Nevin E. Funk. FSP-50-29- 
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load-time curve and may be for a year, month, or for any period. 
The occurrence curve is a load or percentage of total kilowatts 
and percentage of total kilowatt-hours for any period of time, 
a year, month, or day. 

The point I want to make is that because history shows that 
during the past fifteen or eighteen years, generating equipment 
over this period has been operated at low capacity factor or low 
load factor, it was only because more economic equipment was 
installed on the system properly taking over the high-load-factor 
portion of the load. Therefore, the selection of equipment 
should be made on the basis of the maximum load factor that 
such equipment can be operated because it will not be relegated 
to a lower-load-factor operation unless the development of the 
art supplies something materially better. 

Perhaps the author should take some account, too, of the price 
of coal and the wages of the operating organization in future 
years. 

There is no escaping the conclusions that Mr. Brydon arrives 
if his figures are correct. It will be noted, however, that he 
finds a difference in first cost between the 400-lb. plant and 
1200-lb. plant of substantially $48 per kw., without taking 
account of the substation costs or land. It would take an im- 
provement in economy much in excess of that possible between 
these two systems to justify any such investment. 

It is, of course, difficult to make comparisons in the costs of 
power stations because conditions in each case are so widely 
different, but they at least form a basis of judging whether or 
not Mr. Brydon’s figures are reasonably correct. 

We have the record of the cost of a four-unit, 35,000-kw., 400-Ib. 
plant of the Ohio River Edison Company at Toronto, and we have 
purchased the major equipment for a two-unit, 53,000-kw., 
1200-lb. plant and on those items that are not equal in both, 
we find a direct labor and material cost difference of $2.32 per 
kw., or, if we add overhead at 20 per cent, a difference of, say, 
$2.80 per kw. 

Here, of course, we are comparing a station with 35,000-kw. 
units with a station having 53,000-kw. units, and if they were 
both for the larger units the difference would, no doubt, be 
considerably greater. 

We are of the opinion that perhaps about $5, or at the most 
$6 per kw., would cover this difference. 

It may be well to say here, too, that in the 1200-Ib. plant, 
economizers as well as air preheaters are used, whereas in the 
other one no economizers, but air preheaters only are used. 

The Toronto Station actually cost, including all overhead, 
$113.85 per kw. Our estimates indicate that the unit cost of 
the 1200-lb. station will be even less than this figure. This is 
due, in addition to the increased size of the units, largely to 
foundation conditions. 

We have an actual record of the performance of the Toronto 
Station and have made careful estimates of the cost of power 
service at the Deepwater Station where coal costs substantially 
twice what it does at Toronto, and find that the total cost of 
power including capital charges at the Deepwater Plant will be 
only about 11 per cent greater than at Toronto. If we cor- 
rected the Toronto coal costs to the Deepwater costs, the total 
cost of power at this station would exceed that at Deepwater. 

If Mr. Brydon had arrived at such low cost difference and had 
taken a higher load factor for his plan, his conclusions would no 
doubt have been modified. 

The 1200-lb. station referred to is the Deepwater Plant for 
the American Gas & Electric Company and the United Gas 
Improvement Company, which in addition to supplying power 
to these two systems, will furnish process steam to the Du Pont 
Company. The 1200-Ib. was exceptionally well suited in this 
case as it permitted the development of a greater proportion of 


kilowatt-hours from the processed steam and such power, of 
course, is made at high thermal efficiency. 

This emphasizes the importance of combined utility and 
industrial-plant operation wherever the supply of process steam 
is possible. ; 

We believe that the 1200-lb. system will be found economical 
and will be continued in service until some future development 
in power generating equipment occurs that will move it to a dif- 
ferent place on the load curve, and if no im’ rovement in the 
generating equipment does occur, then we quite agree with 
Mr. Funk that it may be more economical to build some in- 
expensive type of station to take the peak load as the system 
grows. 


F. W. Martin.’ Mr. Brydon arrives at the conclusion that 
the average capacity factor over a life of sixteen years for a new 
turbo-generator installation will not be over 40 per cent. Our 
experience in the Chicago District does not confirm this con- 
clusion. 

The Commonwealth Edison Company has in its Fisk Street 
Station ten 12,000-kw. vertical turbo-generators installed from 
1907 to 1909. These machines, after twenty years’ operation, 
are still used for peak-load service. In the Chicago District 
there are two horizontal turbo-generators which have been in 
service for fourteen years, and one which has been in service 
twelve years, which show an average capacity factor up to the 
present time of 64.1 per cent; the lowest having a capacity factor 
of 61 per cent. The average capacity factor for the thirteen 
turbines which have been in service in this territory nine to four- 
teen years, inclusive, is 55.8 percent. These figures indicate that 
a new up-to-date machine may be expected to generate at least 
55 per cent of its total possible output during a period of fifteen 
years, as the oldest of the turbines referred to is still working at a 
high capacity factor. 

it is undoubtedly true that higher steam pressures and tem- 
peratures, as well as all other economic improvements in power 
stations, must reduce the cost of electricity at the station bus at 
least in proportion to their added cost in order to be commercially 
practicable. Our office has made numerous studies on the cost 
and gain due to the introduction of higher temperatures, as well 
as steam reheat with various conditions of load and various coal 
costs. These tests have shown that the introduction of 600-lb. 
steam pressure affects the cost of only a comparatively small 
portion of a power plant. The only parts affected are: 


1 The pressure parts of the boiler, superheater, and econo- 
mizer 

2 The feedwater and main steam piping 

3 The high-pressure end of the turbine 

4 The last extraction heater and the feed pump. 


These additional charges are in part offset by the fact that the 
steam consumption per kilowatt-hour is less, thereby calling 
for a somewhat smaller condenser and somewhat less boiler 
heating surface. In any event, the increased cost of the 600-lb. 
plant amounts to only a few dollars per kilowatt. 

Table 14 shows the efficiency and the estimated yearly cost of a 
60,000-kw. station operating on the following cycles: 


1 400-Ib. steam pressure with regenerative feedwater heating 
2 600-lb. steam pressure with regenerative feed-water 
heating 
3 600-lb. steam pressure and regenerative feed-water heating 
with the addition of a live-steam reheater to reheat the 
steam at an intermediate pressure to about 500 deg. 
fahr. 


® Statistician, Sargent & Lundy, Chicago, Ill. Mem. A.S.M.E. 
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4 The same scheme as 3, except that the steam reheater 
is replaced by a reheat boiler which reheats the steam 
to 725 deg. fahr. 

The table is based on the actual cost and efficiencies of similar 
installations recently constructed. It is made up for two grades 
of coal, i.e., Middle-Western bituminous coal with 11,400 B.t.u. 
per lb. at $4.50 a ton, and Eastern bituminous coal, with 13,000 
B.t.u. per Ib. at $2.25 per ton, as was assumed in Mr. Brydon’s 
paper. The cost of operating labor, as well as maintenance, 
in all these types of plant is about the same for the same capacity. 
The actual number of men varies somewhat with the organization 
of the plant. 


TABLE 14 COST SAVING = 600-POUND HEAT CYCLES OVER = POUND WITH STOKER- 


FIRED BOILERS IN 60,000-KW. PLANT 
Saving with Middle Western Coal 


400-Ib. 600-Ib. 


regenerative regenerative 
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Average capacity factor, per cent................ 55 55 

Gross output per year, kw-hr...........cccceecs 290,000,000 290,000,000 
Auxiliary power per year, kw-hr..............065 12,000,000 12,000,000 
Cost of coal at $4.50 per ton, dollars............. 932,800 823,000 
Additional fixed charges at 13'/2 per cent, dollars.. = ....... 20,300 
932,800 843,300 

Net annual saving over 400-lb. regenerative plant, 

Saving with Eastern Coal 

Cost of coal at $2.25 per ton, dollars............. 409,000 360,800 
Additional fixed charges at 13'/2 per cent, dollars.. ...... 20,300 
409,000 381,100 

Net annual saving over 400-lb. regenerative plant, 


The table shows a net saving of $27,900 a year for the 600-lb. 
regenerative cycle over the 400-lb. cycle with Eastern coal at 
$2.25 per ton. This saving increases directly as the price of coal 
advances. The same heat cycle with Midwestern coal at $4.50 
per ton shows a saving of over $89,000 a year. 

The plant with 600-lb. steam pressures and a live-steam re- 
heater shows an annual net saving, with Eastern coal, over the 
400-lb. plant of $35,400. With Midwestern coal this same 
cycle shows a saving of $112,700. The reheat boiler installation 
shows a net saving of $28,900 per year with Eastern coal at 
$2.25 per ton, which is slightly more than the 600-lb. regener- 
ative cycle. With higher priced coal the saving is greater. With 
Midwestern coal at $4.50 per ton this installation shows a net 
saving of $114,600 per year, which is a decided profit on the 
investment. 


Joun ANDERSON.” The author’s statement that increased 
investment costs must be justified by a substantial saving in 
coal and operating costs is true. Coal cost is the greater of these, 
and savings on this item usually govern the selection of the 
cycle. However, the author draws general conclusions which 
are based on an unusually low coal cost, for very few large plants 
are able to secure 13,000-B.t.u. coal at $2.25 per ton. This 
definitely limits the applicability of the author’s conclusions 
to his own particular problem, Brunot Island. 

It appears that the author has not taken advantage of all the 
possibilities in high-pressure plant design, and that as a result 
his plants are needlessly expensive. Reference to Table 7, 
Estimates on Cost, show variations in unit plant cost from $111 to 
$167 per kw. The simplest 1200-lb. plant shown costs 40 per 
cent more than the 400-lb. plant. The cost of the 1300-lb. plant 
at Lakeside (on the same basis that the author uses) is only 


10 Vice-President, Charge of Power, Milwaukee Electric Ry. & 
Light Co., Milwaukee, Wis. Mem. A.S.M.E. 


6.3 per cent greater than the equivalent in a 300-lb. plant. 

One reason that the 1200-lb. plants shown are so much more 
expensive than the 400-lb. plants is the reheating arrangement 
in the boilers. A high and long boiler room plus special types 
of boilers are used, all to accommodate needlessly bulky and in- 
active convection surface. A much smaller radiant reheater on 
the furnace wall would permit each boiler to be a self-contained 
unit, giving uniformity of boiler design, a smaller boiler room, 
less heat loss, simpler operation, and much lower capital costs. 

The paper claims that spare-boiler capacity in a 1200-\}. 
plant is a matter for serious consideration. Experience shows 
that with cooled furnace walls, clean heat absorbing surfaces, 
and nonscaling feedwater, a high-pres- 
sure boiler can be on the line indefi- 
nitely. 


600-Ib. 600-Ib. 
steam boiler The conclusion to be drawn from the 
reheat reheat investment contrast made of a 400-Ib. 


55 55 


290,000,000 290,000,000 plant at $111 per kw., against a 1200-|b. 


12,000,000 12,000,000 
278'000'000 278000000 plant at $167 per kw., is that any 
tye tye project may appear unattractive if many 
‘4 406 
176,700 173,100 Unnecessary and expensive complica- 
795,000 779.100 tions are attached to it. 
24,91 39, 
The operating costs shown in Tal)les 
820,100 815,200 8 and 9 seem most inapplicable to 
112,700 114,600 all but a few cases. As stated before, 
13,000-B.t.u. coal for $2.25 is a rarity 
13,000 13,000 r 
155,000 151700 large plants. The tables show fixe | 
348,700 341.000 Charges from 3'/, to 6'/. times the 
_24,900 39,100 coal cost, whereas at Lakeside the fixed 
373,600 380,100 charges on allocated investment just 
35,400 28,900 equal the coal costs. That high-pres- 


sure maintenance costs are 1.6 to Ls 
times those of low-pressure cost is not based on facts, which 
show the costs to be (with proper design) the same as those of 
low-pressure equipment. It is not the case that insufficient 
high-pressure experience is available to indicate the extent of 
maintenance necessary. On the contrary, with pioneer days 
in high pressure past some time ago, properly designed equip- 
ment is found to have reasonable maintenance costs. 

The author does not state definitely how much radiant-)eat 
absorbing surface he contemplates for the furnace walls, though 
some is indicated in his sketches. With any radiant surface at 
all, it is difficult to conceive the 2800-deg. furnace temperature 
he mentions. The six cooling walls of the high-pressure |iler 
furnace at Lakeside result in a furnace temperature of 205) dez 
fahr., and at 300 per cent rating, the boiler outlet temperature is 
765 deg. fahr. Recent developments show that the place for 
heat absorption is in the furnace, which renders unnecessary 
the extra large economizer and air-heater surface which the 
paper states is needed on high-pressure boilers. With no econo- 
mizer, but with a plate-type air heater, the Lakeside installation 
has a stack temperature of 340 deg. fahr. 

The author’s remark that lower pressure is preferable for 
ease of operation is not borne out by a year and a half of experi- 
ence with the 1300-lb. plant at Lakeside, for when load emer- 
gencies have come on the station, the high-pressure section has 
distinguished itself by requiring the least attention of any. 

The Milwaukee high-pressure installation has a capital cost 
of 6.3 per cent over equivalent low-pressure capacity, and is 
15 per cent more economical. Its ease of operation has been 
demonstrated many times, and future extensions to Lakeside 
will include 1300-lb. steam pressure. 


R. J. S. Prcorr.* Mr. Brydon’s paper very sensibly empha- 


11 Cons. Engr., Public Service Production Co., Newark, N. J. 
Mem. A.S.M.E. 
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sizes the important matter of total cost of production of power, 
which seems to have been considerably neglected in many de- 
signs of recent years, probably on account of the rivalry for 
“biggest units” and “lowest B.t.u. rates.”’ The writer has con- 
tended for years that there is no such thing as a true base-load 
plant, and there will be no such thing until there is no further 
improvement in design. All new plants are operated as base- 
load plants as much as the duration curve of the system will 
allow, until the addition of the next new and better plant takes 
the base load away, which is the real reason for the decrease of 
capacity factor shown in Figs. 1 to 6. 

In spite of the small experience with 600 and 1200 lb., there is 
no logical basis for supposing that the life will be any less than 
for a 400-Ib. plant, inasmuch as the main factor in life of equip- 
ment is not pressure but temperature, and the maximum tem- 
perature is the same for all of them. 

The drop of capacity factor supports the writer’s argument 
that the turbines should be designed for best point at 60 to 70 
per cent of maximum rating, instead of 75 to 80 per cent. This 
-arrangement, as analysis by the input-output line proves, 
does not affect the plant B.t.u. rate in the earlier years, but im- 
proves it in the later years of lighter loading and should reduce 
the initial cost of the equipment. 

Two principal features affect Mr. Brydon’s conclusions: the 
first cost and the cost of coal. We have recently made a study 
of the application of high-pressure turbines or mercury turbines 
to rejuvenate some of our older plants, and find that the invest- 
ment costs do not increase so rapidly with the pressure as Mr. 
Brydon assumes. Recently, a survey by a committee of one of 
the national societies indicates the cost of a 600-pound plant 
with reheat to be $1.42 to $3.84 per kw. in excess of that of a 
400-lb. plant, and averaging $2.92 per kw. more. A 1200-lb. 
plant is shown to be from $4 to $13 more, averaging $5.74 
above the 400-pound installation. These figures do not agree 
with Mr. Brydon’s, which seem to show much larger differ- 
entials. 

The cost of coal used in the paper is satisfactory for plants 
near the mining districts, and, of course, leads to a low incre- 
ment cost of power, so that the fixed charges are chiefly instru- 
mental in determining which pressure yields the most economical 
total cost of power. But for every plant adjacent to the mines, 
getting $2.25 or $2.50 coal, there are three or four that have 
to pay $4, $5, or $6, and the picture may then be dif- 
ferent. 

From the writer’s viewpoint, somewhat lower first cost and 
higher cost of fuel would more nearly represent the average 
conditions. Even with these changes, however, it appears 
difficult to justify the 600-Ib. or 1200-Ib. plants for a capacity 
factor of 40 per cent. It must be admitted that present data 
certainly indicate that the capacity factor will not exceed 40 
per cent for the life of the plant. 

However, two changes are rather certain to occur: as 1200-Ib. 
plants are built—and they will be—the cost per kw. will come 
down and, it is believed, will soon be as low as for a 400-b. plant. 
In this case, the justification is obvious. The other change is 
that the cost of coal is bound to go up as time passes, and this 
again aids in justifying the 1200-Ib. plant using less B.t.u. per 
kilowatt-hour. 

The writer's conclusions with regard to 600-lb. plants agree 
with those of Mr. Brydon; either 400-lb. or 1200-lb. seems to be 
indicated. 

As a rejuvenator of old 200-Ib. and 300-Ib. plants, the 1200-lb. 
Superposed installation has a greater opportunity than as a com- 
pletely new 1200-lb. layout, because it extends the useful life of 
equipment usually installed at a much lower cost per kilowatt 
than could be duplicated at any pressure today. 
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Turbines of 20,000 to 30,000 kw. have been built for fifteen 
years at engine efficiencies of 72 to 75 per cent overall; but the 
boiler-room efficiency was much less than today. Therefore, 
the B.t.u. results are nearly as good as for a completely new 
1200-lb. installation, and the fixed charges much less. ~ 

Our own investigations of the mercury turbine show that 
for present first costs, at least, and $5.75 coal, it is not justified 
for any capacity factor below 80 per cent. The fixed charges 
kill it, as they are twice as high as for a 1200-lb. plant, and the 
useful life much more uncertain. 

The rejuvenation of existing 200-, 300- or 400-lb. plants will 
provide sufficient production and experience to get the cost 
of 1200-lb. equipment down, and then the game is made for new 
installations. 


Louis Exuiorr.'* Given the fuel and capacity-factor con- 
ditions outlined in Mr. Brydon’s paper, the conclusion neces- 
sarily follows, to my mind, that a 400-Ib. plant should be chosen. 

A year or so ago this office made a study similar to his, com- 
paring a 600-lb. regenerative single-stage boiler-reheat plant with 
300- and 400-lb. regenerative plants, for an 80,000-kw. steam 
station. The coal assumed carried 10,000 B.t.u. as received and 
cost about $2.10 per 2000 lb. at siding. The study used 300,- 
000,000 kw-hr. output for the average year through the life 
period, equivalent to about 45 per cent annual capacity factor 
with allowance for auxiliary consumption. This is believed 
amply high for the average over the life of a plant unit, and is 
much in excess of the turbine capacity factors recorded in the 
1922-1923 report of the Committee on Steam Turbines and 
Generators of the Association of Edison Illuminating Companies. 

For fixed charges 15 per cent was adopted, including 8 per cent 
for money, 5 per cent for renewals and replacements, and 2 
per cent for taxes and insurance; the 5 per cent was predicated 
upon a 4 per cent sinking fund and upon an assumed 15-year 
life. These fixed charges are somewhat higher than those as- 
sumed by Mr. Brydon, in part because the return on the money 
was taken as higher and in part because a 4 per cent sinking 
fund was used instead of a 6 per cent fund; the plant-life period, 
however, 15 years, is only one year less than that assumed in the 
paper under discussion. 

As for the investment cost of the plant as a whole, this office 
estimate indicated a saving of $9 per kw. for 400 lb. as compared 
with 600 lb.; Mr. Brydon shows a corresponding saving of $6 
(for building and mechanical equipment), comparing the 400-lb. 
regenerative and the 600-lb. live-steam-reheat scheme, 600 (6), 
and of about $9 for the 400-lb. investment as compared with the 
boiler-reheat scheme, 600 (c). 

This office analysis indicated that a 600-lb. station using the 
regenerative and single-stage boiler-reheat cycle would save about 
6 per cent in fuel as compared with the 400-lb. regenerative cycle. 
The paper shows a saving of about 6 per cent in fuel for 600 (6) 
as compared with 400 lb. and 8 per cent for the 600 (c) combina- 
tion. There is therefore reasonable agreement between the 
two studies in this respect. As for production costs other than 
fuel, both studies give a slight advantage to the 400-lb. station. 

For the conditions assumed by this office the 300-lb. station 
yielded a total estimated cost of energy practically the same 
as the 400-lb. station; the choice between these two would from 
general considerations fall to the higher pressure. The total 
energy cost for the 400-lb. plant worked out to 0.3 mill per kw- 
hr. less than for the 600-lb. plant. The corresponding results 
of Mr. Brydon’s analysis are savings of 0.25 and 0.35 mill for 
400-lb. as compared with the 600-lb: reheat-cycle plants (6) 
and (c), respectively. 

12 Steam Plant Engr., Elec. Bond & Share Co., New York. Mem. 
A.S.M.E. 
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It is doubtless true that there are some situations for which the 
higher pressures are economical, particularly those in which 
fuel costs are substantially higher than as assumed in the paper 
and in this office study; a demand for large amounts of relatively 
high-pressure steam for industrial purposes would also influence 
the choice toward a higher pressure. The difference between the 
computed total annual energy costs for 400 Ib. and 600 lb. is 
often relatively small, and for some cases doubtless within the 
limits of error of the estimate. 

The writer is glad to see the development of the higher pres- 
sures, for it brings a continual advance in the art. This advance 
means that for any new proposition a fresh comparison must 
be made, especially as the tendency is for the high-pressure 
equipment to become more moderate in cost as manufacturing 
experience is gained. Differences of opinion between various 
engineers and executives make the situation an interesting one. 


AvuTHor’s CLOSURE 


In general, the trend of the discussion has indicated that, for 
the particular plant on which the studies were made, the selection 
of 400 lb. for the operating pressure is considered correct. Criti- 
cisms have been that the annual load factor selected is too low 
and that instead of its averaging somewhere in the neighbor- 
hood of 40 per cent over its effective life, it should be much in 
excess of this, possibly 80 per cent or thereabouts; and the reason 
for this suggestion is the more extended use of electric power 
and the interconnection of systems. 

While increased use of electric power may improve load factor 
slightly over a long period of years, it is difficult to see how sys- 
tem interconnection will, over a term of years, increase the load 
factor of the stations serving them even to such figures as 55 and 60 
per cent, because the necessity for increase in capacity is not based 
on the number of stations that are connected together, but on the 
demand on the system, the nature of the load, and the necessity 
for service continuity. It will be noted that the figure for average 
load factor used in the paper is higher than can be reasonably 
expected from past performance in the Pittsburgh district. 

Several gentlemen criticized the space assumed for the 1200- 
lb. plant and showed that it could probably be built in less space. 
It would seem that they entirely forgot that a similar reduction 
of space is also applicable to the 400-lb. plant. As a matter of 
fact, though the final designs for the plant are not yet completed, 
sufficient is known to be able to state that the length of the 
plant, instead of being some 232 ft., will probably be somewhat 
under 190 ft., which is quite a little shorter than even the 227 
for the 1200-Ib. plant, in Fig. 17, obtained by crowding the pas- 
sageways between the boilers. 

Messrs. Moultrop and Seabury appear to support selection of 
1200 lb. by reproducing in their Fig. 15 the Fig. 2 of the 1925 
Report of the A.I.E.E. Committee on Power Generation entitled, 
“Trend of Operating Costs and Fixed Charges for Typical 
Stations of 60,000-kw. Capacity and Higher, Plotted Against 
Date of Initial Operation of Stations.” 

In connection with these figures, the committee states: 

“The curve of fixed charges given as a part of Fig. 2 was based 
on the assumption that, for generating stations placed in oper- 
ation in 1913, the average unit capacity factor during their life 
would be 31 per cent, and for stations placed in operation in 
1925, the average unit capacity factor would be 36 per cent. 
The evidence would tend to indicate, therefore, that if error has 
been made it is on the side of showing the fixed charges per kilo- 
watt-hour too low rather than as too high.” 

So far as I am informed, there is nothing in this report which 
would indicate that these later investment costs represent those 
for 1200-lb. plants, nor that the reduction in fuel cost per 
kilowatt-hour shown by Curve 3 of this figure is due to the 


building in a few isolated instances of 1200-lb. plants. It would 
also appear from the remarks of the committee, as just quoted, 
that the assumption of a 40-per cent load factor is too high 
rather than too low and that the burden of proof is on those 
gentlemen who promise or prophesy high load factors to justify 
high investment costs. 

Messrs. Moultrop and Seabury further state that they “have 
not seen anything in connection with the 1200-lb. station that 
would indicate that the increase in pressure will result in a finan- 
cial loss.” If this is as far as the proponents of the 1200-lb. 
station can go at present, it would seem that there is little, if 
anything, to gain by going to this materially higher pressure. 
At least by confining one’s self to moderate pressures one need 
not consider the advisability of having castings X-rayed at 
United States Government arsenals in order to be sure that the 
plant will be safe to operate. 

Undoubtedly there may be particular locations where, without 
the doubtful assumption of high load factors, the economic ad- 
vantage of higher pressure can be shown because of high coal cost, 
just as in the ease of the proposed Brunot Island plant the ad- 
vantage of the low pressure has been shown. Undoubtedly, 
also, the experimental work being done on a practical scale in 
the building and operation of 1200-lb. plants will add valuable data 
to our knowledge. One cannot but admire, however, the op- 
timism displayed as to maintenance costs. 

In Mr. Wood’s most valuable discussion, he refers to the Deep- 
water plant and rightly explains the reason for high pressure in 
this plant. He shows also that the total cost of power at Deep- 
water will be about 11 per cent greater than at Toronto, largely 
due of course to the difference in the cost of coal. 

Mr. F. W. Martin takes issue with the figures given as to the 
load factor over the 16-year effective life assumed and quotes 
as support for his criticism ten 12,000-kw. units some three or 
four years older as still being used for peak-load service. !t is 


‘unfortunate that Mr. Martin did not care to indicate from his 


records the load factors of these machines at this period of their 
existence. It would make interesting reading. 

Mr. Martin also states that there are two horizontal turbo- 
generators which have been in service for fourteen years and one 
which has been in service for twelve years which show an average 
capacity factor up to the present time of 64 per cent. Probably 
these are the same units shown in Table 3 of the paper. If my 
recollection is correct, two of these turbines, at least, were in- 
stalled under highly competitive conditions as between American 
and foreign machines, and no effort nor cost was spared to pro- 
duce in both instances the most economical machine that could 
be built at that time for the conditions of pressure available at 
the plant. It is my impression, also, that these particular ma- 
chines showed on test, economies that were far in advance of the 
standard machine of their date. If this be the case, the high 
load factor still shown by these machines is possibly explained. 

It is obvious that the crux of the whole situation is the average 
capacity factor of the equipment over its effective life. It seemed 
advisable, for these studies, to take this effective life on the 
basis of the charge actually made for depreciation which, as was 
explained in the paper itself, works out at about 16 years. Mr. 
Elliott, by the way, found this one year too long. Placing such 
a limit, of course, does not mean that at the end of this time the 
machine will be scrapped as Mr. Martin seems to infer. Ob- 
viously, it will probably be used, as Mr. Martin pointed out his 
ten 12,000-kw. units are being used, for peak-load purposes. 
Incidentally, it may be necessary to retain such equipment in 
service beyond its effective life for other reasons than its use 
fulness as peak-load equipment. 

I think that Mr. Elliott’s pithy remarks sum up the situation 
admirably. 
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In the present state of the art, there seems to be little or no 
excuse for 600-lb. plants, but given some conditions, the 1200-lb. 
plant may be economical today and will possibly become more 
attractive in the future. 

A word may be said as to the method of firing to be employed 
at Brunot Island. Those familiar with large pulverized-fuel 
stations are familiar with the stream of ash particles floating down 
wind, to drop miles away, a gentle but persistent rain of grit. 


I think we may take it for granted that the time has arrived 
when this nuisance will not be tolerated, at least not to vex 
urban communities. If pulverized fuel is to survive, adequate 
means must be provided for cleansing the stack gases of this 
dirt. Such equipment is very expensive, but must be included 
in a pulverized-fuel installation when comparing it with stokers. 

For Brunot Island, stokers will be used. They are shown to be 
decidedly less costly, everything considered, than pulverized fuel. 
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Modernization of the Industrial Power Plant 


In this paper the author discusses modern practice as applied to 
the industrial power plant. He compares the progress in this 
branch of the power-generation field with that in central-station 
practice, and also shows how the engineer may by studying his 
plant improve conditions with a reasonable expenditure of money 
and produce results comparable with those to be expected from service 
purchased from a modern central station. The various steps to be 
taken in this program of modernization are touched upon and some 
of the lately rebuilt plants embodying the suggested improvements 
are described and illustrated. 


T IS proper in approaching a subject of so broad a nature 
as this to define it, and, because of time limitation, to con- 
fine the discussion to the more important phases. Modern- 

ization, as applied to the industrial power plant, may be briefly 

defined as causing it to conform to modern ideas. Stated an- 
other way, but a logical result of this, it is: to reduce the annual 
power bill, taking into account both operating expenses and 
fixed charges. 


IMPORTANCE OF INDUSTRIAL POWER 


The importance of industrial power is illustrated by the annual 
consumption of bituminous coal. The 1923 figures of the United 
States Bureau of Mines show that 31 per cent was used by indus- 
trials, 30 per cent by railroads, 7 per cent by public utilities, and 
the remainder was divided among domestic users, coke and gas 
plants, and shipping. 

Of the stationary water-tube boilers manufactured annually 
in the United States, about 25 per cent, on a square-foot basis, 
go into utility plants, and the remaining 75 per cent are used, for 
the most part, by the industrials. 

What we consider today as modern practice had its beginning 
at the turn of the century, and within the memory of most of us, 
when the engine- or water-driven line shaft transmitted energy 
through belts, and the electrification of industry first became 
possible. Electrification has steadily gone on until now it is 
well-nigh universal. In fact, one of our leading electrical manu- 
facturers advertises that more than 60 per cent of the mechanical 
power used by American industry is applied through electric 
motors. The steam-electric plant has assumed first place in 
the generation of energy with the result that unusual effort 
has been made to improve its efficiency. It is largely since the 
World War that marked economies have been made, public 
utilities having led in this field. The proceedings of the Society 
are replete with valuable papers and tests of installations em- 
bodying large units, higher steam pressures and temperatures, 
pulverized fuel, superstokers, water- and air-cooled furnaces, 
air preheaters, feedwater heating by bled steam, evaporated 
makeup, combustion control, increased rates of evaporation, 
and many other innovations and developments which have each 
added their part in the phenomenal advance. 

The problem facing the industrial manager, with this whole 
art in a state of flux, is to determine how far to go in adopting 
these innovations. He has to consider that power is an incident 
in his manufacturing problems; while, with the utility, it is 
the principal product. It is safe to say that there never was a 
period when sound engineering experience and judgment were 


1 Vice-President, Baker and Spencer, Inc., New York, N. Y. 
Mem. A.S.M.E. 

Presented at the Tri-State Power Meeting, Erie, Pa., June 3 and 4, 
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more necessary in making the major decisions for modernizing 
the industrial power plant. 

There are three general headings under which the industrial 
plant may be classified for power supply: by purchase, by gen- 
eration and purchase, and by generation. 


CENTRALIZATION 


There has been a definite trend for several years toward cen- 
tralization, and this is as true in the generation of power as in 
other fields. This is largely the result of the improved efficiency 


Fie. 1 Borer PLant, CANADIAN INTERNATIONAL Paper ComM- 
PANY, THREE RIVERS, QUEBEC 
(This installation replaced oil fired boilers. It illustrates the bin-and- 


feeder type of pulverized fuel installation with a preparation plant, using 
steam driers, located about 1200 ft. away, the coal being transported 
pulverized form. The furnace walls are partially water cooled by fin tubes. 
Air preheaters are installed. The boilers are operated at 135 |b. pressure 


and 100 deg. superheat, the steam being used in turbines exhausting against 
5 to 10 lb. back pressure on individual paper mill drives. Hydro-clectn¢ 
power is used on the major portion of the paper-mill load.) 


in the modern central station where the generation of a kilowatt 
hour at from a pound to a pound and a half of coal is no longe? 
unusual. In plants that have been electrified and have gener 
ated their own power, it is a simple and inexpensive matter 
change over to purchased power, always assuming that the ec” 
nomics are correct. This is the simplest and least expensive Wy) 
from an initial-investment point of view, of modernizing ® 
industrial-power plant. It is not the purpose of this paper to deal 
further with this phase of modernization; not because it is not 8° 
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interesting and important subject, but rather to permit of dealing 
with the more complex problems. 

The question of maximum demand and its effect on the monthly 
power bill is of such importance that all suggestions for con- 


4 
= 
Fic. 2 Bormer PLANT, CANADIAN SALT Company, Lrp., SANDWICH, 
ONTARIO 
(This industry has a direct-current electrolytic load, a process-steam require- 
ment, and a connection with the Ontario-Hydro-Electric System. The 
plant was modernized by the installation of boilers operating at 325 Ib., 
725 deg. total temperature, and back pressure, bleeder-type turbines, driving 


This illustrates a unit mill application and 
Preheated’ air 


direct-current generators. 
refractory-lined furnace without air- or water-cooled walls. 
is supplied to the mill by jacketing a boiler flue.) 


trolling it are weleome. One scheme, 
equally good for plants purchasing all or 
part of their energy, and installed suc- 
cessfully during the past year, utilized a 
relay on the purchased-power-supply con- 


the possibility of shortening feeders. If the power-company 
service is brought to the plant at high voltage and an outdoor 
substation is intalled, careful consideration should be given to its 
location, particularly as in some plants it may be affected by 
fumes or dust. It is not unusual in some industries to shut down 
at rather frequent intervals to permit of cleaning insulators, which 
would not be necessary had a little thought been given to the 
location of the substation. 

Power factor presents a problem often neglected in the in- 
dustrial plant. Most power companies impose penalties for 
low power factor which, in itself, should be a sufficient incentive 
for correction. In addition, the fact that the losses are about 
twice as great when operating at 70 per cent than when operating 
at unity power factor is often overlooked. It is not unusual to 
find plants operating at below 70 per cent. A power-factor 
survey is a good investment and often discloses underloaded 
induction motors and conditions of overloading where a shifting 
of motors without additional investment would effect an im- 
provement. In plant extensions or betterments where syn- 
chronous motors are justified, their use is a big help. The syn- 
chronous motor is now so developed that the problem of starting 
under load is no more complicated than with an induction motor. 
The static condenser also has been developed in sizes and voltages 
applicable to the usual range of induction motors found in indus- 
trial plants and is an excellent piece of equipment for power- 
factor correction, retaining existing drives. By correcting the 
trouble at the source, it permits of increasing the load on existing 
feeders. 

Before passing to the problem of steam generation a word 
can well be said in favor of simplification of the industrial bus. 
Switching and control structures in the 2300-volt range have 


nection to trip out a certain selected load F 7 : 
when the demand reached a_ prede- 
termined amount. It is feasible in most | in 3 
industries to segregate certain circuits or || 3 
motors that can be tripped out for short || ‘ 
periods without serious loss in order to 
prevent establishing an excessive and un- } 
hecessary demand. | | \ 7! 

The industry which both generates and | ,IL A 
purchases is faced with the possibility of = 
an interruption to the purchased-power || \ = ff] / 
supply. Reverse-power, overload or low- | | 
voltage relays may open the line switch, pvr pit \ / 
but this does not prevent the plant gener- \ f 
ators from being overloaded and the gen- || 4 


erator circuit breakers from opening on 


overload when the outside source of power 
fails. A practical method of preventing 
this, and one that has been successfully 
applied, is the addition of an auxiliary 
switch on the main circuit breaker of the 
incoming power line which trips out 
predetermined load when the circuit breaker of the incoming line 
opens, 

It has already been stated that the bringing in of purchased 
power is a simple matter in industries already generating. The 
usual procedure is to connect to the existing bus bars. There is 
4 tendency because of this to overlook the opportunity for some 
real engineering in the proper location of the control room, and 


Fic. 3 Waste Heat Borver INSTALLATION, CATSKILL PLANT, NorTH AMERICAN 


CEMENT CORPORATION 


(This is a waste -heat installation, the first of this design to go into service, utilizing gases from ce- 
ment kilns at about 1200 deg. temperature. 
absence of dust collecting surfaces this boiler has proved successful and efficient. 
is an economizer of the Sturtevant extended-surface type, lead coated, both inside and out. This 

economizer reduces the temperature of the gases to 350 deg.) 


Largely because of the simplicity of the design and the 
i Following the boiler 


followed a rather stereotyped form for many years, while there 
have been many advances in central-station practice. In some 
large plants the generator leads have been taken directly 
into the yard and the generator switches as well as step-down 
and step-up transformers located in outdoor substations, thus 
effecting a big saving in building and the dissipation of copper 
fumes in time of trouble without the usual delay in switch-house 
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capacity in the main unit, it will often 
prove economical to replace the low- 
efficiency steam-driven auxiliaries. 

In plants operating condensing units 
there are often possibilities for gains by 
the inetallation of modern vacuum equip- 
ment where the vacuum may be improved 


by replacing inefficient air pumps by 


Fire Dust 
| Co/lector 


Extraction 
Steam 


ill 


‘conomizer 
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modern high-vacuum equipment. 

The generator air cooler, which is con- 
nected in closed circuit and the heat re- 
moved by the condensate from the unit 
served, or by an outside supply of water, 
offers many advantages in an industrial 
plant not only through the recovery of 
the heat, but in the absence of dust and 


dirt in the generator windings and the 

smothering of fires in the generator. 
There are also industries where waste 

heat is available for steam generation and 


industries in localities not economically 


U 


served by central stations, where the iso- 
lated power plant is justified. It is for 
these cases, whether they generate all or 


part of their power, that interest centers 


in the boiler room where the greatest 
economies can be made and where ad- 


vances have been most rapid in the last 


Ash Sluice ing 
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few years. Because of these advances 
there is a tendency to adopt innovations 
in a zeal to produce high thermal effi- 
ciency, expressed most commonly as B.t.u. 
per kw-hr., or in cents per thousand pounds 


of steam for coal and operating labor, 
when the true measure is the anaual cost 
with fixed charges added to the operat- 
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ing expense. This acid test takes into 
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Fic. 4 Borer PLANT oF THE BROOKLYN REFINERY OF THE AMERICAN SUGAR 
REFINING COMPANY 


(This is an example of the modernization of a two-deck plant, equipped with overfeed stokers, into a 
single deck, high capacity, high-efficiency installation. 


large furnaces were made possible. 


operation. 


ess mains. 


this condition. 


SreaM GENERATION 


In industrial layouts, particularly those purchasing 
energy, it would seem that this general practice might advan- 
tageously be followed to some extent. 


There are many industries, particularly those employing heat 
processes, where power can be generated by using the prime 
mover as a reducing valve between boiler pressure and the proc- 
Some industries have an excess of low-pressure steam 
in summer and a shortage during the heating season in the 
winter. The mixed pressure turbine is now available to meet 
Turbine builders are further prepared to offer 
bleeder turbines for both process steam and for feedwater 
heating. Many of the older turbines now installed may be 
bled to heat feedwater, either replacing present methods or 
increasing the feedwater temperature to a higher point before 
feeding to the boilers. Where bled steam replaces an existing 
system, a study of electric auxiliary drives in place of the existing 


steam-driven units is required. If there is sufficient electrical 


By the removal of the lower-deck boilers, 
These are water cooled on the rear and sides by water 
walls and are fired with pulverized fuel, using air-separation ball mills, two per boiler, applied 
on the unit principle and without coal driers. 
bined as a single unit over one furnace. 
through a deaerating heater. 


Two o. the original boilers have been com- 
Steel-tube economizers are supplied with feedwater 
An interesting detail of this installation is the use of cyclone 
collectors to catch the ash in the flue gases.) 


account the interest on investment, <epre- 
ciation, taxes and insurance, and also the 


4A 4 
Y 
Y 
WA 
OGY 


Fic. 5 Borer Prant, Mason Fispre Company, Lavuret, MISS. 


(This illustrates a 1200-Ib. saturated-steam boiler supplying process stea™ 
for exploding wood chips and producing long-fibre wood pulp in the manu 
facture from sawmill waste of insulating board and hard board. ™ 
boiler is_fired with wood refuse and operates at 1000 Ib. pressure, whic 
seems to be sufficient for the process.) 


o 


as ms’ 


1 
| at 
; 
| | 
‘is vA VA } 
t-} INIT \ 
J 
| 
f 
WY 
| 
ti 
d 
/ b 


load factor, over the useful life of the plant, which are not always 
given their proper values in the selection of equipment. 

With the sources of heat ranging from coal through oil, gas, 
refuse material and waste heat, it is feasible at this time to 
point out modern practice only and the trend. 

There is a tendency in selecting boilers for industrial plants 
toward larger units and a fewer number of them. This reduces 
first cost of boilers, settings, piping and structure, as well as 
operating labor and maintenance. It often permits, in the 


modernization of existing plants, of the utilization of a structure 
originally designed to house a larger number of small boilers. 
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boilered plant are cumulative, the severe punishment incident to 
excessive rating usually requiring a high percentage of boiler 
outage with a demand for even greater performance on the 
remaining units. Maintenance is slighted because of the neces- 
sity for getting a boiler back on the line. ; 

It is dangerous to generalize on this subject, but since it is 
the most important decision in the whole design, an expression 
of opinion that will bring out a discussion is desirable. A con- 
servative rule is to design so that one boiler may be out for a 
complete external and internal cleaning and furnace repair with- 
out loading the remaining boiler or boilers beyond 300 per cent 


Fic. 6 


PLANT OF FarRBANKS EXPLORATION COMPANY, SUBSIDIARY OF THE UNITED STaTes SMELTING, REFINING, AND MINING COMPANY 


(This illustrates a steam-electric plant located at Fairbanks, Alaska, at the railhead of the Alaska Railroad, for a placer dredge gold mining operation 


where continuity of service during seven months of operating weather is one of the controlling factors in the design. 
Normal! operation is at 200 per cent boiler rating 


locally and burned on forced-blast, chain-grate stokers. 


The fuel is lignite, mined 
The furnace has a water-cooled rear arch 


which improves the chain grate stoker operation and combustion in the furnace by creating a turbulent effect in the furnace gases.) 


This general statement applies to the small as well as the large 
installation where, at small expense in raising the roof, modern 
boilers may be accommodated. 

It is not possible to discuss the number and sizes of boilers 
without considering ratings. The present tendency is to rate 
boiler operation on the pounds of steam delivered per hour. 
Since the expression of performance as a percentage of builders’ 
rating is a familiar one, that practice will be followed in this 
discussion. 


RatTINGs 


We hear occasionally of boilers operating at 400 per cent, 600 
per cent, and even higher ratings. These reports are true, but 
usually these high rates of operation are for but short periods of 
time, and analyses will show that they are obtained only in 
Plants where high capital investment is justified. Engineers 
designing industrial boiler plants, to avoid underboilering, will 
be wise in adopting moderate ratings. The troubles in an under- 


rating. This means, in a plant with two boilers, that the normal 
operation is at 150 per cent, which is quite often the point of 
highest efficiency. In a plant with three boilers the normal 
operation would be 200 per cent. It is interesting to observe, 
even in this era of high ratings, how many well-engineered plants 
are operating normally at 200 per cent rating. With four boilers 
installed on this basis, the normal operation with one boiler out 
reaches 225 per cent, and so on. These figures are based on 
well-designed, refractory-lined furnaces. Higher ratings may 
safely be reached, depending on the fuel and the justifiable ex- 
penditure, by the use of air- or water-cooled furnaces. 

Before passing on to the question of furnaces, an opinion may 
be ventured, with the full knowledge that it is controversial, that 
the industrial boiler plant is not the place for operation at ex- 
cessive rating. 


Furnace VoLUME AND Heat RELEASE 


Furnace volume and heat release, usually expressed in B.t.u. 
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per cubic foot of furnace volume per hour, largely determine the 
boiler performance, whether oil, gas, stokers, or pulverized fuel is 
used. Early ignition, by an intimate mixture of fuel and air 
immediately on entering the furnace, and the use of preheated 
air, is making furnace volume more effective. In powdered-fuel 
furnaces the use of preheated air and turbulence in the entering 
coal and air mixture is increasing the B.t.u. per cubic foot and 
thereby decreasing furnace volume. 


It is difficult to say what the limits of heat release are. Three 
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are exposed to the radiant heat of the furnace, either as hare 
tubes in certain designs or in tubes protected by metal blocks 
in others, and in still another design by metal blocks faced with 
fire brick. The water-cooled furnace has now been in service 
long enough to demonstrate its value in permitting high furnace 
temperature, high rating, and reduced maintenance. The 
decision to install partial or complete water cooling, either for 
stokers or pulverized fuel, is dependent, first, on the character. 
istics of the fuel, and secondly, on the justifiable expenditure 


Fic. 7 Stream Puant or TERMINAL Company, Brooktyn, New York 


(This is a new 125-Ib., saturated-steam plant replacing and augmenting an existing hand-fired plant. 


Springfield boilers are mounted over refractory- 


lined furnaces and Westinghouse stokers equipped with clinker grinders. Drake blocks protect the side walls along the stoker line and the bridge 


wall. The combustion air is heated in a plate-type air heater. 


which passes through an Elliott feedwater heater. 
carefully located for convenience of operation by a small force.) 


or four years ago it was in the order of 23,000 B.t.u. Today, 
with the most improved types of water-cooled furnaces, it is 
around 40,000, with isolated examples of operation at 60,000. 
The character of the ash in the fuel has an important bearing on 
the design of the walls. A low-fusing ash, high in iron and sul- 
phur, will wash down and destroy a fire-brick wall in a manner 
quite similar to the action of hot water on a lump of sugar. With 
a fuel such as this, air cooling the walls by drawing combustion 
air through them is of some help, but better results are obtained 
by the installation of water-cooled walls which are connected as 
a part of the circulating system of the boiler and materially 
increase the evaporating surface of the boiler. These walls 


This plant is designed for year-round o 
The furnaces are designed for 250 per cent rating. The auxiliaries are steam driven and af 


tion with about 30 per cent make-up 


Flame travel must be given careful consideration for all fuels, 
either for stokers or pulverized fuel. Wall erosion from direct 
impingement and serious slagging of boiler tubes could have 
been avoided in many installations had a little attention bee® 
given to flame travel. The slagging of tubes is probably limiting 
the rating of more boilers with draft and furnace conditions d 
signed for high rating than any other one factor. In malty 
cases a change in the grade of coal may improve conditions and 
justify better coal: 

Increased ratings and a better knowledge of the results of 
radiant heat have brought about changes in boiler baffling. 
When equipment is installed and furnaces rebuilt for operat! 
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at high ratings, it is important that a study be made of the boiler 
baffles. Built-in-place baffles are now installed in all types of 
water-tube boilers and offer an inexpensive method of modern- 
izing, either by replacing leaky baffles or improving furnace con- 
ditions and reducing exit-gas temperatures by a new design. 

About five years ago the use of pulverized fuel received a 
decided impetus and many installations were made and continue 
to be made. The result of these inroads in what had heretofore 
been the field of the stoker brought about great improvements 
in stoker design and performance, particularly for bituminous 
coal. The present furnace with its higher efficiency and lower 
maintenance has been developed largely to meet the require- 
ments for burning pulverized fuel. 

The development of the clinker grinder on the under-feed 
stoker has materially increased its efficiency. 


PULVERIZED CoAL AND STOKERS 


The decision, as between pulverized fuel and stokers, assuming 
a bin-and-storage system for the former, requires careful study 
and does not permit of generalization. 

The early installations of pulverized fuel were largely on 
the basis of the unit mill, where raw coal was delivered directly 


Fig. Pyrauin Propucts: Borter pu Pont ViscoLorw 
Company, ARLINGTON, NEw JERSEY 


(This shows the first step in the modernization of a plant with a large num- 

ber of small boilers set in continuous battery with inefficient furnaces and 

hand-fired grates. Twoof these boilers have been combined as a single unit 

over a pulverized-fuel furnace extended through the former firing floor into 
the basement and equipped with a unit pulverizer.) 


to the mill and from the mill to the furnace. As in the case of 
most pioneering developments, there were many disappointments 
which led to the development and extensive application of the 
bin-and-feeder system. With many coals it was found that to be 
successful, drying was required in order to store and feed it, 
which introduced additional equipment and added to the in- 
vestment. As already mentioned, the introduction of pulverized 
coal under boilers hastened the development of the stoker. In 
like manner the success of the bin-and-feeder system has stimu- 
lated the development of unit mills until today there are unit 
mills of the high-speed impact type, low-speed tube mill type, 
and vertical medium-speed mills of the bull-ring type in success- 
ful operation on boilers. There is a noticeable trend in both 
small and large installations toward the unit system. The 
advantages and disadvantages of both systems require a study 
of each individual case before a decision can be made. 

Many decisions adverse to pulverized fuel have been made 
during the past few years because of the fear of an ash nuisance 
and the possibility of explosion. Of the former, experience has 
Proved its non-existence in many locations. Where it is con- 
sidered imperative that it must not be permitted to escape, 
€quipment has been developed to collect the ash. This is accom- 
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plished either by electrolytic precipitation or mechanical dust 
arresters, and in some cases by cyclones introduced between the 
boiler breaching and the stack. The explosion danger cannot 
be ignored, but experience has developed designs to guard against 
this and to minimize the effect of an explosion should one occur. 
Ash disposal from either stoker or powdered-coal installations 
continues to be a difficult problem. Where conditions permit 


Fic. 9 Borter PLANT, Jones AND LAUGHLIN STEEL CoRPORATION, 
ALiIquippaA WorKS 
(This plant augments and partially replaces two existing boiler plants, one 
burning coke breeze, and the second, gases from old rectangular coke ovens 
which are being replaced by a by-product coke plant. The main considera- 
tions in design are simplicity, ease of opcration and efficiency, commensurate 
with the low fuel cost in the Pittsburgh district. Pwlverized fuel is supplied 
on the unit principle through air-register-type burners, the primary air 
being drawn through hlloow walls in the ash hoppers, and the secondary air 
= by drawing it through air-cooled front and side walls. The 
urnaces are designed for a normal heat release of 25,000 B.t.u. per cu. ft. 
per hr., and boiler operation at 200 per cent rating. The equipment is 
proportioned for a maximum rating of 320 per cent, if required. he rear 
or bridge wall and the ash pit are protected by water screens.) 


there is a decided trend toward the use of sluices discharging 
the ash in a sump from which it is usually excavated by a clam- 
shell bucket. 

The decision for pressure and superheat in an industrial plant 
is governed largely by local conditions. Boilers and super- 
heaters are now available for 1400 lb. pressure and 750 deg. total 
temperature. In connection with superheat, a word should be 
said about the radiant heat superheater, either alone or in series 
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with a convection-type superheater. This has now been de- 
veloped successfully and has many advantages. 

In heat-process plants modernization is often accomplished, 
as previously referred to, by the use of high-pressure-bleeder or 
back-pressure turbines exhausting directly into the process mains. 

In industries releasing large volumes of high-temperature gases, 
such as steel plants, copper smelters, cement mills and lime 
plants, the waste-heat boiler is justified unless a very low power 
rate is available. In most of these applications the gas is laden 
with abrasive dust, which presents a problem in its collection 
and disposal, as well as in the selection of induced-draft equipment 
not subject to rapid wear. 


EcONOMIZERS AND AIR PREHEATERS 


Dependent on the price of fuel and load factor, economizers 
and air heaters are justified. Speaking generally, the econo- 
mizer field is in plants where low head heat or steam bled from a 
turbine is not available to heat the feedwater and the air heater 
field is where the heat from the exit gases cannot be used in 
feedwater heating but is available for heating the combustion 
air or other purposes. Experience has shown that preheated 
air is of value both in stoker and pulverized fuel installations. 
There is a wide variety in design of air heaters. Economizers 
are now on the market in cast iron or steel. In some designs 
using steel tubes the surface exposed to the gases is protected by 
cast iron and in another design both the inside and outside of the 
steel tube are protected by a lead coating. 

Corrosion from dissolved oxygen in the feedwater, which has 
caused heavy maintenance in steel-tube economizers and in the 
boiler proper, is now controlled by deaerating the boiler feed 
and introducing oxygen-free water into the boiler. 


OTHER ECONOMIES 


Two quite usual sources of loss in industrial plants may be 
eliminated or reduced by the application or repair of heat insu- 
lation and the collection of low-heat-head waste. If the latter is 
in the form of contaminated liquids, a heat exchanger often 
shows an appreciable saving. 

The tendency in the modern boiler plant is toward simplicity 
and the elimination of duplication and by-passes, particularly in 
piping and flue-gas connections. Many existing plants may be 
modernized by a study and simplification of draft conditions. 

With the advent of higher rating in boiler operation there 
has developed a keener appreciation of the desirability, and in 
many cases the necessity, of delivering dry steam from the 
boiler; not only to improve superheat, but to prevent damage 
and improve efficiency in saturated-steam plants. This has led 
to the development of apparatus for removing moisture and 
solids from steam leaving a boiler. The installation of this 
type of equipment is often beneficial. 

The use of large boiler units operated at high ratings makes it 
essential to maintain a clean surface on the inside of the tubes 
and drums, not only to obtain high efficiency and prevent tube 
failure, but to lengthen the interval between shut-downs for 
cleaning. In fact, it is imperative today in a modern plant to 
remove hard scale-forming solids from the feed water before 
it enters the boiler and in many cases it is economical to evaporate 
the make-up water. 


In an industry where waste heat boilers supply the major por- ' 


tion of the power, it is desirable to have an outlet for excess 
steam which may readily be provided by the installation of an 
evaporator. In the case of an isolated plant, the deficiencies in 
steam are usually taken care of by a separately fired auxiliary 
boiler. In industries of this kind an outside power connection is 
especially advantageous with a contract agreement to deliver 
surplus power from the waste-heat boiler to the power company. 


The steam accumulator offers a means occasionally of taking 
care of peaks in an industrial plant without the necessity of 
installing additional boiler capacity. 

There is a tendency in modern industrial plants to reduce 
the element of manual control, replacing it by automatic control 
which acts with less delay and greater precision, resulting in the 
long run in a substantial saving. It should not be installed unless 
the management is prepared to provide high-grade attendants 
to supervise its operation. This is likewise true of all instru- 
ments and automatic equipment. In order to be modern, a 
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Fie. 10 Borer Piant, CHemiIcAL Division oF THE 
PitrspurRGH PLATE GLass CoMPANY, BARBERTON, OHIO 


(Modernization was accomplished here by the installation of an underfeed 
stoker with clinker grinder and the redesign of the furnace, utilizing the ex- 
isting boiler. Reduction in both the excess air and the combustible in the 
ash resulted in improved efficiency. Combustion air is drawn from the 
top of the boiler room along the brick setting and through air passages 
in the side wall at the stoker line, thus air cooling the side wall, reducing 
radiation losses, and supplying preheated air to the stoker. The bridge 
wall is protected by a water wall.) 


plant must be equipped with sufficient instruments to indicate 
and record what is going on, but these records are of no value 
unless they are intelligently interpreted. 


Discussion 


R. A. Lancworrny.?. The writer has read Major Spencer's 
paper with much interest and feels that this timely contribution 
to what has been a rather neglected subject is the result of broad 
experience and a thorough grasp of the problem of the industrial 
power plant, which is a problem entirely different from that 
presented by the large public-utility plant. 

We all admire the genius and ability of the men who have bee? 
responsible for the design of our large public-utility power plants. 
They have produced some wonderful results from the standpoint 
of economy, and the end is not yet in sight. Such work is spec 
tacular and interesting and has had a large amount of publicity 


2 Vice-President and General Manager, Ruths Accumulator Com- 
pany, Inc., New York, N. Y. Mem. A.S.M.E. 
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in many different channels. On the other hand, the industrial 
power plant has not had the attention its importance deserves. 
While individually these plants are much smaller than the large 
public-utility stations, the amount of coal burned in them is 
much larger. Great savings have been made on the 7 per cent 
of the total coal mined which is burned in the large public- 
utility power stations. Insufficient attention has been paid to 
the 31 per cent of this coal which is burned in industrial work. 
There are chances here for great savings in tuel due to the fact 
that more fuel is burned in these plants and that they are in 
general far from modern in design and equipment. They pre- 
sent an excellent opportunity for the manufacturer to cut his 
costs to meet competition. 

The writer thoroughly agrees with Major Spencer that at 
this time sound engineering experience and judgment are vitally 
needed to solve the industrial-power-plant problem. Many of 
the improvements which can justify their installation in the 
large public utility cannot be installed in the average industrial- 
power plant. Broad experience, engineering training, and good 
judgment are required to determine how far to go in this direction 
in any specific case. 

Too little attention has been paid in the past to the great 
possibilities of generating electric power with process steam. 
The steam-using industries of our country are very numerous 
and in many of them the process steam is more than ample to 
generate all of the electric power needed. In such cases power 
can be obtained at a surprisingly low cost. The higher pressures, 
which are surely coming in industrial plants, will make these 
possibilities even greater. 

The writer would emphasize Major Spencer’s comments on the 
real cost of power. It must include both the fixed charges and 
the operating expenses. The often used standard of B.t.u. per 
kw-hr. is liable to be misleading in industrial work. It is the 
total annual cost of his power in dollars which interests the manu- 
facturer. With the short-hour operation and low load factor 
of many industrial-power plants, the fixed charges on the invest- 
ment become an important factor. It must be borne in mind in 
considering fixed charges that the investment might be applied 
elsewhere in plant improvement and bring a higher rate of re- 
turn, After all, common sense and business judgment enter 
largely into the decision. 

It is refreshing in these times of high and higher ratings, which 
have been widely advertised and discussed, to find an engineer 
with the vision to see and the courage to speak out on this matter. 
Based upon a broad experience in industrial power plant work, 
the writer wishes to say that he agrees heartily with the author 
in his statements regarding the rating at which the boilers in 
industrial power plants should be carried in every-day operation. 
When this subject is carefully analyzed and all of the factors 
given due weight, the writer believes that in the vast majority 
of cases it will be found best to install enough boilers to keep 
the average load at about 200 per cent of rating. 

As to boiler pressures, the industrial plant of today in many 
cases can and should be operated at 400 to 500 Ib. This will aid 
in the generation of power from the process steam. Higher 
pressures than this are necessary and justifiable in public-utility 
work but the increased investment and the operating difficulties 
make them unsuitable for industrial power plants. 

While in a paper covering a broad field, as this one does, it is 
hot possible to dwell long on any one subject, the writer does 
feel that the steam accumulator deserves more prominence. 
As a means of modernizing industrial power plants, saving fuel, 
and increasing production, it has an important field. 

_There are over 300 installations in Europe and 12 in the 
United States and Canada, but it is comparatively unknown in 
this country and its possibilities are fully appreciated by but few 


engineers. When the value of this piece of equipment to in- 
dustry is realized its adoption is sure to proceed rapidly. 

The special field of the Ruths steam accumulator lies in indus- 
trial plants having fluctuating demands for steam, of which 
there are many. When applied to plants of this character it has 
produced some remarkable results. No other method of meeting 
the situation will even approximate them. 

By storing steam during periods of light demand and releasing 
it instantly to meet peaks it maintains a constant load on the 
boiler plant, which results in fuel economy, reduced maintenance, 
and the ability of the boiler plant to carry the load with less 
installed capacity. It is a ‘‘shock absorber’ between the boiler 
plant and the factory load. 

Another feature of great importance lies in the fact that the 
installation of a Ruths accumulator renders the process work in 
the factory entirely independent of the boiler plant. The proper 
steam demands of the process are quickly and fully met at all 
times. This often results in increased production without any 
additional investment in factory equipment, a fact which has 
been actually demonstrated in many plants. It is surprising 
how many factories are handicapped in their process work 
by inadequate steam supply; due to the inability of the 
boiler plant promptly to supply the steam demand. The in- 
herent characteristics of the boilers and firing equipment in the 
average industrial plant are not such as to meet the load con- 
ditions imposed upon them. The plant management very 
frequently does not realize the fact that lack of steam slows up 
production. The fact is fully appreciated in many cases only 
after the installation of an accumulator has actually increased 
production. 

In a preceding paragraph, reference was made to the possi- 
bilities of generating electric power from the process steam. 
In many instances investigations along this channel have dis- 
closed the fact that the steam load and electric load do not 
synchronize, so that the maximum amount of power cannot be 
obtained except by wasting steam during some periods. Here 
again the steam accumulator supplies the missing link, and when 
properly designed and coordinated with the balance of the 
system it enables the maximum amount of process power to be 
generated without wasting steam. 

While the principle of steam accumulation is old, it was not 
until after the study and development work of Dr. Ruths that 
it could be practically applied to industrial plants. The modern 
development of this principle has been in the form of a definite 
scheme of application and control, including special governor 
valves which make the accumulator steam-storage system en- 
tirely automatic and enable it to be applied to diverse conditions 
in a practical manner. It is this system of control with its 
valves which has made possible the broad application of the 
accumulator to industry. It certainly cannot be overlooked in 
the modernizing of industrial power plants. 


Grover Keeru.? When attempting to modernize an indus- 
trial plant, the engineer is beset with a number of difficulties. 
First, in spite of the fact that, as Major Spencer says, 31 per cent 
of the coal mined is used by industries, it must not be over- 
looked that in many processes fuel may be only apparently 15 
per cent of the cost of the finished product. This situation 
frequently, and it might be said generally, causes the manage- 
ment to take the stand that the money which the engineer wants 
to spend would, if spent for production purposes, apparently 
earn the stockholders more money. The word “apparently” 
is used for the following reasons: In the first case, there is more 
to “fuel costs” than the bare figures on the books. For instance, 


3 Chief Engineer, Marathon Paper Mills Co., Rothschild, Wis. 
Mem. A.S8.M.E. 
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quality of product, amount of product, amount of labor spent 
in preparing product, are affected by the class of service fur- 
nished by the power plant, and if this power plant is not getting 
good costs, it is almost a certainty that it is not giving good 
service. 

The second use of the word “apparently” was prompted by 
personal experiences in which the writer has been required to 
spend money that he wanted to spend on power, for both cheaper 
production and cheaper consumption, on increasing capacity, 
with the result that the mill later found itself with such a 
quantity of goods on hand that prices had to be cut or pro- 
dluction decreased. 

Another stumbling block in the way of improving the power 
plant is this—and this is said with due respect to the salesman, 
because the passage of time forces a keener realization of the 
fact that engineers are generally poor salesman when it comes to 
putting over their ideas. The management has been persuaded 
to install, in both mill and power plant, devices that are guar- 
anteed to save 5, 10, or more per cent. They work for a while 
and then, with improper care, perhaps, they fail; or possibly they 
never worked at all, due to improper application. When at 
last the management encounters trouble and calls in the “doctor” 
they hesitate to take his “‘pills’’ because they remember the 
failures that they themselves are responsible for in last analysis. 

Before attacking an industrial-power problem, the engineer 
must learn to think in terms of production and realize that the 
sales department must be served; that is, that goods of proper 
quality must be on the shipping platform at the time specified. 
He must further realize that the return on money spent by an 
industrial company must be higher than for a utility, because a 
kilowatt is the same today as it was when the first one was made, 
but the shape of shoe that is popular this year may be a drug on 
the market next year. 

It might also be suggested that the power salesman come to 
realize that the industrial-power plant has its proper place and 
that in the opinion of the writer the time is coming when power 
companies will permit industrial plants to run in parallel with 
them and carry such load on the isolated plant as is required 
for heat purposes. This is felt to be the real way to conserve 
coal and capital expenditure. Two utility managers in the 
last few months have agreed that such an arrangement is work- 
able, and in their particular cases desirable. 

Power factor, to the writer’s mind, is just as important to an 
isolated station as to a purchased-power customer. It is of 
course more evident when credit is allowed on the power bill, 
but the losses are there just the same. If the motors are of sizes 
below 75 hp., the writer believes it will prove to be cheaper to 
correct with static condensers rather than to replace the motors 
with power-factor-correcting motors, or grouping the drives so 
as to permit the use of larger synchronous motors. 

If the fuel used is coal, some of the things now being done by 
central stations in the way of sizing coal can be used to ad- 
vantage. The writer was taught that the proper fuel to use was 
the one that gave the greatest B.t.u. output per dollar expended. 
He still thinks that there are cases where this is true but he has 
learned that there are places where it is not. 

The author states that the tendency is toward larger boilers. 
This is true, but it appears that it is being overdone. It is 
true that it is cheaper to put in one 1000-hp. boiler than two of 
500-hp., and that the efficiency is higher. It is, when it runs, 
but again we must put continuity of operation ahead of efficiency, 
and realize that a boiler room with three 335-hp. boilers will 
give better service than one with two of 500-hp. 

+ As to boiler ratings, apparently this also is being overdone. 
The writer does not believe that it is desirable to operate at the 
ratings common in utility practice. A central station’s load 


at 3 p.m. on the 15th of next month may be predicted with 4 
fair degree of accuracy, but many industrial boiler-room opera- 
tors do not, and frequently cannot, know what load they will 
have in the next half hour. Therefore if high ratings are used 
there is no leeway left for swings. 

With regard to powdered coal, if a new plant is under con- 
sideration, it may be said to have many advantages. From 
personal experience with a large installation the writer would 
not have much fear of either ash, fires, or explosions with the 
knowledge of design now available; the decision as to its choice 
being governed by the type of fuel available, first cost and uses 
to which the power plant is to be put. If it is an old plant 
the use of powdered coal is questionable. 

The choice of steam pressure is a question of heat balance; 
to find the most desirable pressure and temperature, then to 
alter this if necessary to meet suitable costs. 


W. F. Ryan.‘ Mr. Spencer’s paper is very comprehensive, 
and almost every paragraph might be made the subject of a 
complete paper. It draws attention to many opportunities 
for improvement that are seldom given the attention that they 
deserve. While we are striving, by every refinement of design, 
to get our power as cheaply as possible, we are neglecting oppor- 
tunities to make even greater savings by preventing the waste 
of power after it is generated. 

We discuss operating pressures a great deal, but voltage is 
seldom discussed. Nevertheless the selection of the correct 
voltage for generation and distribution may affect the cost of 
production quite as much as the selection of the proper steam 
pressure. 

On account of the small circuits ordinarily used in industrial 
plants, it will seldom pay to use a very high voltage because, 
on small conductors, the increase in cost of insulation offsets the 
Saving in copper. On the other hand, there is a considerable 
waste of current when too low voltages are used where the runs 
are of any appreciable length. In a plant covering considerable 
territory, it will usually pay to use two voltages; 2300 or higher 
for distribution, and 550 or lower for the local circuits in the 
manufacturing departments. 

Power-factor correction is another opportunity for good en- 
gineering too frequently neglected in the industrial plant. A 
plant may often avoid the installation of new generating equip- 
ment by the simple expedient of raising the power factor. Mr. 
Spencer calls attention to the fact that a premium is allowed 
for high power factor by some public utilities. In one industrial 
plant which uses both generated and purchased current, it \s 
found profitable to carry the high-power-factor circuit on its 
own bus and pay a penalty for low power factor on the pur- 
chased current. The increase in generator and transformer 
capacity more than offsets the power-factor penalty on the 
purchased current. 

Concerning the pressure and temperature which should be 
used in the industrial plant, this must always be determined 
by local conditions. If the generating plant must operate con- 
densing, extremely high pressures are justified only when the 
quantity of condensing water is limited. If, by the use of high 
pressures, condensers can be avoided altogether, and the output 
and the load factor are high enough to warrant a fairly high 
investment, the pressure should be chosen high enough to supply 
all of the power requirements and deliver steam at sufficient 
pressure and temperature to take care of process work. The 
cost of a high-pressure non-condensing plant will exceed the 
cost of a low-pressure condensing plant very little, if at all. The 
elimination of the condenser saves a very large part of the con 
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struction cost, and at the same time eliminates the principal 
heat loss in the condensing station. The field for high pressures 
is therefore in those industries where the demand for process 
steam is high, but the demand for power is also so high that 
sufficient current cannot be generated in low-pressure non-con- 
densing prime movers. 

Most of our papers on industrial power are concerned with 
methods of electric power generation, in spite of the fact that it is 
only the exceptional industrial plant which is justified in gen- 
erating power at all. Mr. Spencer has rendered a service by 
directing our attention to voltage, power factor, boiler ratings, 
choice of fuel, automatic control, and other problems which 
are common to nearly all industrial plants, regardless of size and 
load conditions. 


W. A. SHoupy.® The central station is the manufacturing 
department of an industry, the sole business of which is the sale 
of power. Economy of manufacturing is, therefore, of the ut- 
most importance and the industry must employ the best en- 
gineering talent, both for the design of new stations and for 
their operation. The power plant of any other industry is of 
secondary importance. The success of the sales and production 
departments usually determines the success of the business. It is 
not unreasonable, therefore, for the management to devote the 
major time and thought to these departments. 

Engineering studies for a central station can be extensive and 
costly because the investment for the project is so great that the 
engineering is but a small percentage of the total. We might 
think that these frequent studies by various engineers, together 
with the hearty cooperation of the various companies of the 
industry, would result in a more or less standard type of central 
station; but the designs are as far apart today as ever. Steam 
pressures vary from 375 to 1400 pounds. Coal is burned pul- 
verized or on chain grates or underfeed stokers and settings are 
solid firebrick, air cooled or water cooled. 

This diversity in design exists not because any one designer is 
an outstanding leader and all others relatively inexperienced, 
but rather the contrary, for otherwise we would see a trend in 
station design in one major direction; in fact, the designs of 
any one engineer are almost as diversified as those of the in- 
dustry. If standardization were possible we should certainly 
find it in central stations, for in no other industry is interchange 
of experience so complete and open. 

This situation is emphasized by Major Spencer in his excellent 
paper. He has not given a formula for designing industrial 
power plants, because such a formula is even more of a ‘“‘will-o- 
the-wisp”’ than one for central stations. He has rather pointed 
out what equipment is available and, far more important, he has 
emphasized the limitation of such equipment. The trouble ex- 
perienced in the adoption of central-station equipment for fac- 
tory power plants is almost invariably due to lack of knowledge 
of the limitations of such equipment. 

There are, however, certain basic principles which govern the 
design of the industrial-power plant and these principles are 
more important than the type of equipment. Since the manage- 
ment is principally interested in sales and production, reliability 
of operation is the first essential; hence, spare equipment or 
stand-by service must be provided. 

Except where power is a large percentage of the cost of the 
manufactured product, the designer cannot strive for the last 
point in efficiency. Central-station equipment can be justified 
if it earns 15 or 16 per cent on thé investment, but because a 
manufacturing plant can often earn much more in other de- 
partments, the factory power plant must show an equally large 
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return; hence, the refinements in design often cannot be justified. 

The factory power plant cannot hope to compete with the 
central station in the price paid for labor. Consequently, a 
poorer quality is often obtained, necessitating simplicity of equip- 
ment and design. 

In few industrial plants can all of the condensed steam be 
returned to the boilers. If the make-up water is not good, 
scale forms rapidly, unless extensive water-purification systems 
are installed. Even with the best, scale forms more rapidly 
than in the central station. This condition restrains boiler oper- 
ation to conservative ratings and in many cases eliminates the 
possibility of water-cooled furnace walls. 

The larger size of unit necessary for the central station makes 
a large expenditure for instruments a small percentage of the 
total cost. The industrial plant must, therefore, limit the ex- 
penditure for instruments to those making definite and large 
savings. The latter cannot, therefore, operate so closely to the 
designed efficiency, unless simplicity is the keynote of design. 

The industrial plant has one large advantage over the central 
station. It can generate by-product power with the steam used 
by the process. All process steam should first be used for gen- 
erating power and a boiler pressure that will permit of so doing 
should be selected. If additional power is required it may be 
generated or purchased with little effect on the total cost if the 
process-steam demand is large. 

Although it is dangerous to attempt to lay down rules for 
design, these basic principles may be summarized: 


1 The industrial-power plant must be reliable; hence, 
spare equipment or stand-by service is necessary 

2 Be efficient only in so far as hours of operation, fuel cost, 
and fixed charges will permit 

3 Be simple, both as to design and equipment 

4 Operate at conservative boiler ratings 

5 Make use of process steam for the generation of by- 
product power. 


When all these points are taken care of, power costs may still 
be high, unless the production department is economical in the 
use of power. The savings possible in the factory are often 
greater than those possible in the power plant, and in many 
instances economies in the factory have indefinitely delayed 
additions to the power plant. 


H. W. Witson.* Mr. Spencer is to be congratulated on the 
excellent paper he has prepared. He points out modern methods 
that have been adopted, without going into the subject beyond 
merely stating the facts, in the majority of cases, and as a conse- 
quence leaves very little for discussion. 

In referring to heat release, Mr. Spencer gives a figure of 
40,000 to 60,000 B.t.u. per cu. ft. of furnace volume per hour 
with water-cooled walls. The writer is not in a position to 
dispute these figures but it should be pointed out that they are 
greatly in excess of what may be obtained with solid-wall con- 
struction. Without water-cooled walls a figure of about 18,000 
is considered good practice. 

Mr. Spencer has referred to slagging of tubes, and also to the 
fact that for high rating and efficiency the inside of tubes and 
drums must be clean. But no mention is made of the necessity 
of keeping the outside of the tubes clean. Tubes on the outside 
should be kept clean for the following reasons: 


(a) To reduce stack temperature and increase efficiency 
(b) To prevent tube failure. 


This is accomplished by means of soot blowers. 


* Technical Engineer, The Canadian Salt Co. Ltd., Windsor, 
Ontario, Canada. 
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As already stated there is not very much material for discussion, 
but there are several points in the paper that the writer would 
corroborate, using experience gained in operating Fuller-Lehigh 
unit system pulverizing mills. 

Referring to overhauling, the rule in designing is that one 
boiler may be out for overhaul without loading the remaining 
boilers more than 300 per cent. 

It appears from experience and hearsay that 300 per cent is 
high and that 250 per cent would be nearer the mark for the 
following reasons: 


(a) When a boiler is off it is usually inactive for a week to 
ten days, which would be a period altogether too long 
to carry 300 per cent on boilers 

(b) Obtaining the 300 per cent is dependent on many fac- 
tors, an important one being the kind of coal burned. 
If the right kind of coal was not obtainable when the 
300 per cent rating was carried it would be done only 
with considerable damage to the furnace. 


The author shows that air preheating and turbulence in the 
entering coal assist in decreasing the furnace volume. Air pre- 
heating does give considerable advantage and improved re- 
sults, but the benefits derived from turbulence are doubtful. 
Unless a very wide furnace is provided turbulence will soon 
plaster the side walls. Further, turbulence has a tendency to 
reject the larger particles by centrifugal force which will increase 
the combustible in the ash taken from the floor, this being ex- 
aggerated at high ratings when the pulverizer, in the case of a 
unit system, is perhaps taxed to almost capacity. 

Referring to wall design, it is seen that the character of the 
ash has a great bearing on the design of the furnace wall; low- 
fusing ash high in iron and sulphur will wash down and destroy 
the brickwork. This is somewhat overcome by water-cooled 
walls. 

The ash has a direct effect on the walls and an indirect effect on 
the rating that can be carried. Where air-cooled walls are not 
justified the rating may be greatly reduced, due to a low-fusing- 
point ash. This paragraph is very closely related to the next 
paragraph which suggests that careful consideration must be 
given to flame travel. 

The author has well said that the flame travel requires careful 
consideration to avoid slagging of the tubes. 

To overcome this objection the coal used will play a very im- 
portant part in this consideration. Experiences of the writer's 
company bear this out. A coal was being used that gave con- 
siderable trouble with slagging on the walls whenever an attempt 
was made to carry the boilers above 200 per cent rating. This 
coal resulted in considerable plastering of the walls. On analysis 


this proved to be mostly iron. The coal was not sufficiently 
adaptable to pulverization, and large particles carried into the 
furnace reached the back wall or tubes before becoming com- 
pletely ignited. Striking these relatively cool surfaces they 
were chilled, depositing the iron and non-combustible on the wall. 
Then when a higher rating was attempted the resulting higher 
furnace temperature caused running down of the walls. A change 
to a coal that was easily pulverized was effected and the resulting 
ash was not unlike brown sugar with little or no iron in it. The 
coal was then ignited quite close to the burner, and high ratings 
were secured without furnace difficulties. 

In connection with superheaters, as referred to by the author, 
a word should be said about the radiant-heat superheater, either 
alone or in series with a convection-type superheater. 

It should be pointed out that in operation with increase in 
rating the superheat temperature of the steam from the con- 
vection type will increase while from the radiant heat type it will 
decrease and vice versa. From this it is clear that with the 
two types of superheaters in series, they may be designed to 
give almost constant superheat temperature, at all ratings, 
which is a desirable point. 

Preheated air is of value in both stoker and pulverized-fuel in- 
stallations. Too much stress cannot be placed on the advan- 
tages of preheated air for unit pulverizers, among the more 
important advantages being: 


(a) Increased capacity of the pulverizer 

(b) Very slight drop of capacity of the mill being fed wet 
coal to about 7 or 8 per cent since the hot air greatly 
reduces the moisture content, prevents the fine particles 
from packing into small balls which will not ignite 
readily in the furnace and not plaster the walls 

(c) Permits ignition of the coal close to the burner which is 
not obtained with wet coal. 


It is noted by the author that high ratings make it essential to 
maintain clean surfaces on the insides of the tubes and drums, to 
obtain high efficiency, and prevent tube failure. 

In this connection it is pointed out that “in many cases it is 
economical to evaporate the make-up water.”’ Nothing is said 
as to what may be done should evaporation of the make-up 
water not be economical. It should be pointed out that this is a 
most important point and should require most careful consider- 
ation. A very careful analysis of the water available should 
be taken and in conjunction with a boiler feedwater expert the 
proper type of softener should be chosen for the rating and 
pressure to be carried by the boiler. It is considered that the 
purity of the feedwater has as important a bearing on the rating 
that can be carried as any other factor. 
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Engineering Analysis as Applied to the Selec- 
tion of Type and Size of Power-Plant 
Equipment 


General Review of a Simple Evaluation Scheme and Its Application to a Specific Problem— 
Discussion of Certain Detailed Considerations of the Problem 


By J. N. LANDIS,! BROOKLYN, N. Y. 


\ YITH THE great increase in the variety of kinds and 
sizes of equipment. which can be purchased, it becomes 
essential, as a guide to anything but perfectly arbitrary 
engineering and purchasing, to develop an analytical engineering 
and economic basis for settlement of questions relating to type, 
size, and make of equipment. A rather complete description of 
the Brooklyn Edison Company’s practice in connection with its 
purchasing, and engineering as related to purchasing, has been 
set forth in the companion paper on “Competitive Purchasing 
and Evaluation of Proposals for Power-Plant Equipment.’’? The 
subject of the present paper, if not restricted in its application, 
is so broad and would require such a length of time for a general- 
ized treatment that the paper will be limited to phases of the 
subject. as they have developed in connection with Brooklyn 
Edison Company engineering. 

The basic organization of the material consists of (1) a general 
review of a simple evaluation scheme; (2) application of the 
evaluation scheme to a specific problem; and (3) discussion of 
certain detailed considerations of the problem. 

For a simple illustrative example, the evaluation of the annual 
operating cost and carrying charge for a particular turbine and 
steam-generating equipment for which guarantees will be assumed 
to be in hand is chosen. The most obvious starting point is 
with the daily load curves when these are available for some 
known year of the unit’s operation. Such a curve is shown in 
Fig. 1. If this curve is redrawn without reference to the time 
sequence of machine loading, the resulting curve is shown in 
Fig. 2 and is called a “load-duration curve.” If 365 successive 
daily load-duration curves or a lesser number of properly 
weighted “typical” daily load-duration curves are added to- 
gether, an annual load-duration curve is obtained (Fig. 3). 

The turbine proposal will contain a turbine heat-rate curve, 
such as Fig. 4, showing the amount of heat consumed by the tur- 
bine per kw-hr. for each load. The steam-generator proposal 
will contain an efficiency curve, Fig. 5, showing the ratio of output 
to input for the fuel-burning equipment, boiler, and economizer 
or air preheater. 

Referring to Fig. 4, if the ordinates of the turbine-heat-rate 
curve are multiplied by the respective abscissas, there result 
values from which a turbine input-output curve can be plotted 
as shown in Fig. 6. If for particular values of heat required by 
the turbine to produce certain loads, the corresponding boiler 
efficiency is obtained and divided into the turbine heat require- 
ment, then the result represents the boiler input necessary to 
generate the heat required by the turbine for the assumed turbine 
load. If the entire turbine load range is so treated it is possible, 
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from the results to plot a boiler-input vs. turbine-output relation- 
ship (Fig. 7). 

With the input-output relationship for the steam-generating 
equipment and turbine in mind, if reference is made to the load- 
duration curve, it will be seen that for each particular value of 
load there represented it is possible to substitute the correspond- 
ing heat input to the steam-generating equipment. If this is 
done for all the loads there will result a B.t.u. input-duration 
curve, such as shown in Fig. 8. Inspection of this curve will 
show that the ordinates are B.t.u. per hour and that the abscissas 
are hours of duration per year of particular heat inputs required. 
If a strip of area is indicated on the curve, as in Fig. 9, it will be 
seen that the unit of area is B.t.u. per hour multiplied by hours, 
or B.t.u. From this fact it follows that the integration of the 
area under the B.t.u. input-duration curve yields the total heat 
consumption of the combined equipment for the year considered. 
This value may be used to obtain pounds of coal per year if the 
average heat content of the coal used is known. 

It is well recognized that generally as equipment ages its load- 
ing is decreased. If the machine load-duration curve drawn and 
used in the foregoing is for a year of favorable machine loading, 
then before the annual coal consumption obtained by its use can 
be used to represent an average annual coal consumption for the 
entire machine life, it. is necessary by some means to correct the 
result obtained for the favorable loading conditions to a result 
more likely to obtain for average loading conditions over the 
entire equipment life. The problem of setting up a great number 
of load-duration curves which will take care of this condition is 
so complicated and perhaps even so nearly impossible of accom- 
plishment that it is suggested that a factor which might be termed 
the ‘‘use-expectancy factor” be assumed or developed and applied 
directly to the result above obtained to give an approximate 
“effective average’’ annual coal consumption. 

After the effective average coal consumption has been de- 
rived, the operating cost may be determined by applying the- 
average coal cost expected over the operating life of the equip- 
ment. 

There remains to be considered the investment cost for the- 
equipment considered. After the investment cost is determined, 
a figure should be developed for the rate at which to figure carry- 
ing charges per annum for the type of investment considered. 
This rate, as is well known, includes interest, taxes, insurance, 
and amortization. In addition it is believed that the total 
carrying-charge rate should contain an “incentive” rate. By 
‘Gnecentive” rate is meant that margin of safety which is justly: 
applicable to investment in expensive, or in new and untried, 
apparatus to require a very definite advantage in favor of it. 
Once such a total rate is established, it may be applied to the in- 
vestment cost to derive an annual carrying charge; or, for pur- 
poses of direct comparison with investment cost, annual operating 
costs may be capitalized by dividingt hem by the annual carrying~ 
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If the coal cost as obtained for the effective average coal 
consumption is capitalized and added to the investment cost, 
these two items will in all normal cases represent the major part 
of the total charge assignable to a group of equipment under 
Generally, however, there will be in addition 
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equipment being evaluated. Falling in this classification of 
items may be such matters as that one design of turbine may give 
much less available surrounding floor space for the stowing of 
disassembled parts during repair periods, or certain equipment 
may hold forth alluring possibilities the true merit of which it 
may be desired to ascertain before starting the construction of a 
new station, etc. These figures require assignments of value. 
The mode of determination of such evaluation may be either 
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rational or arbitrary, and no generalization as to evaluation 
methods to follow can be made. 

The summation of the capitalized coal cost, the investment 
cost, and all additional evaluations made will result in a single 
money value representing the charge against any one kind of 
development or equipment. If for several developments or 


equipments this same general process is followed, meticulous 
attention being paid to securing a commonness of procedure in 
all the separate analyses, the results may be compared. This 
process constitutes a general procedure which can be applied 
to the bulk of engineering problems. 

The above will be clearer if a specific case is discussed. For 
this purpose a part of the work actually done in connection with 
the analysis of proposals for the No. 5 turbine generator for 
the Hudson Avenue Station will be reviewed. 

For a proper understanding of what follows it is necessary to 
outline in a general way some of the conditions surrounding 
the engineering of the No. 5 unit. The general belief existed 
that the largest-capacity machine which could be practically 
installed and supplied with steam would be justified on the cual 
grounds of immediate reduction of cost per kw. installed and of 
postponement of future capacity installation. It was recog- 
nized in laying out the design that the limitation in carrying out 
this general principle would be in the boiler room rather than 
in the turbine room. In the boiler room the building columns 
had already been erected, and the stoker area it was possible to 
install was by this fact definitely established. After a survey of 
the situation, it was believed that for emergency conditions 
it would be possible to generate on the amount of boiler plant 
which could be allocated to the service of this unit, and which 


would probably be capable of being called on in a time of emer- 
gency, a total of 1,200,000,000 B.t.u. per hour. Further, at 
time of peak load and with hot circulating water, it was felt that 
approximately a 273/,-in. vacuum could be maintained. 
fore the turbine manufacturers were advised that it would be 
possible to supply to the turbine a total of 1,200,000,000 B.t.u. 
per hour to be utilized between the throttle and a 27° ¢in. 
turbine exhaust condition, and that a definite money premium 
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would be given for each kw. of extra capacity obtainable from 0” | 
machine over another at this heat consumption. The premiu™ | 
per kw. was admittedly a somewhat arbitrary factor. In gene™ | 
the philosophy underlying its establishment was that kw. in‘ | 
maximum range of the machine would not be usable for appre 
mately two years and that an ultimate-value figure per kw. ™ 
stalled could be discounted 20 per cent per annum carry! 
charge for 2 years, making for a 40 per cent discount, and res 
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ing in a 60 per cent present worth of each kw. of capacity 
usable 2 years from date. 

On this equipment there was a total of 14 different proposals, 
the differences between which had to be evaluated in terms 
of money for report to the Purchasing Agent. To effect a com- 
parison of these fourteen possibilities, a machine load-duration 
curve was made up representative of what it was felt’ would 
approximately prevail in the year of maximum machine loading. 
The actual curve used is shown in Fig. 10. In this particular 
work, to reduce all the results obtained by its use to results corre- 
sponding to an approximate “effective average annual value,” 
a “use-expectancy factor’ of 70 per cent was derived. 

An example will be chosen from that part of the work done in 
connection with determining which of two exhaust areas offered 
by one manufacturer should be purchased. For this work 
vacuum had to be taken into account, inasmuch as the turbine 
guarantee was based on 29-in. vacuum conditions, which could 
be maintained throughout but a very limited portion of the 
year. The principal factor affecting condenser vacuum, inde- 
pendent of the condenser characteristic and loading, is circulating- 
water temperature. To account for the seasonal differences in 
circulating-water temperature, the load-duration curve shown 
in Fig. 10 was subdivided into three parts representative of three 
seasons with 45 deg., 60 deg., and 73 deg. circulating-water tem- 
peratures. These are shown in Fig. 11. 

In the absence of knowledge as to what condenser size would 
be used, an arbitrary size assumption was made and the per- 
formance with 45-deg., 60-deg., and 73-deg. water was estimated 
from performance records obtained on existing condensers in 
the station. By working jointly with the turbine vacuum- 
correction data supplied by the manufacturers, and with the 
condenser performance, turbine B.t.u.-rate curves corrected for 
the actual expected vacuum at each load with each water tem- 
perature were determined. These are shown in comparison with 
the 29-in. vacuum B.t.u.-rate curve in Fig. 12. The break in 
the 45-deg. water case represents a change in B.t.u. rate incidental 
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o an assumed change-over from low to high speed on the cir- 
culating pumps. 

Using the three seasonal load-duration curves developed and 
the turbine B.t.u.-rate guarantees as corrected for the three 
Water temperatures, the average annual coal consumption was 
determined for the exhaust size just considered. 

The above covers the work done in connection with the coal- 
consumption charge for the machine with the particular exhaust 
area under consideration. In addition it was quite essential 
to take account of the ability of that size of exhaust end to produce 
load with a 27°/;in. vacuum for the given total 1,200,000,000 
B.t.u. per hour of heat supplied to the turbine. To make this de- 
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termination, the manufacturer’s 29-in-vacuum-guarantee—B.t.u.- 
rate curve was drawn first, then to this was applied the vacuum 
correction for a vacuum of 273/, in. Next, from the turbine 
heat-rate curve as corrected for 27*/, in. vacuum, the 27?/,-in. 
vacuum turbine-heat input-output line shown in Fig. .13 was 
developed. The figure shows how the load obtainable with 
the stated heat input was determined. 

The foregoing work was then duplicated, using one of the ma- 
chines with a different size of exhaust. When completed, a 
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Fie. 7 Input-Output Curve For ComMpLete 


comparative summary of charges was drawn up, using the 
following form: 


A sq. ft. B sq. ft. 
Annual coal cost (effective av- 

Item 1 Item 2 
Maximum load developed, kw. Item 3 Item 4 
Difference in annual coal cost. 0 Item 2— Item 1 
Difference in maximum load 

ee ee Item 3 — Item 4 0 


Capitalized charge for differ- :. 
ence in annual coal cost at '? 

R per cent 3 

Capitalized penalty in maxi- i 
mum load developed, at . 
0 Item 3 — Item 4 

x $Q 
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Total penalty for exhaust area 
0 Sum of above 
two results 


This preference was reported to the Purchasing Agent, who 
knew the difference in price of machines with exhaust areas A 
and B. The evaluated preference for exhaust area A over B 
was in excess of the price difference, therefore exhaust area A 
was purchased. 

The foregoing outlines in general a part of the method of 


Fie. 8 Heat-REQUIREMENT-DURATION CURVE 


Fie. 9 Heat-REQUIREMENT-DURATION CURVE 


Fic. 10 Macuing ANNUAL Loap-DvuRATION CURVE 


analysis applied to the No. 5 turbine-generator guarantees. 
Based on this somewhat superficial presentation of certain 
phases of the work done, it is possible to generalize on a method 
of attack to follow for engineering analyses: 
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LOAD KW. 


Fig. 11 Srasonat Loap-Dvuration Curves—Unir No. 5 


1 For the equipment under consideration establish a ma- 
chine load-duration curve. 

2 Determine on a “‘use-expectancy factor.” 

3 Determine the expected performance of each of a number 
of favorably appearing plans, taking due account of 
all the factors affecting the problem in any important 
way. 

4 Combine the load-duration data and the performance 
data to secure an expression of hourly performance cost 
against hours of duration of such costs. This informa- 
tion will permit determining by integration the total 
effective annual coal cost. 

5 Determine costs of the different schemes completely in- 
stalled and, if possible, approximate maintenance costs; 
also any other credits or charges of sufficient: importance 
to merit a money evaluation. 

6 Add together the total effective average annual operating 
cost, the annual carrying charge on investment, and 
other evaluations. These totals, one for each scheme 
investigated, represent the annual total costs. These 
totals will afford an idea of the monetary significance 
of each plan as compared with the others. 

The foregoing examples will define in a broad way the outline 
of procedure followed in the majority of cases. The discussion 
which follows hereafter will deal with certain general con- 
siderations which develop in different phases of the work. 


DEVELOPMENT OF Loap-DuRaATION CURVES 


There has been a growing recognition in recent years that there 
is a very essential problem of economic division of load between 
different parts of an operating plant. Before making up a0 
annual machine load-duration curve for a particular picce of 
equipment, the engineer should first consider the proposed equlp- 
ment jointly with all the other equipment on his system in rela- 
tion to the system load. The entire system load has to be 
proportioned economically between the available equipment. 
giving due consideration to all the factors affecting load division. 
This done, the particular load available to the new equipment 
under consideration should be segregated from load to be assigned 
to other equipment. 

The starting point for the above work is the system load- 
duration curve. The development of this is a matter of e 
treme importance, and in most companies is assigned to a statl* 
tical division where minute study is given to all matters having 
any bearing on the problem. The system load curves predicte¢ 
are based on records of past years modified by such influences 
can be observed and studied. Building and financial conditions, 
census and meter statistes, and such possibilities as the addition 
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of large blocks of power which would materially change both the 
size and shape of such load curves are only a few of the factors 
that must be considered in preparing these forecasts. It must 
frankly be recognized that despite the best attention and the 


KW LOAD 

Fic. 12 B.t.u.-Rate Curves For SEASONAL TEMPERATURES—As- 
SUMED CONDENSER 


highest calibre of men preparing load-duration curves, they 
cannot in the nature of things have the precision of a table of 
logarithms, particularly in that they attempt to project them- 
selves into a future nearly a score of years distant. 

The engineer, in the idealized evaluation, will take the results 
of the statistician and build further on these to prepare individual- 
machine load-duration curves for the future period covered. The 
ideal execution of this work involves having in addition to a 
reasonably accurate prediction of future load during the life of 
the particular equipment a rather complete knowledge of the 
operating economy of every piece of equipment on the system, 
the expected economy of the proposed equipment, and in addi- 
tion to this the probable economy of the future installation to 
be made during the life of the particular equipment under con- 
sideration. 

It is recognized in naming these conditions that. difficulties will 
attend the work. For example, the practical operating economy 
of all existing equipment is sometimes not precisely known, 
and the expected economy of proposed equipment, where such 
does not exactly duplicate existing equipment, necessarily can be 
only approximate. Operating contingencies entirely beyond 
human control likewise have a most important bearing on what 
load will be given particular equipment. Changes in operating 
practice, or even in general company policy, as for example 
with reference to inter-company electrical ties, made subsequent 
to a decision on proposed equipment, can grossly influence what 
the future actual load division will be as compared to the esti- 
mated load division. 

In the light of all this, many engineers question the justifi- 
cation of even an attempt to predict a future load-duration curve. 
The question may be raised as to why trouble with attempts 
at prediction of a load-duration curve, and why not simply assume 
a fair average load for whatever equipment is to be installed. 
If reference is made to Fig. 16 it will be seen that it may be 
quite essential to take into account the running hours at different 
loads. This figure represents a comparison of two B.t.u.-rate 
curves. Either machine A or B could have been secured at the 
‘ime of installing the No. 4 turbine in Hudson Avenue. If all 
of the loading of the No. 4 machine had been conceived of as 
being below 53,000 kw., then machine B would have been a su- 
perior one to purchase. Conversely if the loading had all been 
above 53,000 kw., then machine A would have been the superior 


one to purchase. As respects the effect of the machine B.t.u.- 
rate curve on minimizing the capacity of the boiler plant required, 
machine A is unquestionably superior. The entire problem 
in this case is to weigh the inefficiency of machine A in the light- 
load range, the better efficiency in the high-load range, and the 
effect of the maximum-load efficiency on boiler-plant capacity. 
No assumption of average load will permit doing this. It can 
be done only by proportioning the running hours of various 
expected loads. Nor is it sufficient in proportioning the expected 
load, as between high and low loads, to assume that all machines 
under consideration will be loaded alike. To illustrate this 
statement, let it be assumed that machine A and machine B 
together will serve a certain definite load. Fig. 17 shows a plot 
against the combined load of the two machines of what would 
be the economical distribution of load between machine A and 
machine B. Fig. 18 shows how this combination of two ma- 
chines would be used to serve a specific daily load curve. It can 
be seen that quite different individual machine loads are as- 
signed to the two machines. With such differences of load dis- 
tribution possible, load division cannot be neglected. 


QUTPUT- MEGAWATTS 


Fig. 13.) DeTreRMINATION OF Maximum Loap, 1,200,000,000 
B.t.v. PER Hr. 


Fie. 14 Economic APPORTIONMENT OF BoILER AND ECONOMIZER 
AREAS 


PERFORMANCE DaTA 


In general, in the work of the Brooklyn Edison Company, two 
classes of problems have been found. One of these is the pre- 
liminary analysis made to determine the general type of plant 
development to be followed and the size of equipment to be 
installed. The other is to place an evaluation on a number 
of competitive bids made by different manufacturers after the 
particular type of plant development has been settled on in the 
preliminary analyses. In both classes of work it is necessary to 
have expected performance information to work with for the 
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different plans or equipment under consideration. The principal 
difference in work in the two cases is the basis for the expected 
performance data. 

In the preliminary analyses it is the practice to secure from 
every source possible whatever information can be had relating 
at all to the problem in hand. By breaking down such informa- 
tion to as nearly fundamental constants as possible it has fre- 
quently been possible to construct a probable performance of an 
assembly of equipment quite different from any complete assem- 
bly from which data as to the component parts were drawn. 

In evaluating competitive bids made by different manufac- 
turers, the practice, as set forth in the companion paper,? is to 
take the performance guarantees of reputable manufacturers 
at their face value without any corrections for probable or pos- 
sible differing margins of safety which may be claimed. As 
explained, occasionally guarantees come in which are so far out of 
line with usual performance that apparently some error in calcu- 
lation has been made. Such matters are called to the attention 
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Fic. 15 Economic APPORTIONMENT OF BorLer, 
Arrk-PREHEATER AREAS 


UNIT LOAD-K.W. 
Fie. 16 Unit B.t.v. Rates or TuRBINE aT THROTTLE 


of the manufacturer for correction or justification. Two cases 
of this kind are cited. A stoker company had its guaranteed 
performance on a stoker distributed over two curve sheets. 
When this information was transmitted to a boiler company to be 
incorporated in an overall guarantee of stoker, boiler, and econ- 
omizer, the stoker company failed to send to the boiler company 
the second curve sheet which carried on it the very important 
statement that the soot loss at maximum coal-burning rate on 
the stoker would be 7 per cent. The boiler company made up 
and actually guaranteed the overall performance, omitting a 7 
per cent loss at the maximum rating; that is, they guaranteed too 
high to the extent of seven points in efficiency at maximum 
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rating. The error was discovered just a few hours in advance 
of the engineers’ making their final recommendations for pur- 
chase. A case arose where in bidding on feedwater heaters a 
manufacturer guaranteed a pressure drop through the entire 
heater less than was known to be the pressure drop through 
straight tubes the length of the tube bid on. Thus a negative 
allowance had been made for water-box losses and tube-inlet 
and -outlet losses. 


——— 
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Fie. 17 Macuine Loapine AccorpiIne To Economica Loap 
Division 


Whether the problem in hand is one in which the Company 
engineers are setting up the expected performance data to com- 
pare several plans or one in which a manufacturer is doing this 
same work preparatory to bidding, it is most important when 
comparing the performance of one combination of equipment 
with a different combination to make certain first that the most 
optimistic apportionment of sizes is obtained in each combination. 
The proper execution of this principle often entails an exhaustive 
amount of labor. To be specific, let it be assumed that a com- 
parison is to be made between two types of boiler plant, one to 
contain boilers and economizers, the other to contain boilers 
with economizers, and with air preheaters in addition. ‘This 
comparison has doubtless been made in a number of different 
companies, as evidenced by the fact that there are not a few 
plants of each type now in existence. It will by no means suffice, 
if a significant answer is desired, to make an arbitrary assump- 
tion of sizes to be used in connection with each plan. Each one 
of these two plans involves in itself a very complete economic 
study to determine what proportions of boiler, economizer, 
and air preheater make the best combination for the specific 
conditions to be met. This work has to be done in advance of 
making a comparison of one plan of development with the 
other. To illustrate how the problem in each of these two cases 
may be attacked, the following curves have been prepared. 
These curves have no quantitative significance. 

In Fig. 14 it will be seen that five different sizes of boiler 
have been considered as is indicated by the five curves marked 
“Boiler A,” “Boiler B,” etc. For each size of boiler, performance 
has been worked out for five different sizes of economizer. This 
performance when obtained would be expressed in terms of an 
efficiency curve. The efficiency curve would be applied to 4 
boiler load-duration curve as previously illustrated and an effective 
average annual coal consumption determined. The cost of 
installing that particular size of boiler and economizer would be 
worked out and an annual total combined carrying charge 
and operating cost established for the particular size of boiler 
and economizer. This is indicated in Fig. 14 as the point far- 
thest to the left on the curve for boiler A. Holding the size of 
boiler A fixed, similar determinations would be made for four 
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other sizes of economizer. The information resulting in each of 
these independent parts of the analysis would permit drawing 
the curve for boiler A. If then the size of boiler were to be 
decreased and the performance of this new boiler jointly with 
five somewhat larger-size economizers were to be determined, 
it would be possible to plot the curve for boiler B. In like manner, 
by decreasing the boiler size three times further, it would be 
possible to plot the curves marked C, D, and E. If then each of 
these five curves is independently inspected it will be seen 
that there is a lowest point on each curve. This point indicates 
the economizer area which together with the particular boiler 
size is most advantageous. If these five “best points’ are 
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jomed together in one curve, the result shows the locus of best 
economizer areas for different boiler sizes. To answer the ques- 
tion as to what is simultaneously the best boiler area and the 
best economizer area to install, one has only to find the lowest 
point on the final curve and note the boiler area and the economizer 
area for which this point is secured. The foregoing work involves 
the making of at least 25 boiler heat balances and subsequent 
computations to determine the annual total charge, because any 
one of the curves requires at least five points to be determined. 

If the problem is complicated by the addition of an air preheater 
after the economizer, the method of attack can be shown in Fig. 
15. In Fig. 15 each one of the “families” of points represents a 
family of the kind just discussed for Fig. 14. Taking any one 
particular group of five points joined together by a curve seg- 
ment, the boiler size and the economizer size have been held 
constant, and the performance determined with five different 
sizes of air preheater. Next, while continuing to hold the boiler 
size constant, the economizer has been changed and performance 
again determined for five different sizes of air preheater. By 
continuing this process for five different sizes of boiler, five sizes 
of economizer, and five sizes of air preheater, the final curve, 
Which relates the sizes of boiler, economizer, and air preheater 
best suited to the combination, can be detérmined. 

Those who have engaged in such work as described will agree 
With the statement that the task is a stupendous one. It in- 
volves the making of no less than 125 boiler heat balances and the 
doing of considerable detail work subsequent to the determination 
of the heat balance. To this work has to be added the task of 
making cost estimates on the 125 possible plans. 


DETERMINATION OF INSTALLATION Costs 


It would seem that the determination of installation costs would 
be the simplest part of the whole procedure proposed, for cer- 
tainly, given exact definition of plant, it should be possible 
to obtain reliable costs of the different components and to 
Summarize a total plant cost accurate within very close limits. 

This does not, however, in actual fact result in so simple a 
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procedure. As an illustration of the troubles which may develop 
here, at the outset of the design of the No. 5 unit for the Hudson 
Avenue Station an attempt was made to establish an approxi- 
mate idea of the economic size of boiler to install. Through the 
Purchasing Agent, approximate prices were secured from three 
of the leading boiler builders. The actual prices secured are 
unnecessary to the argument, but these are shown relatively 
against number of tubes of boiler height in Fig. 19. On receipt 
of the prices it was recognized that they could not be used seri- 
ously, and that any attempt at determination of economic sizes 
would be futile. However, simply to show the absurdity of 
using the quoted prices blindly as a basis for size selection, a 
hasty analysis was made to show the combined annual carrying 
charge and operating cost with the different makes of boilers. 
The result is shown in Fig. 19. It should be kept in mind in 
noting this figure that the boilers offered by the three builders 
had the heating surface disposed in the same manner and were 
as nearly identical as respects items which would affect per- 
formance as mechanical equipment built by different builders 
could be. 

As a result of this experience, when specifying the steam- 
generating equipment, sizes were not specified. Instead, the 
conditions the equipment would be installed under were very 
specifically named, together with a basis by which each manu- 
facturer could determine for his equipment and selling prices 
what he best could offer. 
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EstTiMATES OF THREE MANUFACTURERS 


CONCLUSION 


The method of engineering analysis described in this paper has 
developed out of an attempt to eliminate to the greatest degree 
possible loose thinking and prejudice in the formation of engi- 
neering judgment. The carrying out of the program outlined re- 
quires subjecting every factor which is to be given any weight 
in final decisions to as searching analysis as is possible. The proc- 
ess of segregation, classification, and evaluation of component 
parts of problems is not intended to be a rigorous mathematical 
substitute for the exercise of judgment; in fact, it is believed 
that the use of a systematic procedure as outlined will call for 
the exercise of far more and a better quality of judgment than 
is the case where decisions are based only on “common-sense en- 
gineering” of which so much is heard. Those who embark on 
such a program of analysis as here set forth will soon find need 
for more engineering facts in connection with their work than are 
now available; and only in proportion to the need for and deter- 
mination of engineering facts will progress be made. 


| 
LOAD CURVE a 
| 
| 
ASH | 
AM pu 
TUME- HOURS 
TOTAL CUST-MFR-& 
TOTAL COST-MFR-C 
ANNUAL BDILER 
COAL CUST 
CARRYING COST 
ee 
ANNUAL BUILER CARRYING CUST. MFR 
ANNUAL BVILER CARRYING CUST M 
: 
q 
hy 
: 


FSP-50-43 


The Reciprocating Dry-Vacuum Pump 


By WALTER 8S. WEEKS! anp PIERRE E. LETCHWORTH,! BERKELEY, CALIF. 


The paper is concerned with the number of strokes that must be 
made by a pump to produce a given pressure inatank. The theory 
of a vacuum pump with clearance is presented, and a formula is 
derived which gives the requisite number of strokes and which involves 
the dead-end vacuum expressed as a fraction of a perfect vacuum, 
the desired vacuum expressed in the same manner, and a factor 
which involves the volume of the tank, the displacement of the 
pump, and its clearance. Experiments were carried on by the 
authors to test the accuracy of their formula, and the causes for 
deviation are discussed in the paper. 


that of exhausting the air from a tank in order to produce 
a given pressure in the tank. 

This paper is concerned with the calculation of the number of 
strokes that must be made by a pump to produce a given pres- 
sure in the tank. The problem is complicated by the fact that 
during each stroke no air can enter the pump until the air in 
the clearance spaces of the pump expands to a pressure below 
the pressure in the tank at the moment. 

The theory based on the assumption that the pump has no 
clearance is given by E. G. Harris.? 

The problem has been attacked by determining factors by 
experiment which are applied to the result given by the theo- 
retical formula for the pump with no clearance. 


A MONG the uses of the reciprocating dry-vacuum pump is 


Tueory oF Vacuum Pump With CLEARANCE 


A dry-vacuum pump is an air compressor. It takes air or gas 
from a receiver at the pressure in the tank, raises the pressure of 
the air in the cylinder to atmospheric pressure, and discharges 
it to the atmosphere. The intake and discharge valves are of the 
poppet type or are similar in action. 

Consider a single cycle beginning with the piston at the end 
of the discharge stroke. The clearance air expands as the piston 
starts the intake stroke. When the pressure in the cylinder 
is below the pressure in the tank, the inlet valves of the pump open 
and air enters the cylinder. At the end of the suction stroke the 
pressures in the tank and the cylinder are the same. The piston 
now starts on the compression stroke. When the pressure in 
the cylinder becomes greater than the atmospheric pressure, the 
discharge valves open and all the air except that in the clearance 
spaces is discharged. 

The pressure of the air in the clearance is slightly above that of 
the atmosphere because the valves are equipped with light springs. 
In the discussion the effect of the springs will be neglected, and 
the air in the clearance will be considered to be at atmospheric 
pressure. 

The same result would be obtained if the pump operated in 
the following manner. Let the operation of the intake valves be 
under the control of the operator. The inlet valve remains 
closed until the piston has completed the suction stroke. The 
clearance air expands to fill the cylinder and clearance. The 
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2 E. G. Harris, ‘‘Compressed Air,’” McGraw-Hill Book Co., 1910. 
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pressure of the air in the cylinder at this time depends on the 
ratio of expansion, assuming isothermal conditions. 

At the end of the suction stroke the inlet valve is opened and 
air flows from the tank into the cylinder until the pressures in the 
two are the same. The inlet valve is then closed. The air 
that comes in is discharged at the end of the discharge stroke. 
The clearance space is left with the same amount of air that it 
contained originally. 

The tank and the cylinder when the piston is at the end of 
the suction stroke may be looked upon as two receivers with air 
at different pressures. When the valve is opened between the 
two the pressures become the same. The amount of air that 
flows into the cylinder is always discharged. 

It is necessary to consider first the pressure in the cylinder, 
assuming that the inlet valve is not opened until the end of the 
suction stroke. 


Let P. = absolute pressure ef the atmosphere 
V = displacement of piston per stroke 
C= volume of clearance with piston at the end of the 


discharge stroke. 


The ratio of expansion of the clearance air is (V + C)/C, which 
may be designated by R. Assuming isothermal expansion, the 
pressure in the cylinder at the end of the suction stroke is always 
P./R. Obviously the pump can never produce a pressure lower 
than this. This pressure is the theoretical ‘“dead-end’’ pressure 
of the pump. 

When two receivers at different pressures are connected the 
pressure in both becomes* 


_ PiVi + 
Vit 
inwhich p = equalizing pressure 
P, = original pressure in tank 


P, = original pressure in cylinder which is P./R 
V, = volume of tank 
V. = volume of displacement plus clearance. 


At the start of operations atmospheric pressure exists in the 
tank. After one stroke the pressure p, in the tank is given by 
the formula 


PaVi + P2V2 


Vi + V2 
het P2V2 be deslenated by and fet be designated 
Vit V2 Vit V2 
byk. Then 


nr = P. k + m 
Following this same method, at the end of n suction strokes 
pn = Pak” + mk"™— + mk" + mk +m 


In the right-hand member of this equation, the terms after 
the first constitute a geometrical progression, the number of 
terms being n, the number of suction strokes. The summation 
of the progression is 

m (k" — 1) 
k—1 

S. Weeks, “Air Receiver Calculations,” Eng. & Min. 

vol. 111 (1921), p. 988. 
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The exponent of k in the first term of the right-hand member 


of the equation is always n, therefore 


m(k" — 1) 


p + {1] 
V 
Since k, then 1 = 1—k, whence 
V2 
=l1—k 
Vi+ V2 
whence 


Substituting this value for m in Equation [1], simplifying, and 
solving for n, 


a log (pn — P2) — log (Pa — P2) 
log k 


This is the theoretical number of strokes to bring the pressure 
in the tank to the value pn. 

Inasmuch as log & has a negative value which is inconvenient, 
let 


1 Vi¢+ V2 
D=#w-s 
k Vi 
log D = — log k 


Then 
- log (Pa — P2) — log (pn — P2) 
log D 


n . [3] 
Let the pressures now be expressed as the amount of vacuum 
rather than as absolute pressures; that is, if the atmospheric 
pressure is 30 in. of mercury and the pressure in the tank is 2 in. 
of mercury, the vacuum is 28 in. 
In formula [3] in the term log (p, — P:), add and subtract P.; 
then 


a log (Pa — P:) — log [— (Pa — pn) + (Pa — P2)] 
log D 


P.— P, is the theoretical dead-end vacuum and will be called ve. 
P, — p, is the vacuum after n strokes and will be called vn. 
Then 
a log ve — log (ve — vn) 
log D 


For experimental work it is more convenient to express vacuum 
in terms of a fraction of a perfect vacuum. 
In Equation [4], multiply and by 


ve Ve 
log Po — tog — 
log D 
=) 
log D 


The dead-end vacuum expressed as a fraction of a perfect 
vacuum is v./P.; call it L. 
The vacuum after n strokes expressed in the same manner is 
Yn/Po; call it M. 
Then 
L—log (L— M) 
log D 


If R is the ratio of expansion of the clearance air, the dead end 
pressure is P./R. The dead-end vacuum is 


If V is the displacement per stroke and C is the volume of the 
clearance, 


V+C 


V 
= = P, —— 
( R ) . V+C V+C 


If this is divided by Pa then the value of L is determined so, 


that L = V/(V + C). 
Formula [5] may be written 
log L log (L — M) log L 


1 
jog D log D jog D ) + 


Since in this equation M is the only independent variable, 
a plot of n against log (L — M) should be a straight line. The 
plot showed the line to be slightly curved, which indicated that 
other factors were involved which were not taken into account 
by the theoretical formula. Some such factors are, for example, 
the action of the valve springs, the inertia of the valves, and 
possible heating of the air as it enters the pump. 

It was not found possible to modify the formula by the intro- 
duction of constants that would make it correct for all parts of 
the range, so the idea was abandoned. 

Experiments with tanks of different size showed that for a given 
pump and speed, (n log D) was constant for any given value of 
M, regardless of the size of the tank. If a test is run on a tank and 
the numbers of strokes required to produce different vacuums 
are determined, the value of (n log D) may be plotted against the 
percentage of a perfect vacuum. To determine the number 
of strokes necessary to produce a given vacuum in another tank, 
it is necessary only to read from the curve the value of (n log D) 


for the percentage of vacuum desired and divide this by log D. 


for the new tank. 

Vit Ve 
volume of the tank and V; is the displacement of the pump plus 
the clearance. If V2 is small in comparison with V;, the value of 


It will be recalled that log D = log ( ), where V, is the 


VitVe\. .. P 

log ( ne) is directly proportional to V, and inversely propor- 
1 

tional to V;. This was pointed out by Noyes and Sturtevant, 

and becomes evident in expanding the series 


V V 
log. ‘ = loge | 1 + 
V; Vi 


which has the form log, (1 + 2), so that 


loge (1 +2) =2 

Obviously if the value V/V, is small, the terms after the first. 
may be neglected. If the value of V2/V; is such that these 
terms may be neglected, it is necessary only to run a test on a 
given tank and plot strokes against percentage of perfect vacuum. 
To determine the strokes necessary to exhaust another tank to a 
given vacuum it is necessary only to multiply the strokes neces- 
sary to produce the given vacuum in the test tank by the ratio. 
of the volume of the new tank to the volume of the test tank. It 
was found that calculations could be made that agreed with the. 
experiment within 2 per cent. 
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If pumps of different size were exactly similar in behavior it 
would be possible to predict what a pump of any size would do on 
a given tank, for the number of strokes that a new pump would 
require to produce a given vacuum in a tank would be equal to 
the number required by the test pump on the same tank, multi- 
plied by the ratio of the V; of the test pump to the V2 of the new 
pump. If the percentage of clearance were the same in the two 
pumps, the ratio of displacements could be used. It may prove 
necessary to have a separate curve for each pump, or even differ- 
ent curves for the same pump at different speeds. 

A curve of strokes against percentage of perfect vacuum is 
shown in Fig. 1. The values were determined by experiment. 
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If the curve is plotted in this way it is practically a straight line 
from 40 per cent to 80 per cent vacuum; so two points in this 
range will determine it. 

Since the problem resolves itself into merely running a test 
on one tank, great care should be exercised in obtaining accurate 
results. A few points in our experience may be helpful. 


MANOMETER 


It is necessary to have a manometer that can be quickly and 
accurately read, so for this reason it should consist of a single 
tube. A glass tube was mounted on a board which was held 
against another board by guides. The board bearing the tube 
and scale could be lowered and raised by a thumbscrew. The 
lower end of the tube was in a pan of mercury, while the top end 
was attached to the tank. A metal pointer was attached to the 
sliding board in such a manner that when the end of the pointer 
touched the mercury the scale read the true height of the mercury 
column. Allowance for the capillary depression was made in the 
setting of this pointer. With little effort the end of the pointer 
could be held at the surface of the mercury. 
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‘TEMPERATURES 


It was noted that if the pump was stopped the mercury column 
would drop for a time and then come to rest. Temperature 
changes were suspected. An ordinary thermometer failed to 
detect the rapid changes of temperature in the tank, so a multiple 
thermocouple of ten couples of copper-Ideal wire in series was 
placed in the tank. A potentiometer was used and the cold 
junction was kept in ice. The temperature could be read to 
0.1 deg. fahr. 

Fig. 2 shows two temperature curves at different speeds. The 
slope of the line depends on the relation between the cooling of 
the air by expansion and the heating of the air by conduction 
from the tank shell. In all cases the isothermal vacuum should be 
determined. The isothermal vacuum is the vacuum that would 
exist if the temperature were the same as at the beginning of the 
run. If the actual temperature is known this may be computed. 

It was also noted that if the valve to atmosphere was opened 
when there was a high vacuum in the tank, the temperature of the 
air in the tank rose about 40 deg. fahr. above the temperature 
of the outside air. Before starting a test run the air in the tank 
must be allowed to reach the temperature of the outside air. 


TACHOMETER 


In counting the strokes a Veeder tachometer was used and was 
mounted so that it could be thrown in and out by the operator 
watching the manometer. A recording tachometer as described 
by Noyes and Sturtevant may be used. 


CONCLUSIONS 


If the ratio of the displacement plus clearance to the volume 
of the tank is small, a curve of number of strokes against per- 
centage of perfect isothermal vacuum should be used. 
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In this case for any given percentage of vacuum the number of 
strokes to produce it varies directly as the size of the tank. 

If the ratio of the displacement plus clearance to the size of the 
tank is large, a curve of (n log D) against percentage of perfect 
isothermal vacuum should be used. 

In this case, for any given vacuum, the corresponding value 
of (n log D) divided by the log D for any tank is the number 
of strokes necessary to produce the given vacuum in the tank. 
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Power Consumption of Boiler-Feed Pumps 


Their Influence on Plant Economy at Various Steam Pressures 
By KARL A. MAYR,! NEW YORK, N. Y 


in heat units) which must be supplied in order to produce 
steam of the desired quality (pressure and temperature) 
from water at a temperature of 32 deg. fahr. and under a pressure 
of 14.7 lb. per sq. in. Not all of this energy is introduced into 
the water in the form of heat taken from the heating medium 
(combustion gases); a part of it is supplied by the feed pump. 
When converting water into dry saturated steam the total 
energy of the steam, as indicated by steam tables, is 2 composi- 
tion of the following component energies: 


G it be tables and diagrams give the total energy (expressed 
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1 Energy necessary to force the water into the boiler against the 
pressure under which the water is heated. 
This energy expressed in heat units is: 


A 


Where A = heat equivalent of work = B.t.u. per ft. Ib. 


64’ 

Vo = specific volume of water at temperature at the feed- 
pump outlet, cu. ft. per lb. 

Ps = absolute pressure inside the boiler, lb. per sq. ft. 

Po = atmospheric pressure, lb. per sq. ft. 


2 Energy necessary to raise the temperature of the feedwater 
subjected to the boiler pressure, to the saturation temperature. 
This energy is generally designated by q’ and is a composition of in- 
ternal and external energy. One part of the internal energy 
causes an acceleration of the vibratory motion of the molecules, 
and this part is indicated by the rise in the temperature of the 
water. Another part of the internal energy is used to overcome 
the attraction of the molecules to each other and to increase 
the distance between them. This increase of distance between 
the molecules is indicated by an increase of the specific volume 
of the liquid. The internal energy is generally designated as 
u’. This increase of the specific volume is very small in the 
case of water at temperatures pertaining to steam pressures 
which were customary until recent years. 
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The expansion must be accomplished against the external pres- 
sure, and that part of the energy required for this work is called 


external energy. 
This external work expressed in heat units is: 


Ax Ps x (V’ — Vo). 


where V’ = specific volume of water at saturation temperature. 


The total energy required to obtain the saturation temperature 


is expressed by 
q’ =u’ +A X p X (V’ — Vo) 


The energy content of water under a pressure p’ expressed 


in heat units and at the saturation temperature pertaining to this 


pressure is: 
=A X Pe X Vo+tu' +A X pe X (V’ — Vo) 
3 In order to convert the water so prepared into dry; satu- 
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rated-steam energy, generally known as “latent heat of evapora- 
tion,” ris to be supplied. 

This again is a composition of internal energy p to overcome 
the attraction and to increase the distance between the mole- 
cules, and external energy to overcome the outside resistance 
against the expansion of the liquid into the much larger specific 
volume of dry saturated steam V’. 

This energy expressed in heat units is: 

V’) 


AXpX(V"—V'), andr=p+AXpX 


The total energy content of dry saturated steam is therefore: 
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+r=AXpXVotu' +A X ps X (V’ — Vo) 
+p+AXp X (V"—V’) 


} The energy A X po X Vo is already in the water before 
entering the feed pump. 
The feed pump supplies 


A Vo 4 (ps Po). 


Assuming a feedwater temperature of 200 deg. fahr. at the feed- 
pump inlet and an absolute pressure at this point of 14.7 lb. per 
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sq. in., that part of the total energy of dry saturated steam H 
up to the critical pressure which is supplied by the feed pump 
is shown in Fig. 1. 

A X Vo X (ps — po) is the “theoretical work’ of the feed 
pump. The amount of heat represented by this work is not to be 
supplied by the fuel. 

The power consumption of a rotary feed pump is a composition 
of several factors, as follows: 


a Theoretical power 

b Power to overcome the friction in the bearings (mechanical 
loss) 

c Power to overcome friction in the stuffing boxes (me- 
chanical loss) 

d Power consumption due to leakage of stuffing boxes 
(volumetric loss) 

é Power consumption due to short-circuit clearance between 
impeller and casing (volumetric loss) 

f Power consumption due to friction between water and 
parts of the pump (external friction), and between 
water and water (internal friction) 


Power f is wholly converted into heat, which increases the heat 
content of the feedwater while passing through the pump. Only 
a very small part of this item is lost by radiation and conduction 
to the adjacent air. 

As already stated, a appears wholly as part of the total energy 
in the steam. 
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All of power b is converted into heat which increases 
the temperature of the bearings and adjacent parts and is prac- 
tically entirely lost by conduction and radiation into the sur- 
rounding air. 

Power c is also converted into heat which is practically wholly 
carried away by the water leaking through the stuffing boxes 
and will be considered a loss; although, if the leakage water cir- 
culates back into the hotwell, a large part of this item appears 
again as increased heat content of the feedwater. 

Powers d and e are wholly lost. 

These values are calculated in Table 1 for a plant in which 
200,000 Ib. of water per hr. at 200 deg. fahr., and 14.7 Ib. per sq. 
in. absolute pressure is converted into steam at various pressures 

The total energy, a + 6b +c +d+e+f, consumed by the 
feed-pump shaft is energy which has been transformed from 
fuel. We assume that this has been done at an overall efficiency 
of 20 per cent. Item 10 shows the fuel required to generate the 
power needed for the feed-pump work per pound of water. These 
figures are based on the same overall efficiency from fuel to motor 
shaft for driving the feed pump at all pressures. Due to the 
higher pressures, the increased size of the motor, ete., this 
efficiency is actually better at higher pressures than at lower ones, 
and the figures in Item 10 should actually favor the higher pres- 
sures over the lower pressures. a +f (Item 11) is found again 
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as increased energy of the feedwater at the pump outlet, and is 
a part of the total energy H of the steam leaving the boiler. 
The net heat consumption of the feed pump is therefore 


Item 10 —Item 11 = Item 12 = L B.t.u. per lb. of steam 


In Item 13, b +c + d + e¢ represents the actual losses caused 
by the feed pump. 

It is necessary to compare the net heat consumption L of 
the feed pump with the heat available for conversion into work 
when using steam of various pressures and to investigate the 
influence of L on the overall heat economy. 

The following symbols will be used: 


heat content of feed water at feed-pump inlet 
increase of energy of feedwater in feed pump 


Q: 
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FUELS AND STEAM POWER 


1 
Steam pressure, lb. per sq. 

abs.. 200 800 1,500 3,200 
2 a B.t.u. per ‘br. * 115,000 490,000 925,000 2,000,000 
3 b B.t.u. per hr.. 5,000 24,000 45,000 100,000 
4 c B.t.u. per hr.. 2,000 9,600 18,000 40,000 
5 i B.t.u. per hr.. 5,000 20,000 37,750 80,000 
6 ¢ B.t.u. per hr.. 10,000 =:112,600 13,750 15,200 
7 f B.t.u. per hr.. 25,000 100,000 187,500 400,000 
s Total B.t.u. per hr.. 162,000 656,200 1,227,000 2,635,200 
9 Total B.t.u. per Ib. water.. 0.81 3.281 6.1135 13.176 
10 Fuel B.t.u. per Ib. water (ed... 4.05 16.405 30.5675 65.880 
B.t.u. perhr. (a@+f). 140,000 590,000 1,112,500 2,400,000 

Regained < B.t.i. r lb. water 
(Q2).. 0.7 2.95 5. 562 12.0 

> Net consumption, L, ‘B.t.u. per 
Ib. er 3.35 13.455 25.005 53.8 
B.t.u. perhr...... 22,000 66,200 114,500 235,200 
13 b+c+d+e per lb. water 0.011 0.0331 0.57250 1.176 


* To obt: iin this item an addition of 5 per cent to the steam pressure was 

made in order to take care of the friction losses in the feed lines and boiler. 
Q; = heat supplied by fuel (in economizer, boiler, superheater, 

and reheater) 

theoretical adiabatic heat drop available for conversion 

into power 

Q; = gross heat (power) consumption of feed pump 

H, = total heat of steam at superheater outlet and heat 

absorbed by steam in reheater, s 


ll 


Q, = 167 B.t.u. per lb. at all pressures 
Q; = H, (Q, Q»). 
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Table 2 shows the values of Q; and Q, for various pressures. 
The initial heat content at the superheater outlet is in all cases 
1350 B.t.u. per lb. Reheating is applied in a manner so that the 
moisture at the end of the theoretical first expansion is 10 per cent. 
The steam conditions at the end of the theoretical second ex- 
pansion are 7 per cent moisture and a back pressure of 15 Ib. per 
sq. in. Up to 500 Ib. per sq. in. no reheating is assumed. The 
Steam pressure at the end of the theoretical adiabatic expansion 
from initial pressures up to 500 Ib. per sq. in. is also assumed to be 
15 lb. per sq. in. The moisture, according to tele pressure, 
is 13 per cent or less. 

Many other cycles are possible, but the general characteristics 
in regard to the pressures are thesame. (Q./Qs) X 100 is the the- 
oretical overall plant efficiency (boiler efficiency and efficiency of 
power engines = 100 per cent). 


TABLE 2 
Steam pressure, Ib. 200 1500 3200 
Qs, B.t.u. per Ib.. 1183 1280 1323 1440 
100, per cent........ 24 29.6 32 38 


Qs 
Figs. 3, 4, 5, and 6 give a clear picture of the influerice of the 
power consumption of the feed pump. They are self-explanatory. 


Q — Qs 


The factor ———— is the theoretical overall efficiency of the 


3 
plant with full consideration of the power consumption of the 
feed pump, and will be called the plant utility factor and desig- 
nated Ku. 
If, instead of a back pressure of 15 lb. per sq. in. abs., a lower 
back pressure (vacuum) be used, the value Q, will be greater, 
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whereas Q; Will rettiain the same and K, will become greater 
over the whole range. 

The curve for Ky will be somewhat flatter, i.e., the improving 
influence of higher pressures will not be so obvious. If, on the 
other hand, a greater back pressure be used, the curve Ky will 
become steeper and the influence of higher pressures much more 
marked. 

This investigation considers neither the manner in which 
the conversion of the available heat into work is carried out nor 
the efficiency of the boiler, superheater, and reheater. If, as is 
done here, all diagrams are based on the same amount of steam 
generated at various pressures, and turbines are used as prime 
movers, the curve K, will be somewhat flatter, due to the lower 
efficiency of the high-pressure turbine as compared with that of a 
lower-pressure turbine using the same amount of steam. Prac- 
tically, the boiler efficiency is not influenced by the pressure so 
long as one does not depart from the customary boiler types, 
and therefore does not alter the general characteristics of the 
curve. It only reduces the absolute values. 

If with increased pressures larger quantities of steam are used 
so that the volume of steam entering the first stage of the turbine 
per time unit is the same at all pressures, the general charac- 
teristics of the diagrams will be the same as shown, due to the 
fact that in this case the efficiency of the turbine will be practi- 
cally the same for all pressures. 
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When instead of a rotary feed pump a plunger pump is used, 
the total power consumption Q; of the feed pump, especially 
at higher pressures, is less than shown on the diagrams and in 
the tables. 

In the above investigation the power consumption of boiler 
auxiliaries, such as fans and feeders, has not been considered. 
The power consumption of these auxiliaries depends on the 
output and heat content of the generated steam only, and is 
not influenced by the pressure at all. 


CoNCLUSION 


The unfavorable influence of the power consumption of the 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


feed pump when using increased steam pressures is not so great 
as generally anticipated. When deducting the power con- 
sumption of the feed pump from the power output of the boiler, 
it is essential to do full justice to the increase of energy of the 
feedwater as it passes through the feed pump. The energy to be 
supplied by the fuel is less by the amount of energy supplied 
to the water in the feed pump. 

Due to the increased possibility of reheating when using 
higher steam pressures, the overall efficiency of steam power 
plants shows a decided increase up to the highest steam pres- 
sures, even when fully considering the influence of the greater- 
power consumption of the boiler-feed pump. 


+ 
AL 
1 
4 
3 


Evaporators for Boiler-Feed Make-Up Water 


By W. L. BADGER,' ANN ARBOR, MICH. 


In this paper the author, without going extensively into the design 
of multiple-effect eoaporators, attempts to cover a few matters which 
he believes are not generally understood: namely, the effect of certain 
factors on rates of heat transfer; the rationale of form and entrain- 
ment; the mechanism of scale formation; and, briefly, the wide 
ranges in performance which may be obtained by varying what are 
ordinarily considered minor factors in evaporator operation. 


to supply boiler-feed make-up water as distilled water. 

This calls for relatively small quantities and a relatively 
simple type of evaporator. General practice in this field is so 
well established that it needs no special comment. 

There are many cases, however, where manufacturing plants 
use large quantities of process steam which is not available as 
condensate for boiler feed. In such cases it has been customary 
to consider evaporation impossible, and the solution of the 
problem has been sought in water-softening processes. The 
desirability of feeding boilers exclusively with distilled water 
has been established in central-station practice; and the question 
may very well be asked: How may a plant produce such distilled 
water when it is needed in relatively large amounts? 

The design and operation of multiple-effect evaporators has in 
the past fallen largely in the province of the chemical engineer. 
Mechanical engineers have not given much attention to this 
problem. This paper is an attempt to present the fundamental 
principles of multiple-effect evaporators and some of the factors 
that must be considered in their design. The author does not 
pretend to be familiar with power-plant practice, nor has he 
any new or radical devices or systems to offer. It is hoped, 
however, that some of the considerations presented will be 
new enough to mechanical engineers to warrant their presen- 
tation. 


I: HAS long been considered good practice for central stations 


Evaporator CONSTRUCTION 


Although a bewildering variety of evaporator types may be 
found if one makes a comprehensive search through the liter- 
ature, the fact remains that most evaporators in commercial 
operation fall in one of two types: the standard horizontal-tube 
and the standard vertical-tube evaporators. 

A typical horizontal-tube construction is shown in Fig. 1. 
The body consists of a vertical cylinder with rectangular steam 
chests on opposite sides. Between these steam chests are 
fastened a number of tubes; and the steam passes inside the 
tubes with the liquid to be evaporated outside the tubes. Tubes in 
such evaporators will vary from 4 to 16 ft. in length and from 0.75 
to 1.75 in. in diameter. In this type the tubes are usually packed 
into the tube sheets with some form of packing, although this is 
hot essential. The shape of the body is also varied by different 
manufacturers, some using rectangular bodies, some bodies in the 
form of a horizontal cylinder, and other constructions. The 
characteristic feature of this type is that the tubes are relatively 
long and narrow, horizontal, and the steam is inside the tubes. 

One type of the vertical-tube evaporator is shown in Fig. 2. 
Here the body is in the form of a vertical cylinder with two 
tube sheets extending completely across the cylinder. Between 
these two tube sheets are expanded the heating tubes, and usually 
there is a large central tube to serve as a downtake. The steam 
1s admitted between the tube sheets and is therefore outside the 
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tubes. The level of the liquid to be evaporated will be about 
at the top tube sheet. The tubes may be from 1.5 to 4 in. in 
diameter and from 3 to 6 ft. long. A very good proportion is 
2.5 in. in diameter and 5 ft. long. When this evaporator is in 
operation the liquid circulates vigorously up through the tubes 
and returns through the central downtake. 

Another type is shown in Fig. 3. This is ordinarily called the 
basket type. The proportions of the tubes are the same as 
before and the steam is still outside the tubes. The downtake, 
instead of being in the form of a large central tube, is now in the 
form of an annular space between the walls of the heating ele- 
ment and the shell of the machine. 

Many details of construction in these two types are variable 
according to the work to be performed, the size of the machine, 
and the personal preferences of the designer. The shape and 
position of the downtake, proportions of the tubes, the method 
of steam distribution, the removal of condensate and non-con- 
densible gases, differ considerably from one design to another. 
The fundamental feature of all designs, however, is the relatively 
short vertical tube with liquid inside and steam outside. There 
have been one or two special designs in which tubes of 10 to 20 
ft. in length have been used, but these are merely variations of 
the general type. 


HeaAt-TRANSFER COEFFICIENTS 


The heat-transfer coefficient, which is of course the must 
fundamental factor in the design of such apparatus, is affected by 
many more factors, and varies through a much wider range than 
the average person would imagine. It is scarcely necessary to 
mention the film theory, but it should be pointed out that the 
thickness and thermal conductivity of the metal of the tube 
have no bearing whatever on the problem. The heat-transfer 
coefficient is a function of the thickness of the stagnant film on 
the liquid side, and of the stagnant film of air and condensed 
water on the steam side. Ordinarily the resistance on the steam 
side is so much less than that on the liquid side that in most 
evaporators it is the condition on the liquid side which controls. 

Omitting for the present a discussion of scale and considering 
only the heat transfer from clean metal to boiling water, we find 
that the thickness of the liquid film depends mainly on the 
viscosity of the liquid and its velocity. Its thermal conduc- 
tivity is also a factor, but since this discussion is limited to the 
evaporation of water and dilute aqueous solutions, this thermal! 
conductivity is nearly constant. 

Many engineers will think that if the discussion be limited 
to water, viscosity will also be a constant factor. This has been 
assumed too many times in the past, as is shown by a mass of 
contradictory experimental data on both heat transfer and flow 
of liquids in pipes. As a matter of fact, the viscosity of water 
changes 500 per cent between 212 deg. fahr. and 32 deg. fahr. 
At 212 deg. the viscosity of water is 0.284 centipoise and at 
32 deg. it is 1.79 centipoises. Changes in viscosity in the upper 
part of the temperature range (and also presumably at tem- 
peratures above 212 deg.) are relatively less than in the lower 
part of the range. This indicates that the temperature at which 
the liquid boils must have an effect on the heat-transfer coeffi- 
cient, because the lower the boiling point the greater will be the 
viscosity of the liquid and the thicker the stagnant film. 

The rate at which the liquid circulates in the machine is also 
of fundamental importance in determining the heat-transfer 
coefficient. In the ordinary type of machine this circulation 


be 
. 
4 
4 
i 


= 


is due to natural convection aided by the pumping effect of steam 
bubbles. This will obviously be more vigorous in the vertical- 
tube type than in the horizontal-tube type. Forced circulation 
has been suggested a number of times, but has never been gen- 
erally adopted. The author has published a few articles on the 
design of a forced-circulation evaporator, but it is still in the 
developmental stage and this paper is concerned only with 
present standard practice. 

It is obvious that the more rapidly the liquid is circulated the 
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thinner will be the stagnant film and the more rapid will be the 
impacts of particles from the mass of the liquid against this 
highly heated stagnant film. Consequently those factors which 
increase the velocity of circulation will increase the rate of heat 
The most important of these is the temperature dif- 
ference between steam and liquid. As this temperature dif- 
erence is increased the liquid boils more vigorously. The in- 
creased volume of steam liberated increases the rate of circu- 
lation, and therefore raises the heat-transfer coefficient. 

The result of these two factors is shown in Fig. 4. This repre- 
sents actual experimental results on a vertical-tube evaporator 
operated under carefully controlled conditions. For each of the 
curves the boiling point was held constant and the temperature 
drop was increased. It will be seen that at a given boiling point 
an increase in the temperature drop very largely increases the 
rate of heat transfer. It will also be seen that for a constant 
temperature drop an increase in the boiling point increases the 
rate of heat transfer. The actual numerical relationship be- 
tween these variables and the heat-transfer coefficient is not 
known, and therefore the coefficient cannot be predicted for a 
given apparatus. The experimental work is difficult and ex- 
pensive, and, so far as the author knows, the data in Fig. 4 repre- 
sent the only systematic set of experiments on record. It is 
possible, of course, for the companies building these machines to 
predict from past experience the rates of heat transfer with 
sufficient accuracy for their purposes. : 

Besides the two important factors mentioned above, a number 
of other conditions have a profound influence on the rate of heat 
transfer. Every change in the proportion of the tubes, even 
minor changes in the shape of the body, change in conditions 
of operation, will all affect the rate of heat transfer. As an illus- 


transfer. 
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tration of how considerable these effects may be, Fig. 5 shows 
the change in heat-transfer coefficients in a vertical-tube evapo- 
rator as the level of the liquid was varied. All other conditions 
remained precisely the same. It is seen that the maximum 
rate of heat transfer is obtained when the tubes are about one- 
third submerged. This is a rather dangerous point for operation 
on an industrial scale, because as the level falls below this point 
through the carelessness of the operator, the performance of 
the machine is very seriously affected. 


ScALE 


The two factors in evaporator operation which are of especial 
interest to the engineer who desires to produce distilled water 
for boiler feed, are the formation of scale and the causes of foam 
or entrainment. Scale formation is usually thought of as coming 
from the presence of very slightly soluble materials, such as cal- 
cium sulphate or calcium carbonate. It is true that in the 
majority of cases these two substances are mainly responsible 
for scale formation. It is not true, however, that scale formation 
depends upon the presence of slightly soluble substances. Scale 
depends on the presence of a substance with an inverted solu- 
bility curve; that is, one whose solubility decreases as the tem- 
perature increases. For instance, the most serious case of scale 
the author has ever seen came from evaporating sodium sulphate 
solutions where no calcium or magnesium salts were present. 

It is easy to see why this will be the case. Most ordinary 
substances have a solubility which increases with temperature. 
When such a solution is boiled in an evaporator the stagnant 
film next to the heating surface is hotter than the bulk of the 
liquid; therefore the main body of the liquid becomes saturated 
before the film does, seed crystals form in large numbers in the 
body of the liquid, and as concentration proceeds the substance is 
deposited on these seed crystals at a sufficient rate so that the 
stagnant film never becomes saturated. On the other hand, if a 


Fic. 2 One Type oF VeRTICAL-TUBE EVAPORATOR 


substance with an inverted solubility curve be present the stag- 
nant film becomes saturated before the body of the liquid. Any 
minute irregularities in the metal surface contain solution which 
is even hotter than the average temperature of the stagnant film; 
therefore in these depressions the solution first deposits solid 
matter, these crystals grow because of the saturation in the stag- 
nant film, and thus a compact scale is formed, firmly bonded to 
the tube. 
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The most universally occurring substance with an inverted 
solubility curve is calcium sulphate, and it is a constituent of 
almost all scales. In a solution of constant CO, content, cal- 
cium and magnesium carbonates have a normal solubility curve, 
and hence would not be the cause of scale. If, however, a solu- 
tion containing calcium and magnesium bicarbonates is heated, 
the concentration of CO, decreases with increasing temperature, 
and consequently the amount of calcium and magnesium carbon- 
ates which can be held in solution decreases with increasing tem- 
perature, so that from this point of view calcium and magnesium 
carbonates may form scale. If a true scale-forming material is 
present, and also solid material in suspension, a particle of solid 
material which is carried into the stagnant film by turbulence may 
be caught in the film; which accounts for the fact that commercial 
boiler scales contain practically all of the slightly soluble constit- 
uents of the water evaporated. 

Since the principal purpose of supplying distilled water for 
boiler feed is to prevent scale formation in the boilers, it is 
obvious that any scale-forming constituent of the feedwater 
must be removed in the evaporator. Therefore evaporators 
for boiler feed must be chosen primarily from the standpoint of 
scale removal. This immediately rules out the horizontal evapo- 
rator, as it is impractical to remove scale from the outside of a 
small tube. The vertical-tube evaporator permits the use of 
standard tube cleaners and, in ordinary practice, scale is removed 
from such an evaporator exactly as it would be from a boiler. 


Fic. 3 Basket Type or Verticat-Tuse EvAPoRATOR 

Such scale removal is relatively expensive. At present boiler- 
feed make-up evaporators are almost invariably one of the 
special types in which the tubes are in the form of coils or bends 
80 arranged that when scale accumulates it may be cracked off 
by deforming the tube. This deformation is accomplished by 
turning cold water on to the steam side of the tubes. These 
units, however, are not suitable for very large capacities; and 
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at present one must choose between a large number of such 
units on the one hand or a standard evaporator with its rela- 
tively high cost of cleaning on the other. It is worth noting 
that those types of evaporators which depend on a deformation of 
heating surface to remove scale are entirely satisfactory-on hard 
and brittle scales, but are not at all suitable for soft and mushy 
scales. 

It has been shown that when an evaporator accumulates scale 
the rate of heat transfer decreases according to the equation 


1/U? = A + BT 


where U is the heat-transfer coefficient, 7’ the time since cleaning, 
and A and B are constants. It is obvious that two determina- 
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Fig. 4 Increase oF Heat-TRANSFER COEFFICIENT WiTH INCREASB 
In TEMPERATURE Drop 


tions of the heat-transfer coefficient at different times on a given 
piece of apparatus will permit the determination of the numer- 
ical values of the constants A and B. Knowing the cost of scale 
removal, or the time necessary for scale removal, it is easily pos- 
sible to develop an equation which will show the optimum length 
of time between cleaning for either maximum production or 
minimum cost per unit of product. It is fortunate that in all 
cases of this sort the author has investigated, the curve is very 
flat for a long distance either side the maximum. In other 
words, a reasonable variation in the length of cycle either above 
or below the optimum does not affect either the average pro- 
duction or the average cost per unit of product very seriously. 
This has been discussed extensively elsewhere.? 


Foam 


Foam and entrainment are of importance in the operation of 
boiler-feed evaporators, because if either occurs it carries sus- 
pended and dissolved solids into the product. This may not 
cause great harm to boiler operation, but necessitates blowing 
down at intervals. If the boiler could be operated on absolutely 
pure water, it would have to be blown down so seldom that this 
would not be considered in the ordinary plant routine. 

The two terms have been very loosely used in the past, but 
each has a perfectly definite significance. Foam means exactly 
what it means in the ordinary usage of the word: a compact mass 
of bubbles which rise as a whole into the vapor space. Foam is 
due to a specific property of the liquid. A liquid which pos- 
sesses the necessary characteristics will always foam, and one 
which does not possess these characteristics will never foam. 
Entrainment, on the other hand, means the carrying over of 
suspended particles of liquid due to the velocity of the vapors. 


Badger, ‘Heat Transfer and Evaporation,” 1926, p. 263; McCabe, 
Chem. & Met. Eng., vol. 33 (1926), p. 86. 
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Entrainment is a function of the design of the machine and is not 
limited to the characteristics of the liquid being evaporated. 

In order that a true foam may form it is necessary that there 
be a surface tension either greater or less than that of pure water, 
together with some constituent which stabilizes the surface 
film. This stabilizing constituent is usually finely divided 
suspended matter, although many colloidal substances concen- 
trate in the surface film and stabilize it. Thus, pure distilled 
water will not foam even if there be large amounts of suspended 
matter in it, because there is no surface film to stabilize. Strong 
solutions of inorganic salts do not foam in the absence of a pre- 
cipitate, because although there is a surface film there is nothing 
to stabilize it. Moderately strong solutions in the presence of 
finely divided matter foam seriously. This explains why a 
clean boiler fed with clean soft water will not foam, but a dirty 
boiler fed with soft water, or a clean boiler fed with soft water 
which carries some mud from a softening system, will foam. 
Traces of soap in water cause foam, because in the first place soap 
changes the surface tension, and in the second place it adds 
colloidal material which stabilizes the surface film. To avoid 
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foam, therefore, one must avoid the presence either of a strong 
solution or of suspended matter. In the operation of make-up 
evaporators it is not possible to avoid the presence of suspended 
matter, therefore it is necessary that they be blown down suffi- 
ciently often to prevent the dissolved solids from accumulating 
enough to effect the surface tension of the water. 

In some cases the presence of minute traces of certain oils 
or fatty acids stops foaming. Cottonseed oil, cocoanut oil, 
or the free fatty acids produced from either, are all used com- 
mercially for this purpose. A trace of castor oil works like 
magic in most cases. Half a teaspoon of castor oil will instantly 
break the most obstinate foam on 1000 gallons of liquid. The 
reasons for this fact are not known. 


ENTRAINMENT 
If finely divided material falls freely through a fluid, the fric- 
tional resistance exerted upon it increases with its velocity. 
When this resistance equals the acceleration of gravity, the 
particle falls from then on with a constant velocity. Stokes’s 
law states that this terminal velocity is given by 


On 


in which r is the radius of a particle, S its specific gravity, S’ 
the specific gravity of the fluid, g the acceleration of gravity, and 
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n the absolute viscosity of the fluid. If the fluid has an upward 
motion at a velocity V, the particle remains stationary; if the 
fluid has a velocity greater than V, the particles will be carried 
over with the fluid. Hence, if particles are shot up from a 
liquid surface into a rising current of vapor, the height to which 
they rise is greater as their terminal velocity approaches that of 
the vapor; and those which are small enough will have a ter- 
minal velocity so low as to be carried over with the vapor. 

From Stokes’s law we see that the amount of entrainment 
should increase as (1) the diameter of the drops decreases, (2) 
as the difference in density between liquid and vapor decreases, 
and (3) as the viscosity of the vapors increases. Since none of 
these are under control, and since the size of the drops is un- 
known, it follows that no calculations may be made as to the 
height of vapor space needed to prevent entrainment. It also 
follows that for a certain velocity of vapor and a drop smaller 
than a certain limit, no extension of the vapor space, no matter 
how high, can prevent entrainment. For drops larger than this 
minimum, extensions of the vapor space will diminish entrainment. 

Obviously the initial velocities of drops ejected from the surface 
will be greater in a standard vertical-tube evaporator than in a 
horizontal-tube machine, and in a vertical they will be greater the 
longer and narrower the tubes. The deflector in a basket-type 
vertical is a very efficient entrainment baffle, fulfilling the re 
quirements discussed below. This is borne out in practice, where 
it is found that entrainment losses are apt to be less in the hori- 
zontal type than in the vertical type. A certain amount of 
vapor space must be provided in any evaporator to prevent 
too much entrainment and allow the heavier drops to fall back. 
This may be anywhere from 3 to 15 ft., according to the size 
of the evaporator and the nature of the liquid. Experimental 
work connecting loss by entrainment with mass velocity of 
vapor, height of vapor space, viscosity, and surface tension of the 
liquid, is much needed. 

Unlike foam, liquid carried along as entrained drops may be 
mechanically separated from vapors. If a vapor with suspended 
drops of liquid is traveling at a given velocity in a given direction, 
a change in direction will more easily deflect the vapors than the 
entrained drops. Due to their momentum the drops will not 
pass around a corner, and if once they come in contact with s 
wet surface, they coalesce with the surface film and are not 
easily picked up again by the vapor. In other words, rational 
entrainment separators should be designed on the basis of moving 
the mixture at a high velocity around a sharp corner. Screens or 
baffles are much less apt to be effective; and separators which 
involve a drop in velocity are apt to be useless. 

The common fallacy that an entrainment separator should 
always decrease the velocity of the vapor is well refuted by the 
curves in Fig. 6. These show the residual moisture in steam 
of different pressures after passing a certain design of entrain- 
ment separator. They also show the validity of Stokes’s law 0 
that the entrainment is greater in steam of great density. A® 
entrainment separator of some type should be an essential part 
of each boiler-feed make-up evaporator. 


OPERATION 


The ordinary central station requires so little make-up thst 
this may be generated easily with no more steam than is 
quired for heating the rest of the feed. As a consequence, ¥é 
have the so-called “high-heat-level” plant, in which water from 
the hotwell of the main condensers is used to condense the 
vapors from the make-up evaporator, thereby returning all the 
heat in this vapor to the boilers. In such a system the dit 
tillation of boiler-feed make-up calls for no expenditure of hest 
except loss of heat by radiation and a small loss in the blow 
water from the evaporator. 
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If the quantity of process steam used becomes appreciable 
and the quantities of make-up required become greater, it is not 
possible to condense all the vapors in the condensate from the 
main power units. The next step, therefore, is to pass to multi- 
ple-effect evaporation whereby the vapors to be condensed be- 
come only a fraction of the total weight of the make-up water 
produced. There exist certain misapprehensions regarding 
multiple-effect operation, some of which it will be desirable to 
correct. 

The first has to do with the amount of heating surface. Con- 
sidering a single-effect evaporator with heating surface S, a heat 
transfer coefficient U, steam at the temperature 7), and a boiling 
point 7, if the latent heat of evaporation is L, the total weight 
of condensate produced is roughly 


L 


Suppose now that this same weight of distillate is to be pro- 
duced in a double-effect evaporator. Let the heat-transfer 
coefficient in the first effect be U; and in the second effect U2, 
and assume that their average is approximately equal to U. 
Let steam to the first effect be 7, as before, let the boiling point 
in the first effect be 7, and the boiling point in the second effect 
T:. Suppose also that there are S, square feet in the first effect 
and S, in the second. Neglecting the small difference in latent 
heat between the first and second effects, 


UX (1 — TM) 


W, L 
and 
U2 x x (Ts T>) 
W = 
L 
Since (T; + (T; — 7, Ts 


and since the average of U, and U; is U, it follows that S, and S; 
must both be equal to S if W; + W: is to be equal to W. In 
other words, in a multiple-effect evaporator working in a given 
temperature range, the heating surface in each effect must be 
the same as that in a single-effect evaporator to produce the 
same total amount of evaporation. 

This is only approximately true; because as one puts more 
effects in a given temperature range, the temperature drop 
across each one becomes less and less. It has already been shown 
that a decrease in temperature drop decreases the rate of heat 
transfer, and, therefore U; and U; will be less than U instead of 
being approximately equal to it. Consequently in actual 
practice slightly more surface must be put in a multiple-effect 
evaporator than in single-effect evaporators for the same capacity. 

A second misunderstanding regarding multiple effects has to 
do with their efficiency. In discussing proposed evaporators with 
engineers, the author is regularly asked, ‘What is the efficiency of 
this machine?” It is probably characteristic of most engineers 
that in rating a given piece of apparatus they very earnestly 
desire to find some factor which, when divided by some other 
factor, will come out about 90 per cent; and this is called the 
‘efficiency” of the apparatus. It should be noted that so far as 
an evaporator is concerned the true thermodynamic efficiency 
8 Zero, since it does no external work. Further, for a given num- 
ber of effects and for constant conditions of feed temperature, 
Steam temperature, volume of blow-off, etc., the quantity of 
steam used per pound of water evaporated will be the same for all 
‘vaporators regardless of their type. Consequently the word 

efficiency” should never be applied to evaporators, and the 


author prefers to speak of the steam consumption in terms of 
economy. 
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While it is true that any multiple-effect evaporator working 
under a fixed set of conditions must have the same economy re- 
gardless of its design, it does not follow that the economy is 
always constant for a given number of effects. In discussing 
the basic principles of multiple-effect evaporation, we are accus- 
tomed to say that one pound of steam will evaporate, roughly, one 
pound of water in a single effect, two pounds in a double effect, 
etc. In attempts to be slightly more precise some engineers 
are inclined to modify these figures by a constant factor to 
compensate for heating feed, losses in blow-off, and radiation. 
They usually assume that one pound of steam evaporates some- 
thing less than one pound of water—0.85 lb. for instance—per 
effect. This again is only the loosest kind of approximation, 
and there may be considerable variations above and below 
this figure. 

Since in distilled-water evaporation the blow-off is usually 
very small in amount as compared to feed, it follows that loss 
of heat in the blow-off is insignificant and the principal factor 
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which affects the economy of an evaporator is the heat necessary 
to heat feed. That this may vary within wide limits is not 
generally appreciated. The principal variations are introduced 
by varying the order in which liquid is fed to the different bodies. 

The usual method is to feed directly into the first or highest- 
pressure effect, draw liquid from effect to effect by the decrease 


of pressure, and finally discard from the last or lowest-pressure 
effect. 


This means that all of the heat necessary to heat the 
feed to the boiling point is supplied by direct steam. .On the 
other hand, a small amount of this heat is given up as vapor, due 
to the flash that occurs when hot liquid from one effect is drawn 
into the next effect at a lower pressure. The result of this 
arrangement is that the steam consumption per pound of water 
evaporated is high if the feed be cold, and the quantity of vapor 
evolved is largest in the last effect. 

On the other hand, if the feed is introduced into the last or 
lowest-pressure effect, if there are N effects in series this feed 
is heated to the boiling point in the last effect by steam which 
has already evaporated N — 2 times its weight of water. Part of 
the feed is then drawn into the next to the last effect, where it 
is heated slightly more by steam which has evaporated N — 2 times 
its weight of water; and so on to the first or highest-pressure 
effect from which the blow-off is taken. This accomplishes the 
heating with a very much smaller expenditure of direct steam 
than the case previously discussed, and also results in the amount 
of vapor evolved becoming less in the later effects. In make-up 
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evaporators where vapors from the last effect must be condensed 
in the condensate from the main power units, this last item 
may be of considerable importance. Further, since power- 
plant evaporators usually operate at relatively high tempera- 
tures, the amount of heat necessary to heat the feed may be a 
considerable proportion of the total steam used. 

The author has not had occasion to make calculations for 
evaporators at a high boiling point, but Webre* has shown that 
in a triple effect with a boiling point of 210 deg. fahr., in the 
first effect, feeding at 250 deg. to the first effect gives an evapo- 
ration of 4 lb. per pound of steam, while feeding into the last 
effect gives an evaporation of 2.9 lb. per pound of steam. On the 
other hand, if the feed be assumed at 50 deg. fahr., the evapo- 
ration is 2.3 lb. per pound of steam if fed to the last effect and 1.8 
lb. per pound of steam if fed to the first effect. Since in power- 
plant evaporators the feed will almost invariably be relatively 
cold, it follows that backward feed will always be desirable. 

Considering the figures given above, one sees that in a triple- 
effect evaporator with the pressure of steam to the first effect 
fixed, the vacuum on the last effect fixed, the heat-transfer 
coefficients fixed, and only the temperature of feed and the 


3 “Evaporation,”’ 1926, p. 68. 
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method of feeding variable, evaporation per pound of steam may 
vary from 1.8 to 4.0 lb. This shows that in considering a multi- 
ple-effect evaporator for a given purpose, the economy may be 
considerably affected by the method of operation chosen and ig 
not at all affected by the design of the machine. On the other 
hand, the capacity of an evaporator is a function of its heat- 
transfer coefficient. Since changes in this heat-transfer coeffi- 
cient affect the size of machine needed for a given performance, 
and therefore affect the ultimate costs of distilled water by their 
effect on the fixed charges, it follows that changes in design of the 
machine may affect the overhead charges although they do 
not affect the steam cost. 

It is impossible in such a brief paper as this to go into the design 
of multiple-effect evaporators to any extent. It is also im- 
possible to make any sample calculations of the costs of dis- 
tilled water, because of the wide variety of conditions under 
which such machines would be installed. The author has at- 
tempted to cover a few matters which he believes are not gen- 
erally understood: namely, the effect of certain factors on rates 
of heat transfer; the rationale of foam and entrainment; the 
mechanism of scale formation; and, briefly, the wide ranges 
in performance which may be obtained by varying what are 
ordinarily considered minor factors in evaporator operation 
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Joint Research Committee on Boiler- 
Feedwater Studies 


HROUGH the Joint Research Committee on Boiler-Feedwater Studies, six national technical or- 
ganizations are cooperating actively in a study of the various processes employed in the purification 


of feedwater in steam power plants and on railroads. This research is being carried on to determine 


the fundamental principles underlying certain phenomena which take place in steam boilers. 


The Com- 


mittee is sponsored by the American Boiler Manufacturers Association, the American Railway Engineering 


Association, the American Water Works Association, the National Electric Light Association, the American 
Society for Testing Materials, and The American Society of Mechanical Engineers, and has been sub- 


divided into nine sub-committees and an advisory committee. 
lating to the subject assigned to it, and has been requested to compile and submit yearly reports. 


Each sub-committee is collecting data re- 
After 


these reports are reviewed by the Advisory Committee, they are presented for publication in the journals of 


the organizations participating in these studies. 


Progress Report of the Boiler-Feedwater Studies Committee 


Report of the Advisory and Editing Committee! 
By SHEPPARD T. POWELL, BALTIMORE, MD., CHAIRMAN 


T THE first formai meeting of this Committee held last 
year at the Power Session of the Annual Convention of 
The American Society of Mechanical Engineers, reports? were 


1 The personnel of the Advisory and Editing Committee of the 
Joint Research Committee on Boiler-Feedwater Studies is as follows: 

Suepparp T. Chairman, Chemical Engineer, 213 St. 
Paul Place, Baltimore, Md. 

W. L. Assorr, Chief Operating Engineer, Commonwealth Edison 
Company, Chicago, Il. 

A. J. AuTHENREITH, Vice-President, Middle West Utilities Com- 
pany, Chicago, Il. 

R. C. Barpwe.i, Superintendent, Water Supply, Chesapeake 
and Ohio Railroad, Richmond, Va. 

Epvwarp Bartow, University of lowa, Iowa City, Iowa. 

James H. Bueii, Middle West Utilities Company, Suite 1500, 
Edison Building, 72 W. Adams Street, Chicago, IIl. 

ALEXANDER G. CuristiE, Professor, Department of Mechanical 
Engineering, Johns Hopkins University, Baltimore, Md. 

We.Luincton DonaLpson, Consulting Engineer, Fuller & McClin- 
tock, 170 Broadway, New York, N. Y. 

Haro_p Farmer, Chief Chemist, The Philadelphia Electric Com- 
pany, Central Service Building, Twenty-third and Market Streets, 
Philadelphia, Pa. 

_C. W. Foutk, Professor, Chemistry Department, The Ohio State 
University, Columbus, O. 

_ Vincent M. Frost, Assistant to General Superintendent of Genera- 
tion, Public Service Gas and Electric Company, 80 Park Place, 
Newark, N. J. 

_CLARENCE F. Hirsurevp, Chief, Research Department, Detroit 
Edison Company, 2000 Second Ave., Detroit, Mich. 

_CLarence R. Know.es, Superintendent of Water Service, II- 
linois Central Railroad, Chicago, Il. 

Aspotr L. PENNIMAN, JR., Superintendent, Steam Station, Con- 
pence ee Electric Light & Power Company of Baltimore, Balti- 
more, Md. 

V. Bernarp Srems, Vice-President and General Manager, North 
American Water Works Corporation, 11 Broadway, New York, N. Y. 

FRANK N. Speier, Metallurgical Engineer, National Tube Com- 
pany, 1810 Frick Building, Pittsburgh, Pa. 

Grorce A. Sterson, Associate Editor, The American Society 
of Mechanical Engineers, 29 West 39th Street, New York, N. Y. 

C. P. Van Gunpy, Superintendent, Water Service, Baltimore 
and Ohio Railroad, Baltimore, Md. 

_ALBERT E. Wuite, Director, Department of Engineering Research, 
University of Michigan, Ann Arbor, Mich. 

ABEL Wotman, Chief Engineer, Maryland State Department of 
Health, Bureau of Sanitary Engineering, Baltimore, Md. 

* See MECHANICAL ENGINEERING, Vol. 48, no. 1la, Mid-November, 
1926, pp. 1361-1374. 

Progress reports read and discussed at a joint session of the 
A.S.M.E. Power Division and the Joint Research Committee on 
Boiler-Feedwater Studies at the Annual Meeting, New York, N. Y., 
Dec. 5 to 8, 1927. 


presented by the various technical committees as contribution 
to these studies. The communications were in the nature of 
progress reports and indicated the present status of the art 
of water purification and the listing of problems requiring further 
investigation. Practically all of these reports stressed the 
necessity of more accurate information on the treatment of 
feedwater, the need of fundamental data concerning the chem- 
ical phenomena of water treatment, and the desirability for 
intensive research as a solution for feedwater difficulties con- 
fronting the profession at the present time. During the past 
year these views have been confirmed by the many operating 
problems that have come to the Committee’s attention from 
members of the profession who are seeking relief for specific 
failures which occur as a direct effect of the quality of feed- 
water used. 

The present tendencies in steam-boiler design and the opera- 
tion of steam generating equipment in stationary and railroad 
practice are having a marked influence upon the entire question 
of feedwater treatment. With these recent developments have 
come a series of influencing factors introducing new problems 
which may not be overcome without more advanced knowledge 
on the subject of feed treatment than is now available. Ten 
or fifteen years ago the majority of feedwater problems consisted 
largely of the removal of scale. The control of this problem 
is no longer an important one since equipment for the elimination 
of scale is now available. Deaeration of feedwater has done much 
to correct corrosion troubles. However, feedwater troubles 
have not been eliminated in all cases by the installation of 
deaerators. The corrosion of economizers and boilers, in the 
absence of oxygen, the production of hydrogen and oxygen by 
direct ionization of pure water, the embrittlement of boilers 
at relatively low pressure, and numerous other problems have 
been brought to the attention of the Committee during the past 
year. The conditions are indicative of the influence of present 
operating conditions of boilers, or possibly of the result of 
industrial contamination of surface-water supplies, to which little 
cooperative study has as yet been given. 

Practically no information is available concerning the influ- 
ence of volatile organic matter, especially organic acids, as 
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a factor in the corrosion of steam boilers, yet many surface 
waters from which feedwaters are drawn are being constantly 
subjected to such pollution. It is difficult to obtain any reli- 
able data on the effect of ammoniacal compounds in water and 
the effect of such compounds in the presence of high concen- 
trations of alkaline salts. Numerous surface waters contain 
appreciable amounts of these substances as a result of domestic 
Sewage or industrial-waste pollution of streams used as a source 
of supply, yet little attention has been directed to these condi- 
tions. There are no established methods available for deter- 
mining the acidity or alkalinity of water at high temperature. 
It is fairly well known, however, that under high pressure and 
temperature these constituents are radically different from what 
they are when the samples of water are tested at room tem- 
perature. 

Attention is directed to the recommendation of Technical 
Committee No. 5 which has been studying corrosion problems. 
A number of specific problems are listed which, in the opinion 
of the Committee, require study. The solution of any of these 
problems would have a marked effect in reducing corrosion of 
boilers, economizers, steam piping, and other appliances. 

Priming and foaming are terms employed so frequently that 
it would appear that these are well-defined phenomena subject 
to control if ordinary precautions are employed. It was reported 
recently by one member of the Executive Committee that the 
failure to solve this trouble is resulting in a loss on one railroad 
of $100,000 annually. The particular road in question has al- 
ready installed many complete water-purification systems which 
have effected great financial saving from the elimination of scale 
and corrosion, but priming and foaming of boilers is still far from 
accurate control. The various types of steam purifiers and 
similar equipment being offered at the present time indicate the 
magnitude of this problem. The economic importance of 
foaming boiler waters is recognized, but there is still little 
basic information concerning the physical and chemical properties 
of water responsible for these operating troubles. 

The Committee reports on trade wastes of the American Water 
Works Association and the studies by state and federal bureaus 
furnish ample evidence of the gross pollution from industries. 
There has been no comprehensive study of these conditions 
from the viewpoint of the use of water for boiler feed or cooling 
purposes. For some unaccountable reason, considerable apathy 


exists among power-station operators as to the glaring losses. 


resulting from these conditions. Acute cases of accelerated 
corrosion due to acid contamination of streams has forced some 
industries to undertake corrective measures. The problems are 
so involved that isolated corrective treatment can have little 
or no effect in stemming these losses which are becoming increas- 
ingly more aggravated in many industrial areas. No progress 
in this field is possible until the profession is impressed with the 
seriousness of the problem. Although the control of con- 
ditions frequently requires legislative measures, cooperative 
investigations by interested industries are producing commend- 
atory results. The Technical Committee studying this problem 
has been impressed by the lack of interest demonstrated by 
steam-station operators. This condition, we believe, is due 
largely to failure to recognize the importance of the problem and 
failure to grasp the significance of the ultimate effect of continued 
trade-waste pollution of surface streams and how these con- 
ditions will definitely influence the future operation of feedwater 
systems and surface condensers. The brief report of the Com- 
mittee dealing with these problems should be given mature 
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consideration by those companies situated in industrial areas, 

Attention is directed to the important work of the Committee 
on Bibliography. From time to time this Committee has pub- 
lished short abstracts on interesting and new developments 
relating to feedwater treatment and allied subjects. The ab- 
stracts have been published in several journals, making these 
valuable contributions readily available to a large group of 
engineers who could not otherwise obtain these data without 
considerable effort. 

The Finance Committee appointed early this year has given 
much thought to ways and means for raising funds to carry 
forward the desired research studies, and is confident of the 
fact that no great progress in this study can be made without 
a constructive paid research program. The committees requiring 
such assistance at this time are those to which have been assigned 
the following problems: 


1 Corrosion 

2 Embrittlement 

3 Priming and foaming 

4 Condensers, evaporators, and deaerators. 


It is the opinion of the Committee that since these problems 
are nation-wide in scope, the financing should not be borne by 
any individual group nor confined to any restricted area. The 
opinion of the Committee is unanimous that the financing of 
the proposed research studies is a sound investment which will 
effect an ample return in the form of reduced maintenance and 
higher efficiencies in the operation of equipment. 

The Committee on the Standardization of Water Analysis 
has done constructive work, especially in cementing the contacts 
with organizations that have similar committees functioning. 
This has been responsible for eliminating duplication of effort, 
a condition that has caused much confusion in the past. 

During the past year many committee meetings have been held 
and committeemen have traveled long distances at their own 
expense to attend these meetings. At the regional meeting of 
The American Society of Mechanical Engineers held at Kansas 
City in Apriland at the Annual Convention of the American 
Water Works Association in Chicago last June, a number of papers 
were presented as contributions from thesestudies. The interest in 
the Committee’s efforts was demonstrated by the attendance at 
the Water Works meeting, when more than two hundred persons 
representing the power-plant and railroad fields were present 
at the session held under the auspices of the Committee. At 
these meetings, the importance and magnitude of these problems 
were indicated by the active discussion that took place. 

The most important work before the Executive Committee 
at this time is the inauguration of the proposed research pro- 
gram when the funds are available for these studies. It is pro- 
posed to carry the work forward in close cooperation with 
state and federal bureaus equipped for such work or at univer- 
sities where engineering problems of a similar nature are in 
progress. By such procedure, there will be required a minimum 
expenditure for equipment and other necessary facilities. The 
Committee is impressed with the responsibility of this im- 
portant work and earnestly solicits the cooperation and assis 
tance of those interested in the program. The success of the 
undertaking will be measured largely by the financial assist- 
ance which the Committee receives. 

The Executive Committee desires to express here its appre 
ciation to the individuals and groups of committeemen whe 
have made possible the success of this work to date. 
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Deconcentrators and Continuous Blow-Down Apparatus 


Progress Report of Sub-Committee No. 1 on Sedimentation With and Without Chemicals, 
Pressure and Gravity Filters and Deconcentrators, Continuous Blow-Down Apparatus* 
By R. C. BARDWELL, RICHMOND, VA., CHAIRMAN 


O* E of the most troublesome difficulties with which the opera- 

tion of steam power plants has to contend, is the elimination 
of excessive moisture in the steam, “excessive” being a relative 
term applying to a small portion of one per cent at high-efficiency 
stations and varying to greater amounts which actually interfere 
with the immediate functioning of the equipment at others. 
Although the presence of this moisture is variously attributed 
to foaming or priming superinduced by— 


1 Possible improper design of the boiler for the work being 
handled such as limited area of steaming surface or 
volume of steam space, 

2 Method of operating boiler, including sudden variation 
in load, height at which water level is carried, and 
irregular firing, and 

3 Composition of the water inside the boiler including con- 
centration of alkali salts and suspended matter, and oc- 
casional presence of organic matter, 


it would appear that, under present-day operation, the 
limitigg factor is considered to be largely controlled by the 
permissible concentration of foreign matter, and corrective 
steps have been mostly confined to schemes which will hold 
this concertration within workable limits. 

There are three methods by which this concentration may be 
controlled: 

1 Use of evaporators which may remove practically all of 
the solids from the feedwater, or partial reduction which may be 
secured by treatment of the incrusting sulphate with barium 
carbonate; 

2 Removal of a portion of the suspended solids from the 
boiler water with the return of the water to the boiler without 
an appreciable loss of heat; 

3 Suitable regulation of blow-down economically to control 
the permissible alkali salt concentration with utilization of the 
heat from the blow-down water to preheat the feedwater, where 
consistent. 

The treatment of the feedwater is outside the scope of studies 
by this Committee, and this report will deal briefly with present 
development and trend of various means used to maintain the 
concentration of suspended matter and dissolved solids within 
workable limits. 

. Where water is used in steam boilers with a limited sedimenta- 
tion period for the removal of suspended rhatter or no pretreat- 
ment for the elimination of the dissolved scaling matter before 
delivery of the feedwater to the boilers, the trouble caused 
by the subsequent accumulation of suspended metter in the 
boiler is only a question of time. Two schemes are in extensive 
use which have alleviated this trouble to some degree, one 


* The personnel of Sub-Committee No. 1 on Sedimentation With 
and W ithout Chemicals, Pressure and Gravity Filters and Deconcen- 
trators, Continuous Blow-Down Apparatus, of the Joint Research 
Committee on Boiler-Feedwater Studies is as follows: 

c R. C. Barpwe.., Chairman, Superintendent, Water Supply, 
hesapeake and Ohio Railroad, Richmond, Va. 

c C. W. DeForest, Manager, Electric Department, Union Electric 
pany: 4th and Plum Streets, Cincinnati, O. 

M ELLINGTON Donaupson, Consulting Engineer, Fuller and 

eC lintock, 170 Broadway, New York, N. Y. 

J. Hanuey, Inspector of Water Service, Illinois Central Rail- 
Toad, Chicago, Ill. 

s B. N. Ranvoirx, Water Purifying Department, William B. 
caife and Sons Company, Oakmont, Pa. 
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consisting of a small pressure filter through which a portion 
of the water from the boiler is passed continuously while the 
boilers are in operation with return of the clarified water to the 
boiler, and the other involving the sedimentation and settling 
of small portion continuous blow-down with return of recovered 
condensate to boiler and wasting of sludge and highly impreg- 
nated concentrate. 


DECONCENTRATOR SYSTEM 


The first system is termed a “deconcentrator” and was de- 
signed to prevent accumulations of suspended solids in the 
boiler. It is peculiarly adapted where internal treatment is 
practiced. The coarser suspended solids, which are coagulated 
silt present in the make-up water or the inert scaling matter 
which has been thrown out of solution in the boiler under the 
influence of heat or interna! treatment, are strained out by a 
non-siliceous filter medium. 

The filter apparatus is under boiler pressure, but a small 
pump is necessary to overcome the friction of the piping system 
and filter medium in order that the clarified water may be re- 
turned to the boiler. Means for back washing are provided 
similar to other pressure-filter equipment, and a manually oper- 
ated paddle or rake is supplied in order that the filter medium 
may be agitated in case it becomes clogged. 

Sodium salts and other soluble matters are not removed by the 
deconcentrator but continue to accumulate in the boiler. How- 
ever, careful experiments and practical results have demon- 
strated that the critical concentration with these salts is materi- 
ally increased by removal of the suspended matter, and heavy 
blowing or water changes are postponed accordingly with the 
incident saving involved. 

The advantages of the deconcentrator system are as follows: 

a Small space required and relatively low inital cost of in- 
stallation and operation; 

b Partial saving in heat of blow-down water due to return 
of clarified boiler water while still under pressure; 

c Reduction in blow-downs due to higher allowable con- 
centration of alkali salts; and 

d Adaptability for improving internal-treatment conditions 
by providing means for removal of the sediment and suspended 
matter incident to this method. 

The disadvantages of the deconcentrator system are: 

a Necessity of frequent back washing when the boiler water 
contains high suspended matter; 

b Relatively high rates of filtration necessary under some 
conditions to handle the volume through the small effective 
filter area; and 

c Increasing operating difficulties in the maintenance of a 
series of filters and pumps when installed on a number of boilers. 


STABILIZER SYSTEM 


The second system is termed a “stabilizer” and is actually 
a continuous blow-down apparatus with provision made for 
recovery of condensate and prevention of appreciable heat 
losses. This is an improvement over the continuous blow-down 
devices ordinarily in use and has apparently met with consider- 
able favor in many foreign power-plant installations. 

The stabilizer consists of two parts. The upper chamber 
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into which the boiler water is led, acts as a flash tank, sepa- 
rating the steam liberated from the boiler water by the drop 
in pressure. This steam is then reclaimed as pure condensate 


.in the hot well or feedwater tank. The lower part is a closed 


counterflow heat exchanger, the heat of the sludge water being 
transmitted through the metal pipes to the incoming feed- 
water. The sludge-water discharge is attached near the bottom 
of the lower chamber and carried up to a height sufficient to 
hold the chamber full of this waste water at all times, before 
it is drained to the sewer. The sludge is removed through 
a valve at the cone bottom of lower chamber. 

The small amount of water wasted should be much more than 
offset by the advantage gained in reducing the alkali salt con- 
centration as well as removing the mud and silt. 

This type of equipment is also particularly well adapted 
for use with internal treatment as it provides an automatic 
means for removal of the precipitated sediment and also a 
control for alkali-salt concentration which is coincident with 
this method of treatment. 

The advantages of the stabilizer system are: 

a Small space required and relatively low initial cost of 
installation and operation; 

b Partial saving in heat from blow-down water and the 
return of the pure blow-down condensate; 

c Smoothness in boiler operation due to maintaining more 
constant density of the water in the boiler; and 

d Adaptability for improving internal-treatment conditions 
by providing means for sludge removal and control of alkali- 
salt concentration. 

The disadvantages of the stabilizer system are: 

a Necessity of check to prevent waste from the continuous 
blow-down; 

b Maintenance and cleaning of blow-off water compartment; 
and 

c Maintenance of cleaning of feedwater tubes of the closed 
heat interchanger. 


Continuous BLow-Down 


As the critical concentration is directly affected by the load 
distribution and boiler design as well as water quality con- 
ditions, it is necessary and advisable to determine this point 
for the individual plant. Then, by ascertaining the water capac- 
ity of the boiler and the amount of impurities delivered with 
the feedwater together with the amount of water evaporated, 
a definite schedule can be calculated and put into effect for 
sufficient blowing down to maintain the boiler concentration 
within workable limits. 

Precaution should be taken in securing a sample from the 
boiler which will be representative of the average concentration, 
as experience has shown that there is a marked difference in 
the density of water in various parts of the boiler. It might 
be well to secure samples from both the gage glass and blow-off 
connection for comparison. 

Experience of a number of operators has shown that there 
is a marked difference in the concentration of solids occurring 
in different steam drums in the same boiler. Circulating tubes 
do not appear to correct this condition completely. It is desirable 
to take samples from each drum, and where wide variation in the 
concentration of solids is noted, special study should be given 
to correct the difficulty. 

Although the concentration effects are largely governed by 
the total dissolved solids, this determination would not be 
practical in most cases for routine control so that some simple 
relative measurement is made from which the approximate 
total solid content is known by predetermined ratio. The 
chloride titration with standard silver-nitrate solution, potassium- 
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chromate indicator, is frequently used. The amount of sul- 
phates determined by photometric measurement after pre- 
cipitation with barium chloride is sometimes used, and appara- 
tus is available on the market for this application. The 
measurement of the density with a delicately calibrated hydrom- 
eter can also be used advantageously as a suitable index 
under fixed conditions. 

The total-alkalinity determination is a simple and practical 
measure for determining the point at which boilers should be 
blown down, but it is not practical excepting in cases where 
alkalinity builds up in proportion to the total solid content 
of the water. The tests may be used to advantage where feed- 
water is treated by zeolite softeners. 

After knowing the working quantity of water held in the 
boiler, the critical concentration point, and the rate of con- 
centration increase, the amount necessary to be blown down to 
prevent trouble can be determined in accordance with the follow- 
ing general formula: 


X = 
A 


= number of gallons to be blown out in 24 hr. 
allowable concentration in boiler, grains per gal. 
total solids in make-up water, grains per gal. 

= quantity of make-up water, gal. per 24 hr. 


ll 


X 
A 
B 
C 


Where operation of the plant is complicated by condenser 
leakage, the pollution caused by salts in the circulating water 
should also be taken into account, together with the total solids 
in the make-up water. 

By consideration of the boiler dimensions, the required lower- 
ing of the depth of the water surface in the gage glass may be 
determined and distributed hourly or per shift as desired. How- 
ever, the boiler concentration should be checked occasionally 
to insure that the desired benefits are being secured. 

Numerous schemes for blowing down boilers have been 
devised in order to limit the concentration with as little loss 
of heat as possible and improve the smoothness of boiler-plant 
operation. In the development of the continuous blow-down, 
consideration has been given to the advantage gained by utili- 
zation of the heat from the blow-down water as well as the 
constant removal of the objectionable solids present in the 
water. Many of these devices are available on the market, some 
relying on manual control for constant delivery, and others 
attempting automatically to control the amount as required. 

One of the interesting devices available consists of a con- 
tinuous blow-down which is controlled automatically by the 
amount of water removed from the steam in the steam purifier. 
The separated moisture from the steam purifier is conveyed to 
the exterior of the boiler where it is discharged by a suitable 
steam trap of the piston-actuated type. 

The discharge valve of this trap is opened by a steam piston 
operated by steam pressure admitted by a float-operated pilot 
valve where the trap chamber becomes filled. Since the filling 
of the trap chamber amounts substantially to a measure of the 
trapped moisture, the trap discharges correspond to the amount 
of moisture removed from the steam in the purifier. Thus 
the number of trap discharges per unit of time will increase 
or decrease with the quantity and quality of the steam generated. 
The pilot valve of the trap may be used to open a separate pistol 
operated blow-down valve in unison with the trap discharges. 
A needle or adjustment valve also in the blow-down connection 
can be set to proportion this automatic blow-down to the dis 
charge capacity of the purifier trap. 

With this adjustment the automatic blow-down is controlled by 
the moisture content of the steam generated in the boiler. The 
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workable concentration increases with light loads and decreases 
with the peaks. The compensating effect of this equipment 
provides for the necessary correction of the concentration 
with changes in load. 

Another type of blow-off control in use consists of an open 
steel-tank weir box with an adjustable opening in the bottom. 
A continuous stream of the concentrated boiler water is dis- 
charged at a fairly constant rate through a heat exchanger to this 
blow-off control box and thence to the sewer. The constant 
head of water in the box over the weir opening is maintained 
by a float valve on the inlet side, which discharges water from 
the coil of the heat exchanger. 

One of the difficulties to be anticipated in a continuous blow- 
down system is the corrosion and wear of valves and controlling 
appliances. With water free from suspended matter the depre- 
ciation of equipment in this respect should be relatively slight. 
Where suspended solids are present, the wear may be excessive. 
The most important advantage to be gained from this system 
is the control of soluble solids and finely divided suspended 
matter which are thrown out of solution in the boiler. Under 
these conditions the system is particularly adapted to boilers 
in which the make-up water has been treated externally and in 
which the majority of the solids concentrating in the boiler 
are soluble alkali salts. 

The economic advantages to be gained by the system will 
depend largely upon the heat balance of the station. In the case 
of systems where there is a deficiency of exhaust steam, the heat 
extracted from the blow-down water may be used advanta- 
geously in raising the temperature of the feedwater. Continuous 
blowing down of boilers should not replace the regular blow-down 
valves, since even with these appliances in use, regular blowing 
down may be desirable or necessary. 

At the convention of the Traveling Engineers Association, 
held in Chicago in September, 1927, careful consideration was 
given to the report of a special committee on the “Effect of 
Water Treatment on Locomotive Operation,” which included 
the results of a study on the control of foaming tendency by 
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the proper application and operation of blow-down appliances. 

By Government regulation it is necessary to drain the boiler 
and remove all washout plugs at least once every thirty days. 
However, in many cases under actual operation, especially in 
bad-water territory, it has been customary to wash or change 
water in locomotive boilers every few days, and in some cases 
after each trip, due to the foaming tendency caused by concen- 
tration of impurities. 

In this report it is shown that suspended matter can be 
advantageously removed by the proper application of blow-off 
arrangements, eliminating the necessity for frequent draining 
and washing the boilers. By checking the critical dissolved- 
solid concentration for the respective districts, the necessary 
amount of blowing can be calculated from information on 
the amount and quality of water used, which will permit more 
satisfactory locomotive operation and avoid delays in turning 
these expensive power units at the terminals. Regular blowing 
at terminals is recommended, and in some cases small continuous 
blow-downs, made with a standard blow-off cock fitted with a 
bushing with hole '/, in. diameter which will discharge about 
600 gallons of water per hour, have proved particularly adaptable. 

Descriptive drawings showing details of recommended appli- 
cations and arrangements, together with typical instructions 
for road operation, are included in this report, which is of con- 
siderable importance in promoting improvement in locomotive 
operation. 


RECOMMENDATIONS 


There appears to be a considerable field for effecting economy 
in power-plant and locomotive operation through the improve- 
ment and standardization of suitable means for controlling 
boiler-water concentration. The importance of this subject 
appears to warrant special study and close review of existing de- 
vices and practices which are in service in this country, as well 
as foreign developments in this field, and is closely connected 
with the study on foaming and priming which is being made 
by Sub-Committee No. 3. 


Standardization of Nomenclature 


Progress Report of Sub-Committee No. 2 on Water Softening by Chemicals (External 
Treatment)‘ 
By CLARENCE R. KNOWLES, CHICAGO, ILL., CHAIRMAN 


~UBJECT No. 8 assigned to Sub-Committee No. 2 and listed 


‘" in the Committee’s preliminary report, is as follows: 


| the personnel of Sub-Committee No. 2 on Water Softening by 
Chemicals (External Treatment), of the Joint Research Committee 
on Boiler-Feedwater Studies is as follows: 
Ciarence R. Know Chairman, Superintendent of Water 
Service, Illinois Central Railroad, 135 East 11th Place, Chicago, IIl. 
CHARLES ANDERSON, Mechanical Engineer, Cincinnati Water 
partment, 2545 Eastern Avenue, Cincinnati, O. 
A. M. Buswe ut, Dr., Director, Water Survey, Urbana, III. 
A. 8. Berman, International Filter Company, 333 West 25th 
Place, Chicago, IIL. 
o W. DeForest, Manager, Electric Department, Union Electric 
ompany, 4th and Plum Streets, Cincinnati, Ohio. 
De P. Hoover, Chemist and Superintendent, Water and Sewage 
epartment, Columbus Filter Plant, Columbus, Ohio. 
ManpeL, Commonwealth Edison Company, Edison Building, 
i2W est Adams Street, Chicago, Ill. 
0 C, P. VAN Gunpy, Superintendent, Water Service, Baltimore and 
hio Railroad, Baltimore, Md. 
D. Yoprr, Charge of Water Purification Department, 
. 5. B. W.-Cochrane Corporation, 3107 North 17th Street, Phila- 
delphia, Pa. 
See MecuanicaL ENGINEERING, vol. 48, no. 11a, Mid-November, 
26, pp. 1361-1363. 


Standardization of nomenclature employed in the field of softening 
of water by chemicals and of the apparatus and appurtenances in 
use in these systems. 

In preparing these definitions it has not been the thought of 
the Committee that they would comprise the most complete and 
accurate definitions possible, but rather to present such terms 
as would furnish a practical working knowledge of the topics 
covered. The names by which many of these devices and their 
parts are known frequently cause confusion on account of 
duplication in local usages. It has been the object of the com- 
mittee to eliminate this confusion of terminology as far as 
possible. In general the nomenclature of the Manual of the 
American Railway Engineering Association has been followed, 
although in some cases the better-known definitions have been 
adopted and in other cases certain changes that were thought 
necessary have been made in existing definitions. 

It is fully realized that the definitions as submitted are not 
complete or perfect, and suggestions and additions are solicited 
by the Committee. 
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AERATION.—A process of bringing water into intimate con- 
tact with air in order to introduce oxygen for the oxidation of 
iron or organic matter, and for removing or reducing other 
gases, such as hydrogen sulphide and carbon dioxide. 

Air Lirr.—An installation for introducing air into the column 
of water in a well, thereby causing the water to rise. The air 
is forced to the bottom of an air pipe, where it is liberated either 
from an open pipe or through a foot piece. The air mixing with 
the water imparts a buoyancy to it which causes it to rise to 
the surface. 

ALGAE.—Flowerless plants of simple cellular structure with- 
out roots, stems, or leaves. Growths of certain species of algae 
in water courses or reservoirs may give rise to objectionable 
tastes and odors. 

ALKALI WaTEeR.—A term commonly used loosely to designate 
natural waters containing any compound of sodium or potassium 
in appreciable amounts, but applied with more correctness to 
waters containing appreciable amounts of sodium or potassium 
carbonate or bicarbonate. 

ALuM.—A compound of aluminum sulphate with the sulphate 
of ammonia, potash, or soda used as a coagulant. Aluminum 
sulphate is the effective coagulating agent in the alums; and 
where it is possible to feed the coagulant as a solution, alu- 
minum sulphate is more economical than the alums. Aluminum 
sulphate is so highly soluble, however, and forms a mushy mass 
so readily with water, that the less soluble and crystalline alums 
are employed instead in pressure feeders or similar devices. 

Boiter.—A closed vessel in which water is evaporated into 
steam by the application of heat. 

BoiLer, Fire-Tuse.—One in which the water in the boiler 
surrounds the tubes; the furnace gases pass under the boiler 
shell and through the tubes. 

Borer, WaTEeR-TusE.—Consists of one or more drums or 
headers connected with banks of tubes. Water circulates 
through the drums and tubes while the furnace gases pass 
between the tubes. 

Boiter, Locomorive-Type.—A cylindrical shell and rectan- 
gular firebox surrounded by water. 

Borter, Return-TusvuLar.—A closed cylindrical shell having 
a number of tubes running lengthwise through the shell below 
the water line, and through which the flames and heated gases 
of combustion pass to the stack. 

Borter, VerticaL.—A closed cylindrical shell with the lower 
head or flue sheet placed part way up from the bottom of the 
boiler; this lower head, being smaller than the outside diameter 
of the boiler, permits a water space between the inner and 
outer shell, forming the firebox. 

Borter Compounp.—A mixture of chemicals applied direct 
to boilers or to the water in tenders of locomotives for the purpose 
of preventing scale, corrosion, and foaming. 

Biow-Orr.—The act of letting out water from a boiler to 
carry off sediment, or to reduce the concentration of soluble 
salts. 

CoacuLation.—The process of collecting particles of finely 
divided suspended matter into aggregates which are suf- 
ficiently large and heavy to be removed by settling or filtration. 
Coagulation is usually accomplished by the addition of a coagu- 
lant, such as aluminum sulphate, alum, sulphate of iron, etc., 
to the water. 

Continvous Piant (WaTer-TREATMENT).—A plant so 
designed that untreated water may be supplied to it and treated 
water withdrawn from it without interruption, the steps of 
chemical dosage, mixing, settling, and clarification being effected 
during the passage of water through the plant. 

Corrosion.—The eating away of the surface of metal by 
chemical or electrochemical action, either regularly and slowly 


as by rusting in air, or irregularly and rapidly as by pitting 
and grooving in the interior of boilers. 

Dry Sream.—Steam which contains no moisture. It may 
be either saturated or superheated. 

Evecrrouysis.—The process whereby an electric current 
passing from one electrode to another through an electrolyte 
causes a chemical change to take place in the electrolyte. Elec- 
trolysis also includes any chemical changes at the surface of an 
electrode resulting from the chemical changes in the electrolyte. 

EvaporaTION.—The conversion of water or other liquid to 
the gaseous state. 

FitrratTion.—The mechanical process of removing suspended 
matter from water by passing the water through sand, cloth, 
or any medium the openings in which are smaller than the 
size of the particles of suspended matter in the water. 

Fitter, Gravitry.—A bed of filtering material contained 
within a tank (usually open at the top) through which the 
water percolates under only the pressure of the height of water 
in the tank above the filter bed, impurities in the water being 
largely retained on the upper surface, and to a lesser extent in 
the upper portion of the filter bed. 

Fivrer, Pressure.—Similar in construction and operation 
to a gravity filter (q.v.) except that the container is a closed 
tank, and that filtration is effected under the pressure of the 
water supply line to the filter. 

Fitter Capaciry.—The rate at which a filter will pass 
water of a certain character with a specified result, usually 
three gallons per square foot per minute for industrial water, 
and two gallons per square foot per minute for potable waters. 

Foaminc.—The formation of froth or bubbles upon the sur- 
face of the water in a boiler which interferes with the free escape 
of the steam. 

Harpness.—A measure of the compounds of calcium and 
magnesium in a water, which imparts to the water the char- 
acteristic properties of forming incrustations in boilers, wasting 
soap, etc. 

HarpNEss, PeRMANENT.—A term formerly but inaccurately 
used to designate the hardness remaining in water after boiling 
at atmospheric pressure, but now used to refer to ‘“‘non-carbonate 
hardness,” or that hardness due to the sulphates and chlorides 
of calcium and magnesium. 

Harpness, Temporary.—A term formerly used to designate 
the hardness removed from water by boiling at atmospheric 
pressure, but now used to designate “carbonate hardness’ 
or that hardness due to calcium and magnesium carbonates and 
bicarbonates. 

INTERMITTENT WATER-TREATING PLaNt.—A plant so designed 
that the water is pumped alternately into two or more treating 
tanks and there retained until chemical reaction and precipi- 
tation are complete. 

Lime, Hypratep.—A dry powder consisting of calcium 
hydroxide, and resulting from the hydration (i.e., “slaking’) 
of quicklime (q.v.). 

Marrer, CotLomaL.—Matter which is so finely dispersed 
in water that the suspension is relatively permanent and stable. 
The “border-line hardness” remaining after ordinary lime-soda 
treatment, and some species of finely divided clay and coloring 
matter, are common examples of colloidal matter, which must 
be coagulated into larger aggregates before they can be removed 
by sedimentation or filtration. 

Matter, OrGcanic.—Vegetable or animal matter occasionally 
encountered in water. 

Martrer, SuspenpEp.—Solid particles in suspension in the 
water. 

Meter, VENTURI.—A device consisting of two parts, 4 tube 
which is in the shape of two truncated cones joined at thelr 
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smallest diameters by a short throat piece, and the recorder 
which registers the quantity of water passing through the 
tube. Pressure chambers are located at the upstream end 
and at the throat, at which points the pressures are taken. The 
difference in pressures at the two points is an index of the flow of 
water through the tube. 

PeRcOLATION.—The passage of water through a mass of porous 
earth, rock, sand, or other material, such passage being usually 
accomplished without any applied pressure, and only with the 
static head of the water itself. 

Priminc.—The entrainment of water in steam leaving a 
boiler. 

QuickLime.—Calcium oxide resulting from the burning 
of limestone (calcium carbonate). 

Reacent.—Any chemical used in water treatment. 

S_upGe.—The sediment resulting from chemical treatment, 
coagulation, or sedimentation. ’ 

Sopa Asu.—The anhydrous normal carbonate of soda. 

Sopium-ALUMINATE Soiution.—Aluminate of soda (Na,- 
Al.O,) held in solution by an excess of caustic soda. It is used 
as a coagulant and as an aid to the reactions involved in lime- 
soda softening. 

SutpHaTe oF Iron.—Known as sugar of iron, the theo- 
retical formula of which is FeSO,7H,0. It is used as a coagulant 
and forms a coagulum of greater specific gravity than sulphate 
of alumina. 

SUPERHEATED STeAM.—Steam heated to a temperature above 
that due to its pressure. 


Tursipiry.—A measure of the suspended matter in the 


water, commonly expressed in terms of the turbidity produced 
by a definite weight of silica. 

Water TrREATMENT.—The process of improving, by suitable 
chemical and mechanical methods, the quality of a water. 


Applied to boiler feed, treatment commonly consists in removing 
or reducing to &@ minimum the substances in water responsible 
for boiler scale, corrosion, and foaming. 


Water Tasie.—The underground water level. 

Wet, Artestan.—A well in which the water level is raised 
by virtue of the fact that the water originally entered the water- 
bearing stratum at a higher elevation, thus giving the effect 
of the rise of water in a U-tube. 

Wet, Borep.—A well sunk with an earth auger. This type 
of well is usually limited to a depth of 40 to 50 ft. 


Wet, Drittep.—A term generally used to designate a 
well drilled in rock or other hard material by raising and dropping 
a drill, the drill being rotated to secure a round, straight hole. 

Wet, Rorary-Drittep.—A well drilled through sand 
or other unconsolidated material by means of a drill bit with a 
hollow stem, rotated by power, through which water is forced 
to assist the bit in cutting and to remove the material. The 
casing is rotated down in the same manner. 

WELL, Driven.—A well made by driving the casing without 
a strainer and removing the material inside, or by driving 
the casing with a well point and strainer, without the necessity 
of removing the material. 

WELL, FLowrna.—An artesian well in which the water rises 
above the surface of the ground. 

WELL, Gravet-WaLu.—A well provided with a double casing 
from the surface to the top of the strainer. The fine sand is 
pumped out through a coarse screen and gravel fed into the 
space between the casing to replace the sand as it is removed, 
thus forming a gravel wall around the screen. 

WELL, Pumpinac Heap or.—The level of the water in a well, 
measured from the surface of the ground while the well is being 
pumped. 

Wet, Sratic Heap or.—The normal water level in a well, 
measured from the surface of the ground while the well is not 
being pumped. 

Werr.—A structure used to determine the flow of water from 
measurements of its depth on a crest or sill of known length 
and form. 

Wert Sream.—Steam containing intermingled moisture, mist, 
or spray. It has the same temperature as dry saturated steam 
of the same pressure. 

Zeouite.—An insoluble silicate, typically a hydrated sodium- 
aluminate silica, having the power of exchanging its sodium 
with the calcium and magnesium of hard water with which 
it comes in contact, and thus softening the water. 

Zeouite Water Sorrener.—A bed of zeolite contained 
within a tank, through which the hard water is passed to soften 
it. When the zeolite becomes saturated with the calcium 
and magnesium taken from the raw water—that is, when it 
is “‘exhausted’’—it is regenerated by passing through it a solu- 
tion of common salt (sodium chloride) which drives out the 
calcium and magnesium, putting in their place a fresh supply 
of sodium for the next water-softening operation. 


Foaming and Priming, Internal-Treatment, and Behavior of 
Zeolite-Softened Waters 


Progress Report of Sub-Committee No. 3 on Zeolite Softeners, Internal Treatment, 
Priming and Foaming*’ 
By C. W. FOULK, COLUMBUS, O., CHAIRMAN 


I ‘The personnel of Sub-Committee No. 3 on Zeolite Softeners, 
nternal Treatment, Priming and Foaming, of the Joint Research 
C ommittee on Boiler-Feedwater Studies is as follows: 

R C. W. Fovutx, Chairman, Prof., Analytical Chemistry, The Ohio 
State University, Columbus, O. e 

SAMUEL B. APPLEBAUM, Chairman, Sub-Committee on Behavior 
of Zeolite-Softened Water, Assistant Technical Manager, The Per- 
mutit Company, 440 Fourth Avenue, New York, N. Y. 

Epwarp Bartow, Dr., State University of Iowa, Iowa City, Ia. 
Pp A. 8. BenrMan, Chairman, Sub-Committee on Foaming and 
Chine International Filter Company, 333 West 25th Place, 

hicago, Il. 

A. M. Buswet, Dr., Director, Water Survey, Urbana, III. 

R. E. Couentan, Chicago and Northwestern Railroad, Chicago, Il. 
§ D. J. Demorest, Prof., Department of Metallurgy, The Ohio 

tate University, Columbus, O. 


D. K. Frencu, Chairman, Sub-Committee on Internal Treatment 
aa Chemical Company, 310 South Michigan Avenue, Chicago, 


E. Greenrietp, Dr., Staley Manufacturing Co., Decatur, 

E. Manpe., Commonwealth Edison Company, Edison Building, 
72 West Adams Street, Chicago, IIl. 

H. L. Out, Prof., Department of Chemistry, State University of 
Iowa, Iowa City, Iowa. 

O. R. Sweeney, Prof., Chemical Engineering Department, Iowa 
State College, Ames, Iowa. 

C. P. Van Gunpy, Superintendent, Water Service, Baltimore and 
Ohio Railroad, Baltimore, Md 

7 The study of electrolytic scale prevention, which was formerly 
pleas to this Committee, has been turned over to Sub-Committee 

o. 5. 
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[* A paper read last spring at the Chicago Meeting of the 

American Water Works Association, the Chairman of 
Sub-Committee No. 3 pointed out that progress in the inves- 
tigation of the assigned boiler-water topics would necessarily 
be slow because the men of the committee could not give the 
time for the comprehensive experiments that are now required 
before definite conclusions can be drawn. The committee there- 
fore has frankly been marking time till financial assistance 
can be offered. A little progress nevertheless has been made, 
especially along the line of foaming and priming. 


WorKING HyPoTHESES FOR THE Stupy OF FOAMING 


I—Detached liquid films are always formed by two already 
existing liquid surfaces approaching each other till a condition 
of equilibrium is reached as the result of a balance between 
the forces which cause the surfaces to approach and another 
set of forces which act in the opposite direction.® 

Ii—Film formation and film stabilization, though frequently 
intimately associated, are separate phenomena. 

Since nearly all detached films consist either of bubbles or 
of thin layers (lamellae) of liquid extending across openings 
bounded by some form of solid structure, the mechanism of 
the formation of these two forms only will be described. 

In blowing soap bubbles, when the circular opening of the 
pipe is brought into the surface of the soap solution and raised, 
a column of the soapy water is lifted. The top of this column 
is that area of the original surface of the liquid which is bounded 
by the circular rim of the pipe. It constitutes the upper or 


inside surface of the layer which will extend over the opening. 


The lower or outer surface of the film is formed from the column 
of liquid lifted by the withdrawal of the pipe. This column, 
as the pipe is raised, rapidly assumes a flattened hourglass shape 
under the influence of gravity and surface tension, and breaks 
when its cross-section at the neck becomes so small as to offer 
no further resistance to the pull. The lower part of the column 
then falls back and the other part is drawn upward by surface 
tension to form the lower surface of the film of liquid extending 
over the opening of the pipe. The thickness of such a film can 
possibly be accounted for on a purely physical basis; the contrac- 
tile force of surface tension is opposed by gravity and by the 
resistance to compression of the enclosed liquid. 

The mechanism of bubble formation on the surface of a 
liquid is different. A bubble of gas or vapor in the interior 
of a mass of liquid rises and lifts a portion of the surface to form 
a hemispherical film. The outer part of this film consists of 
the original surface of the liquid extended in area, and the in- 
terior part consists of the interior surface of the bubble also ex- 
tended in area. The essential point of difference between 
the formation of these foam films and the flat films described 
above lies in the fact that in the case of the bubble the excess of 
liquid between the inner and outer surfaces can flow out under 
the influence of gravity around the lower edge. That all of 
the liquid between the two surfaces does not flow out, or, in 
other words, that the two surfaces do not indefinitely approach 
each uther, requires explanation. 

As the surface of the liquid is just being pushed up by the 
rising bubble the distance between the two surfaces is large 
and liquid flows rapidly from between them. As the bubble 
rises, however, this rate of outflow diminishes much faster than 
the distance between the two surfaces decreases, because of 
the rapid increase in friction. This fact, although of great im- 
portance in bubble formation, scarcely accounts for the con- 

*In a previous progress report (MECHANICAL ENGINEERING, vol. 
48, no. lla, Mid-November, 1926, p. 1364, and Journal Am. Water 
Works Assn., vol. 17 (1927), p. 160, the author, as part of the 


committee report, postulates a “plane of separation.’’ This he is 
now convinced is a wrong point of view. 
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dition of equilibrium which results. Some explanation of the 
complete cessation of outflow of liquid from between the inner 
and outer surface should be found, and for this the following 
physico-chemical hypothesis is offered. It is believed to be 
new, and is at least in harmony with the puzzkng facts that 
pure liquids do not foam and that in order to produce foam 
a liquid must have something dissolved in it, and that, qualita- 
tively speaking, films are formed whether the dissolved 
substance forms a molecularly or colloidally dispersed system, 
whether it concentrates in the surface or recedes from the surface, 
and whether it raises or lowers the surface: tension of the liquid. 

It is accepted by physical chemists that dissolved substances 
are either more or less concentrated in the surface than in the 
mass of the solution and that the surface tension of the solvent 
is lowered by a concentration in the surface and is increased if 
the solute recedes from the surface. Organic substances in 
general concentrate in the surface and, moreover, there can be 
a much greater difference between the surface and interior con- 
centration in such cases than in those in which the surface 
of the solution is poorer in dissolved matter than is the interior. 
This latter condition is generally true of inorganic substances. 
The movement of soluble matter into or away from the surface 
takes place against diffusion and is spontaneous. It will, therefore, 
resist any tendency to change the condition of equilibrium which 
results. The rate of outflow of a solution from between two 
of its surfaces will consequently be retarded when the thickness 
of the layer reaches the minimum determined by the equilib- 
rium of the system. It might be said that each surface attracts 
to itself an adjacent layer of solution of different concentration. 

According to the above hypothesis a pure liquid could not form 
a film because there would be no layer of differing concentration 
between the surface of a rising bubble and the surface of the 
liquid pushed up by it and therefore the two surfaces would 
continue to approach each other till they merged. The by- 
pothesis is also in harmony with the fact that films are formed 
by solutions whether the solute concentrates in the surface 
or recedes from it. In either case two layers of differing concen- 
tration are present, and if the existence of these layers is the 
determining cause of film formation, the corresponding changes 
in surface tension are seen to be incidental rather than de- 
finitive. 

It must not be inferred that any stabilizing effect is neces- 
sarily ascribed to this double-layer condition of the surfaces 
of a film. Stability, or the duration of a film, is a relative term 
and so far as the above hypothesis goes it is sufficient if the 
two surfaces in their approach to each other pause for only 
a& moment before the bubble bursts. Bubbles burst because 
of mechanical shock, by a weakening of their walls from evapora 
tion or the introduction of foreign substances, and finally be- 
cause of the inherent defect of a greatly extended surface which 
surface tension constantly tends to reduce. 

Stability is imparted by anything which increases the strength 
of the walls and reduces evaporation. The role of surface- 
tension is perhaps secondary though it is noteworthy that the 
most durable foams result from solutions of low surface tension. 

The above observations are not intended to be a complete 
presentation of the theory of foam formation. They are merely 
the new points of view that have resulted from the activity of 
Sub-Committee No. 3 and for that reason have been offered here. 


RECENT INVESTIGATIONS ON FOAMING AND PRIMING 


The following excerpts from two papers on priming and foam- 
ing which appeared during the past year are presented here 
since the conclusions reached by the authors are interesting. 
The papers are not, however, a part of the committee report. 
They are important because they define the terms used and be- 
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cause they submit quantitative data based on the operation of 
experimental and commercial boilers. It might also be said that 
these papers represent types of work which it is hoped can be 
conducted on a large scale by Sub-Committee No. 3. 

The first paper by Rice® deals specifically with the effect 
of boiler rating, sharp variations in boiler load, water level, 
concentration of boiler water and boiler design. Tables and 
graphs are given to show the effect of these variables on the 
moisture in the steam, which was measured with a calorimeter, 
excepting in one set of experiments in which a chemical method 
was employed. 

The important points in this paper are presented below, 
as far as possible in the form of quotations. 


To study the effect of variations in rating, tests were carried out 
on eight 6000-sq. ft. horizontal water-tube boilers of the common 
header type of construction. Steam pressure, character of the load, 
water level and boiler concentrations during the tests were fairly 
constant, rating being the only factor in the operation that varied 
appreciably. The greatest contamination of the steam occurred at 
195 per cent of normal rating, where the moisture exceeded the ca- 
pacity of the calorimeter. Under 165 per cent of normal rating the 
moisture in the steam was less than 1.5 per cent. 


The effect of varying the concentration of the boiler water 
was shown by tests on a 10,000-sq. ft. Stirling-type boiler. 
The moisture in the steam increased from 0.5 per cent to nearly 
4 per cent as the concentration rose from 300 grains per gallon 
to about 600. 


Tests on an 8000-sq. ft. Stirling-type boiler supplying steam to a 
rolling-mill engine clearly showed the effect of a changing load on 
this condition. The concentrations of the boiler water in this case 
were carried to the greatest possible limit under the existing condi- 
tions without causing a shutdown. It was found possible to operate 
with a total average concentration of 1350 grains under a steady load 
of 225 per cent of rating, whereas a maximum of only 230 grains 
could be carried at about the same average rating with a fluctu- 
ating load. 

The same effect of concentration upon the moisture in the steam 
is reflected in the results of some two thousand tests with various 
types of boilers. When classified and averaged, these show that the 
boiler with the sectional water-tube type of construction will deliver 
the same quality of steam as either the horizontal water-tube with 
the common header or the semi-horizontal water-tube, and carry 
double the quantity of total solids. 

The same average results show that the vertical type of water- 
tube boiler can carry only one-quarter of the total solids that can 
be carried by the sectional water-tube type of construction. An- 
other point brought out by the same analysis is that the old return- 
tubular type of boiler will deliver good steam and carry concentra- 
tions within 20 per cent of the sectional type. 

The character of the impurities has a marked effect upon the con- 
centration that can be carried. Apparently, the differences that 
count are not those in the soluble salts, but those in the nature of the 
suspended solids, oils, ete. 

This study has made it apparent that it is absolutely impossible 

to form any one satisfactory rule or set of rules for predetermining 
the effect a certain set of operating or water conditions will have on 
the quality of the steam. 
The chemical test!® is the best and most representative for any 
impurities in the steam. It is also the most practical, as the sample 
collected over 24 hours accumulates or gathers any undesirable ef- 
fects of the operation of the boilers. 


_ The second paper by Joseph and Hancock" is of special 
interest because of its record of experimental work with a small 
boiler with glass peep holes for observation and the correla- 


_ 


* Cyrus W. Rice, ‘Some Observations on Priming and Foaming.”’ 
Power, vol. 65 (1927), p. 544. 

‘° A chemical test is made by determining in a sample of condensed 
steam some non-volatile constituent of the boiler water, such as 
chloride, total solids, etc., and then comparing the results with 
those obtained by analyzing the boiler water itself. Since the only 
non-volatile matter in the steam must come from droplets of un- 
evaporated boiler water, a simple calculation will give the per- 
ae of water in the steam. 

J A. F. Joseph and J. 8. Hancock, ““The Priming of Saline Waters.” 
our. Soc. Chem. Ind., vol. 46 (1927), p. 315T. 


tion of these experiments with similar ones on commercial 
locomotive boilers. 

In all of their experiments these investigators determined the 
amount of water in the steam by the chemical method, using 
for this purpose the determination of total dissolved matter. 
This was done by measuring the electrical conductivity of 
the solutions, the results being checked occasionally by gravi- 
metric methods. 

In presenting the important points of this paper extensive 
quotations are made as was done above. 


Methods of Investigation. Many of the investigations on the sub- 
ject deal with experiments carried out in glass vessels at atmospheric 
pressure, and we may say at once that, after having made a con- 
siderable number of these, we discarded them as being quite useless 
as a guide to what may happen inside a boiler under 100 |b. pressure or 
more. 

Our experiments have been carried out in three stages, the first 
being small-scale laboratory trials in an experimental boiler working 
at 100—150 lb. pressure, the second in a stationary boiler of locomotive 
type having a capacity of 600 gal., and the third in locomotives in 
ordinary service. 


A sketch and description of the experimental boiler are given. 
It had a total capacity of 7.25 gal. and a working capacity 
of 5.5 gal. (25 liters). It was equipped with a pressure gage, 
gage glass, safety valve, thermometer tube, steam valve, blow- 
down valve for taking samples of water, connection for feed 
pump, and a sight glass at each end. It was run at pressures 
as high as 180 pounds. 

Joseph and Hancock made a number of observations of the 
appearance of water in this boiler while it was working at 100 
to 180 pounds pressure and since this is the first record of such 
observation, so far as the writer is aware, and because also 
the observations are important in themselves, a lengthy quo- 
tation is given. 

It should also be stated at this point that these investigators 
define ‘‘priming” to mean “the ejection of water with the steam, 
and the subsidiary phenomenon of bubbling in the gage glass.” 


Appearance in Boiler. With the aid of the sight glasses, observa- 
tions were made as to the nature and movement of the water surface 
and the formation and breaking of bubbles. By turning the end 
plates round, the sight glasses afforded a view through the water 
itself, and of the way in which bubble formation takes place below 
the surface. It appeared that with the steam valve shut, steam 
bubbles were formed at the heating surface, and, passing upward 
through the liquid, broke on the water surface. With all waters 
(including distilled water) whenever the steam valve was opened, 
the water space became filled with innumerable bubbles, some of 
which did not rise rapidly to the surface, but remained almost sus- 
pended in the water. Further, when the valve was open, the bubbles 
rising to the steam space did not break immediately, but formed a 
layer upon the water surface. As the valve was opened wider (i.e., 
as the rate of evaporation was increased) the thickness of this layer 
grew, and it rose higher and higher into the steam space until finally 
it reached the level of the valve, and “‘priming’’ ensued. 

It is supposed that this is identical with what is happening inside 
a locomotive boiler, i.e., that when the regulation valve is open 
there is always present on the surface of the water a layer of steam 
bubbles, and that “priming” ensues when this layer has risen so that 
it entirely fills the steam space and pours through the valve. 

With distilled water in the boiler, up to 180 lb. pressure, no appear- 
ance suggestive of priming could be observed. A thin layer of bubbles 
formed on the water surface, but they broke so rapidly that, however 
much the steam valve was opened, they did not rise any appreciable 
distance into the steam space. The thin cloud emitted on blowing 
off appeared to consist only of dry steam, and there was an entire 
absence of the characteristic opaque cloud close to the valve which 
is seen when water-drops are present. When a natural or artificial 
saline water is evaporated, the concentration, of course, steadily rises 
as evaporation proceeds, and when the steam valve is closed the ap- 
pearance of the water surface in no wise differs from that of distilled 
water, even when the concentration of sodium salts is as high as 
8000 p.p.m. But as evaporation proceeds and concentration in- 
creases the bubbles gradually increase in size, number, and stability, 
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and rise more and more into the steam space until they ultimately 
fill it. The cloud emitted is heavily opaque with drops of water, 
and has been actually found to contain up to 35% of boiler water 
in the experimental boiler and up to 90% (i.e., practically all water) 
with the large stationary boiler. 

As has just been stated no appearance of priming is seen while the 
valve is shut, and with any given solution it has to be opened to a 
definite extent before priming can be observed; that is to say, priming 
depends on the rate of evaporation. Further, if the pressure is 
increased, priming is greatly reduced. The extent to which it takes 
place, therefore, depends on the following variables, each of which 
is dealt with below in turn: 

(a) The nature and the amount of the substance dissolved or 
suspended in the water 

(b) The rate of evaporation 

(c) The pressure 

(d) The water level. 

Effect of Dissolved Salts. These experiments were carried out at a 
fixed pressure of 150-155 lb. with the water level 3.5 inches below 
the steam valve and a rate of evaporation (when the steam valve 
was opened for the test) of about 15 g. per sec. (equivalent to about 
12 gal. per hour) per sq. ft. of water surface. The concentration was 
gradually increased, and samples drawn from the valve from time 
to time and examined. The results are given in Table I. 

The well water used contained 3500 parts per million of dissolved 
solids and 120° of total hardness (grains per gallon of calcium car- 
bonate). The boiler was first filled with distilled water and the well 
water pumped in and evaporated to a concentration of 4000 p.p.m. 
dissolved solids, samples of steam ejected from the steam valve being 
taken at each increase in concentration of 500 p.p.m. 


TABLE 1 PER CENT OF PRIMING WHEN THE SALT WAS USED 
Concentration Priming of a 


p.p.m. NaCl Na2SO, NazCOs CaCh well water 
1000 0 0 0 0 0 
1500 0 0 0 1 0 
2000 0 6 4 4 3 
2500 2 14 9 7 12 
3000 9 18 14 10 16 
3500 13 20 17 12 18 
4000 18 22 19 14 20 


There is a remarkable similarity in the behavior of the sodium 
salts, and the prevalent idea that sodium carbonate is a specially 
objectionable constituent of a boiler water on account of priming 
receives no support. Of the three sodium salts, the sulphate is the 
worst. 

In confirmation of these results, a trial was carried out on the sta- 
tionary boiler with a well water containing 1000 p.p.m. dissolved 
solids. The concentration was carried to 4000 p.p.m., using make- 
up water containing 3500 p.p.m. 


Accompanying the above statement is a graph on which con- 
centrations nearly as high as 7000 p.p.m. appear. At 4000 
p.p.m. dissolved solids there was about 33 per cent of water in 
the steam. It is worth noting that when the concentration 
of the boiler water was about 6500 p.p.m. there was over 75 per 
cent of water in the steam. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Effect of Suspended Solids. Priming is very commonly attributed 
to the presence of suspended matter in the boiler; indeed, this is 
regarded by many writers as one of the really proved causes of the 
trouble (see Koyl, R.R. Gazette, 32, 663). Our investigations have 
entirely failed to confirm this. 


Five experiments are described on this point, only one of which, 
perhaps the most significant, will be cited. 


The boiler was filled with a suspension of 3000 p.p.m. of powdered 
boiler scale (carbonate and sulphate) and a solution of sodium chloride 
pumped in, observations for priming being made at frequent in- 
creases of concentrations. From the following results it is seen that 
the presence of the scale has not increased the priming. 


TABLE V 


Concentration of sodium chloride, p.p.m. . . 1000 2000 3000 4000 
Per cent priming without scale ........... 0 0 9 1s 
Per cent priming with scale .............. 0 0 s 17 


The problem of the relationship of suspended solids and priming 
appeared to be such an important one that running trials were 
carried out with locomotives in ordinary service. To enable a com- 
plete run to be made on one water only between washings-out, an 
extra tank was attached to the tender. Trials with an unsoftened 
well water (dissolved solids = 800 p.p.m.; total hardness = 30°) 
and with the same water softened to 3° showed that priming com- 
menced in each case at practically the same concentration of disso! ved 
solids. 


Effect on Priming of Rate of Evaporation.—Test runs are given 
which show a rapid increase in the percentage of water in the 
steam as the rate of evaporation increases. For example, with 
a boiler-water concentration of 3500 p.p.m., a pressure of 125 
Ib. and an evaporation rate of 9 gal. per hr. per sq. ft. of 
water surface, there was 7 per cent of water in the steam when 
sodium-chloride solution was used, the same for sodium sul- 
phate, and 9 per cent in the case of sodium carbonate. When 
now the rate of evaporation was increased to 13 gal. per hour 
per sq. ft. the corresponding percentages of water in the steam 
became 25, 33 and 24. 

Influence of Pressure on Priming.—Tests with the experi- 
mental boiler using a water of 3500 p.p.m. dissolved solids 
and an evaporation rate of 11 gal. per hr. per sq. ft. of surface 
showed only about half as much water in the steam at 155 b. 
pressure as at 100 lb. 

Influence of Water Level.—Tests with the large stationary boiler 
showed an “enormous” reduction of priming by lowering the 
water level. 

Prevention of Priming.—Tests made with castor oil showed it 
to have the usual effect in reducing priming. 


Boiler-Corrosion Problems 


Progress Report of Sub-Committee No. 5 on Corrosion of Boilers and the Effect of Treated 
Water in Accelerating or Relieving These Troubles" 
By FRANK N. SPELLER, PITTSBURGH, PA., CHAIRMAN 


12 The personnel of Sub-Committee No. 5 on Corrosion of Boilers 
and the Effect of Treated Water in Accelerating or Relieving These 
Troubles, of the Joint Research Committee on Boiler-Feedwater 
Studies is as follows: : 

Frank N. SPELLER, Chairman, Metallurgical Engineer, National 
Tube Company, Pittsburgh, Pa. 

A. J. AUTHENREITH, Vice-President, Middle West Utilities Com- 
pany, Chicago, 


R. C. Barpwetu, Superintendent, Water Service, Chesapeake 


and Ohio Railroad, Richmond, Va. 
Joun R. Bayuis, Sixty-Eighth Street Pumping Station, South 


Chicago. IIl. 
J. J. Brennan, Testing Engineer, Northern States Power Com- 


pany, Minneapolis, Minn. 
R. E. Covenuian, Chicago & Northwestern Railroad, Chicago, 


Il. 


R. E. Hatt, Dr., Director, Hall Laboratories, Inc., 304 Ross Street, 
Pittsburgh, Pa. 

Max Hecut, Chief Chemist, Duquesne Light Company, Pitts 
burgh, Pa. ; 

CLaRENcE F. Hirsuretp, Chief, Research Department, Detroit 
Edison Company, 2000 Second Avenue, Detroit, Mich. ae 

CLARENCE R. KNow.es, Superintendent, Water Service, 
Central Railroad Company, 135 East 11th Place, Chicago, Ill. 

C. H. Koyu, Dr., Engineer of Water Service, Chicago, Milwaukee 
and St. Paul Railway Company, Engineering Department, Room 59°, 
Chicago Union Station, Chicago, Ill. 

S.T. Powe, Chemical Engineer, 213 St. Paul Place, Baltimore, Md. 

J. B. Romer, Chief Chemist, Babcock & Wilcox Company, 
Bayonne, N. J. 

Aupert E. Wuirte, Pror., Director, Department of Engineering 
Research, University of Michigan, Ann Arbor, Mich. 


4 
¢ x 
=. 
= 
a 
| 


FUELS AND STEAM POWER 


you Committee during the past year has held several 

meetings and has finally arrived at the following program 
of work, which, of course, cannot be started until the necessary 
funds are available. 

The question of a location for experimental work and full- 
time technical assistants to carry on this work is now before 
the Committee. 

The following list of boiler-corrosion problems for investi- 
gation was approved by this Committee. These problems 
are arranged approximately in order of importance. 

| Determine the corrosion rate and hydrogen-gas evolution 
in the absence of dissolved oxygen through the range of acidity 
and alkalinity in general practice and with a temperature range 
from 140 to 450 deg. fahr. on the heat-transfer surfaces of the 
water cycle in steam plants. In this problem the determinations 
should be made on distilled water and on water containing 
varied amounts of the common impurities. 

2 Repetition of No. 1 with dissolved oxygen present in varied 
amounts within range usually found in practice. Investiga- 
tion and development of method for determining very small 
amounts of oxygen in solution. 

3 Determine in the field dissolved oxygen in locomotive 
and stationary boilers at various points in the circulating system. 
Include boilers of various types. The field tests on boilers 
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should include—some of the same type operating at various 
pressures. 

4 Study the variations in hydrogen-ion concentration, and 
alkalinity or acidity by titration at boiler temperatures com- 
pared with these factors in the same water at normal tem- 
perature (68 deg. fahr.). Investigate the influence of high 
concentration of common salts on these variables at high 
temperatures. An automatic recording device for measuring 
hydrogen-ion concentration in steam boilers under operation 
is desirable. 

5 Study in laboratory and field the formation of protective 
films deposited from water on heating surfaces. The relation 
between dissolved oxygen, alkalinity, chlorides, and protective 
scale formation should be investigated. 

6 Study pitting found under boiler scale, particularly in loco- 
motives operating in certain geographical sections. 

7 Electrolytic prevention—cause and effect. 

8 Corrosion in boilers originating from organic materials. 

9 Study action of inhibitors (organic and inorganic) at boiler 
temperatures. 

The Sub-Committee which is appointed to study plans for 
an experimental boiler to be used in carrying out certain parts 
of the boiler-water studies has been at work, but has not yet 
made a final recommendation. 


The Effect of Industrial Wastes on Boiler-Feedwater Prob- 
lems and Condenser Operation 


Progress Report of Sub-Committee No. 7 on Municipal Water Supply in Relation to 
Boiler Use 


By V. BERNARD SIEMS, NEW YORK, N. Y., CHAIRMAN 


HE AIM and scope of this Committee as indicated in its 
first report is as follows: 

a Collection of data relative to the quality of water supplies 
by municipalities and its effect on the cost of operation of indus- 
trial-water-treatment systems. 

b A study of the effect of trade wastes and domestic sewage 
discharged into surface streams used as a source of supply for 
power-plant use. 

The Committee's efforts during the year have been devoted to 
conditions as influenced by the above factors. As pointed out 
in the previous report there seems a general lack of interest 
among power-plant operators in respect to these problems. 
It is difficult to account for this attitude other than the failure 
to realize the economic importance of ‘these conditions. 

There have been a number of recent developments in the 
treatment of municipal water supplies which may have a bearing 
on the use of such supplies for feedwater make-up. Few specific 
data are available on the subject, however, owing to the short 
periods of operation. These new treatments which should be 
of interest to steam-station operators are as follows: 


_'* The personnel of Sub-Committee No. 7 on Municipal Water 
Supply in Relation to Boiler Use, of the Joint Research Committee 
on Boiler-Feedwater Studies is as follows: 

- BERNARD Srems, Chairman, Vice-President and General Man- 
ager, North American Water Works Corporation, 11 Broadway, 
New York, N. Y. 

A. J. Auruenrertu, Vice-President, Middle West Utilities Com- 
pany, Chicago, II. 
ng H. Bue.t, Middle West Utilities Company, Suite 1500, 
aon Building, 72 West Adams Street, Chicago, Ill. 
p\; United States Geological Survey, Washington, 


C CHARLES Fox, Assistant Superintendent, Pennsylvania Water 
ompany, Wilkinsburg, Pa. 


a Recarbonization of chemically softened water 

b The use of sulphur dioxide for decolorization, and for the 
purpose of assisting coagulation 

c The use of sodium silicate to inhibit corrosion. 

The recarbonization of public water supplies was suggested 
a number of years ago as a means for inhibiting the deposition 
of calcium carbonate in distribution mains and to prevent 
incrustation of sand grains of filters where lime-soda softening 
was employed. Recently recarbonization has been installed 
at a number of places where these difficulties have been experi- 
enced. The process consists in diffusing carbon-dioxide (CO) 
gas through the water, thereby forming bicarbonates from the 
carbonates. Bicarbonate of calcium, being much more soluble 
than the carbonates, goes into solution, thus eliminating deposits 
from supply mains and elsewhere through the system. The proc- 
ess is of value in correcting the trouble from the standpoint 
of the operation of public water works, but presents some objec- 
tionable features for industrial users. When the water is heated 
the carbon dioxide added at the municipal plant is released, and 
the calcium carbonate is deposited. This process places an 


Nicuotas 8S. Hutu, Jr., Consulting Engineer, 112 East 19th Street, 
New York, N. Y. 

C. P. Hoover, Chemist and Superintendent, Water and Sewage 
Department, Columbus Filtration Plant, Columbus, Ohio. 

H. B. Lawrence, Henry L. Doherty & Company, 60 Wall Street, 
New York, N. Y. 

SuHepparp T. Powe.t, Chemical Engineer, 213 St. Paul Place, 
Baltimore, Md. . 

D. N. Ranpoupu, Water Purifying Department, Wm. B. Scaife & 
Sons Company, Oakmont, Pa. 

CaLes M. Savitite, Manager and Chief Engineer, Water Works, 
53 North Beacon Street, Hartford, Conn. . 

Isaac S. WALKER, New Chester Water Company, Drexel Building, 
Philadelphia, Pa. 
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additional burden on the industrial users of water so treated since 
it necessitates the removal of the gases that have been added 
to the supply and also the removal of calcium carbonate that 
has been put into solution by the recarbonating process. 

The Committee is unable at present to give qualitative results 
on the burden this process places on steam-station operation. 
It is believed that during the coming year sufficient data con- 
cerning the operation of such plants will be available to determine 
the importance of this process as it affects steam-station opera- 
tion. 

It is recommended that steam-station operators using water 
subject to recarbonization give special study to the problem 
to determine what effect, if any, it has in the treatment of feed- 
water-purification systems. 

The addition of sulphur dioxide to water has been advocated 
by a number of engineers for the purpose of improving coagu- 
lation and aiding in the removal of organic coloring matter 
from municipal water supplies. A few plants of this kind have 
been installed, others have been recommended oradvocated. The 
process has merit for the specific uses for which it is employed. 
The result of such treatment in steam-station practice is not 
apparent. Where the process has been inaugurated or contem- 
plated, it is desirable to determine its specific advantages and 
disadvantages of the process as affecting steam generation. 

The recent studies conducted at the Massachusetts Institute 
of Technology on the value of sodium silicate for inhibiting the 
corrosive properties of waters have directed attention to this form 
of treatment. The research work indicated above was primarily 
concerning the corrosion of brine solution in refrigeration. 
There is considerable interest being manifested at present 
in the treatment of public water supplies by this substance in 
both this country and abroad. At least one large city is con- 
sidering seriously the treatment for the municipal water supply. 
However, the soundness of such treatment on a large scale 
has not been completely demonstrated. It should be borne 
in mind that in the presence of calcium such a procedure under cer- 
tain conditions may result in the formation of calcium silicate— 
a highly objectionable substance, which when present in relatively 
small quantities, produces a hard dense scale which has high 
heat-resistant properties. 

The Committee does not condemn the use of sodium silicates. 
It merely recommends that where its use is contemplated, due 
consideration be given to the possible effect of such treatment 
on the quality of the water employed for steam-making purposes. 
The majority of engineers contend that the treatment of public 
water supplies is primarily a health measure and the municipality 
should not be called upon to prepare the public supply for steam 
making or other industrial uses. In general, the soundness of 
this view is conceded. In view of the fact, however, that in 
most industrial areas much of the financial burden for the 
support of the treatment works is borne by the industries, 
consideration should be given this class of consumer in the 
operation of the purification works. 

The Committee has met with but little success during the 
past year in the collection of data relative to the influence of 
trade waste on steam-station equipment. Statistics on the pollu- 
tion of streams have been compiled from the studies conducted 
by various state departments of health, industrial-waste-pollution 
Boards and through individual studies in the research depart- 
ments of industrial plants affected by such pollution. These 
data indicated that industrial pollution results in high operation 
and maintenance cost of steam stations due to the following 
causes: 

a Corrosion of steam boilers, surface condensers and other 
equipment as a result of acid wastes discharged into streams 
from industrial plants; from decomposing organic matter, 
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from domestic sewage, and from trade wastes from numerous 
industries 

b Deposits in surface condensers as a result of suspended 
solids discharged into streams with trade wastes and from 
oil refuse from gas-manufacturing plants and other sources. 

Many of these problems are extremely difficult to control, 
since the cost of treatment of some of these wastes would impose 
great hardship on those responsible for the pollution. The ques- 
tion also involves many legal difficulties. These problems 
may be minimized, however, by exercising a constructive and 
sane program of cooperation and education, which can be 
brought about only through an intelligent conception of the 
economic importance of the problems affecting the industry. 
Lack of cooperation and ignorance as to the importance of these 
matters is frequently responsible for the beginning or continu- 
ation of the pollution of inland or tidal bodies of water affecting 
steam-station operation. This fact was clearly illustrated in 
a recent investigation which was brought to the attention of 
the Committee. A power plant drawing water from a surface 
stream was faced with the possibility of discharging several 
thousand gallons of domestic sewage within a few hundred feet 
of the intake for the feedwater system. After conference with 
the sewerage commission and state officials, the sewer outfall 
discharge was relocated at a point sufficiently below the intake 
to insure safety against pollution to the feedwater supply. This 
case indicates the possibility of amicable adjustment through 
cooperative effort. 

The Committee studies during the past year lead to the follow- 
ing recommendations: 

1 That public utilities employing municipal water supplies 
study the effect of the various processes on the cost of treatment 
of the feedwater purification 

2 Determine the influence of trade-waste pollution of streams 
in respect to corrosion of boilers and appurtenances and the 
effect of such pollution on surface-condenser operation 

3 Closer contact with federal and state agents studying trade- 
waste pollution problems and directing attention of these agents 
to the influence of such pollution on steam-station operation 

4 Assisting in the enactment of constructive legislation to 
control the industrial pollution both of inland and of tidal 
waters. 

Given below is a list of reports of trade waste investigation 
and other publications that should be of interest to those studying 
these conditions. 


Grease Removal from Factory Wastes, G. G. Borger, Boston Soe. 
of E., vol. 13, no. 1, January, 1926. 
The Elimination and Recovery of Phenols from Crude Ammonia 
Liquors, Robt. M. Crawford, Industrial and Engineering Chemistry, 
vol. 18, no. 3, March, 1926. 
Pollution of Streams in Illinois, Ill. State Water Survey Bulletin 
24, 1927. 
Alkalimetric Determination of Hardness of Industrial Water, ©. 
Belcot, Chem. & Ind., vol. 46, no. 3, Jan. 21, 1927. 
Report of Bureau of Sanitary Engineering, Md. State Dept. of 
Health, 1926, Baltimore, Md. 
The Action of Water Containing Ammonia on Pipes & Boiler 
Plates, M. Tilger, Chem. Ztg., vol. 50, no. 48, 1926. 
Preliminary Conference on Oil Pollution of Navigable Waters, 
Gov. Ptg. Office, Wash., June 8-16, 1926. 
The Effect of Oil Pollution of Coast and Other Waters on Public 
Health, Pub. Health Reports, July 11, 1924. 
The Treatment of Textile Mill Wastes, R. H. Eagles, Teztilé 
Colorist, July, 1920. 
The Treatment of Tannery Wastes to Prevent Pollution, E. B. 
Besselieure, Jour. Am. Leather Chemist Assoc., Dec., 1922. ¥ 
Stream Pollution, Kenneth Allen, Proc. Am. Soc. C. E., vol. 52, 
pp. 520-531, 1926. 
Lime—Its Use in the Treatment of Industrial Wastes, 8. E. Co 
burn & E. G. Chase, Rock Products, Oct. 31, 1925. : 
The Purification of Waste Water in Holland, Annales de |'as8~ 
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ciation des Ingenieurs sortes Ecoles speciales de Gand, no. 15, 1925, 
. 363. 
‘ Stream Pollution by Acid Mine Drainage, R. D. Leitch, U. 8. 
Bureau of Mines, Report of Investigations, No. 2725, Jan., 1926. 
Control of Stream Pollution, C. M. Baker, Municipal and County 
Engineer, vol. 70, no. 5, May, 1926. 
Pulp and Paper Mill Discharge in Relation to Purity of Streams, 
Paper Mill, vol. 49, No. 24, June 12, 1926. 


Some View Points on Stream Pollution, Canadian Engineer, 
vol. 50, no. 7, Feb. 16, 1926. 
Is Stream Pollution Necessary? C. M. Baker, Eng. Soc. Wis., 
17th Annual Report, 1925. 
The Pollutions of Water Supplies by Wastes from Canneries and 
Dairies in Iowa, I. H. Buchanan, A.W.W.A., vol. 15, no. 5, May, 1926. 
Stream Pollution and Industrial Wastes, I. A. Newlands, Conn. 
Soc. C. E. Trans., 1926. 


Standard Methods of Water Analysis 


Progress Report of Sub-Committee No. 8 on Standardization of Water Analysis" 
By HAROLD FARMER, PHILADELPHIA, PA., CHAIRMAN 


= function of Sub-Committee No. 8 is to prepare standard 
methods of water analysis applicable to stationary and 
railroad practice. 

Since this Committee is fostered by the Boiler-Feedwater Re- 
search Committee the writer has interpreted the function of 
this Committee to be the establishment of satisfactory methods 
for determining any constituent or property of water used as 
boiler feedwater for the generation of steam in connection 
with stationary and railroad practice. 

Most of the methods of analysis of water for these purposes 
are covered by the standard methods of analysis published 
by the American Public Health Association and are not in 
urgent need of revision. It has therefore been suggested by 
the Advisery Committee of the joint societies that attention 
should be first concentrated on those properties of water which 
influence corrosion of ferrous and non-ferrous metal, i.e., dis- 
solved oxygen, CO2, hydrogen-ion concentration, and alkalinity. 

During the last year the personnel of the committee has been 
increased from six to twelve members. Activities have been 
confined to dissolved oxygen and COs. 

Various methods have been collected and sent to the members 
for criticisms, and requests for additional data, and experience 
with other methods, have been solicited. 

Unfortunately the chairman has not received very much dis- 
cussion on the subject and very little in the form of suggestions has 
been forthcoming; therefore no active research has been possible. 

Reviewing data presented by the members of this Committee 
it is very evident that for pure or distilled water the original 
Winkler method for dissolved oxygen is in favor, in fact most of 
the members feel that this method is entirely satisfactory except 


'* The personnel of Sub-Committee No. 8 on Standardization of 
Water Analysis, of the Joint Research Committee on Boiler-Feed- 
water Studies is as follows: 

Haroup Farmer, Chairman, Chief Chemist, Philadelphia Elec- 
tric Company, Central Service Building, 23rd and Market Streets, 
Philadelphia, Pa. 

R. C. Barpwewt, Superintendent, Water Supply, Chesapeake 
and Ohio Railroad, Richmond, Va. 

VINCENT M. Frost, Assistant to General Superintendent of Gen- 
eration, Publie Service Gas & Electric Company, 80 Park Place, 
Newark, N. J. 
ax Hnows, Chief Chemist, Duquesne Light Company, Pitts- 

gh, a. 
, J. Hinman, Jr., Prof., Chief, Water Laboratory, State 
oard of Health, P. O. Box 313, Iowa City, Iowa. 
ned: R McDermet, Research Engineer, Elliott Company, Jean- 
e, Pa. 

H. L. Out, Prof., Department of Chemistry, State University of 
lowa, Iowa City, Iowa. 

SHEPPARD T. Powerit, Chemical Engineer, 213 St. Paul Place, 
Baltimore, Md. 

‘. D. N. Ranpotru, Water Purifying Department, Wm. B. Scaife & 
Sons Company, Oakmont, Pa. 

» yrus W. Rice, Consulting Engineer, C. W. Rice & Company, 
¥ Highland Building, Pittsburgh, Pa. 

Ss ). t. Sweeney, Prof., Chemical Engineering Department, Iowa 
State College, Ames, Iowa. 


that its ability to measure values of oxygen less than 0.05 cc. 
per liter is questionable. 

A number of members draw attention to a very important 
fact; that the success of oxygen determinations are primarily 
dependent on the sampling of the water and that closer attention 
to the procedure of sampling is more in need of attention than 
any modification of the actual determination. 

Members have called attention to the necessity of using 
a good grade of soluble starch in this determination and that 
erratic results can be expected from the use of some of the common 
starches. 

A method of collecting the sample under a film of oil to pre- 
vent contamination from air has been suggested by a member 
who follows this procedure in daily routine tests. ‘Two members 
only have commented on this procedure and both indicate that 
their experience with this method and similar methods are more 
apt to contaminate the water, owing to the solubility of air in 
oil. 

A radical departure from the method of determining dissolved 
oxygen was suggested by a member: that of employing an oxy- 
gen or hydrogen electrode as a means of ascertaining the amount 
of oxygen present in the water. This suggestion had not been 
applied and was purely theoretical. Only one member of this 
committee commented on this method, pointing out that for 
laboratory purposes this method promised great precision but 
that in general use the electrode would be readily poisoned by 
impure water, and that if the samples were to be collected and 
tested by this method in the laboratory the possibility of fur- 
ther contamination due to handling of samples between the 
laboratory and the point of collection would more than offset 
the possible superiorities of the electrode measurement. 

The writer has just completed an investigation in a large 

central-station plant during which more than 150 oxygen tests 
were made in 48 hours by the Winkler method, the sampling 
and testing being conducted according to specific detailed instruc- 
tions. 
The results of these tests were very gratifying as the different 
conditions under which the plant was operated were such that 
the periods when oxygen was present could be predicted. Dur- 
ing this investigation operators were able to report values of 
oxygen as low as 0.025 cc. per liter, apparent lower values as a 
“trace,” and values of “‘nil.’””’ This appears to indicate an accu- 
racy for “distilled waters’ which is not usually credited to the 
Winkler method. While not intimating that this degree of refine- 
ment can always be obtained it is only fair to state that a great 
many of these results were supported by check tests. The writer, 
however, feels that the sentiments expressed by other members 
of the committee regarding strict attention to the procedure 
in sampling, play a very important part in the obtaining of 
reliable data. 
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From the comments of the Committee members and review 
of current literature and reports, the writer summarizes what he 
believes to be a review of the work attempted by this Com- 
mittee and with the approval of the members of this Committee 
the following is submitted to the Advisory Committee as a prog- 
ress report for 1927. 

1 For pure or distilled water, and for values of oxygen as 
low as 0.05 cc. per liter, the original Winkler method should be 
presented as a tentative standard. A survey has indicated 
that no extensive investigation of this subject has been made 
since that made by E. J. Theriauet reported in 1925. The 
subject has been very thoroughly investigated by this inves- 
tigator and reported in Public Health Bulletin No. 151. Until 
some further research is attempted this method should be 
given general use wherever possible. It is the sentiment of the 
Committee, in recommending the continuance of this method, 
that certain details of procedure be emphasized, such as the neces- 
sity of the use of a high grade of ‘‘soluble starch,’”’ and that too 
much importance cannot be attached to the “‘collecting of the 
samples.”’ It is proposed to write up in detail, instructions 
for the collecting of the samples along with the procedure of 
making the determination. 

2 For waters containing ‘‘nitrates’’ and “iron salts’? the Com- 
mittee has been unable to locate any test that has been reported 
to have any advantage over the Rideal-Stewart modification 
a: appearing in the standard methods of analysis of the A.P. 
H.A. and the modification and precautions given in Public 
Health Bulletin No. 151. 

3 Various tests for the determination of CO, have been 
suggested. Most of these tests consist of absorbing the CO, 
with barium hydroxide or similar reagent and titrating the solu- 
tion with sodium carbonate, using phenolphthalein as an indi- 
cator. 

There appears to be no real advantage from these methods 
as they are all open to some of the disadvantages claimed for 
the present A.P.H.A. method—that phenolphthalein is not 
always a suitable indicator for this determination. 
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Other laboratories and members of this Committee have 
indicated that they have been unable to find any satisfactory 
method for this determination. 


CONCLUSIONS AND RECOMMENDATIONS 


From the exchange of opinions between members of this 
Committee and various laboratories, all indications are that for 
pure and distilled waters the original Winkler method is most 
satisfactory and that for waters containing nitrites and iron 
salts the modified Rideal-Stewart method seems to be in favor. 
The accuracy of both these methods for dissolved oxygen has 
been questioned and is a subject for further investigation. 
However, until some further work is done, it is suggested 
that every care be employed in collecting the sample. Precau- 
tions to be observed in collecting the samples will be presented 
when they have been approved by this committee. 

All indications are that the present test for CO, is unsatisfac- 
tory, although the present A.P.H.A. test, in the absence of 
a better test, is believed by many to be the most desirable to 
use, and it meets some requirements. 

It is recommended that the tests mentioned above for oxygen 
be presented as tentative standards for the present, and, as this 
Committee cannot undertake any extensive research work to es 
tablish the application of the tests for waters of varying nat ures, 
that a fellowship be established in one of the universities or 
colleges to investigate thoroughly methods of determining 
dissolved oxygen. 

In the absence of any suitable test for CO., norecommendations 
can be offered other than that this determination also be in- 
vestigated thoroughly along with the oxygen determination 

The Committee feels that the above subjects are of such im- 
portance that they should be turned over to some agency for 
thorough investigation and that the magnitude of the work 
is such that it could not be attempted by members of this Com- 
mittee who have their regular duties to perform and therefore 
such investigation would be subject to considerable interruption 
and delay. 


Bibliography 
Report of Sub-Committee No. 9 on Bibliography 


By GEORGE A. STETSON, NEW YORK, N. Y. 


[DeRING the past year the Sub-Committee on Bibliography 
continued to issue from time to time bibliographies on 
subjects of interest to the various technical committees. Most 
of the material for these bibliographies has been furnished by the 
Engineering Index of The American Society of Mechanical 
Engineers. Copies have been issued to members of the com- 
, mittees and to various technical journals by the same Society. 
Contributions to the bibliographies have been received every 


15 The personnel of the Sub-Committee No. 9 on Bibliography, of 
the Joint Research Committee on Boiler-Feedwater Studies is as 
follows: 

Georce A. Stetson, Chairman, Associate Editor, The American 
Society of Mechanical Engineers, 29 West 39th Street, New York, 

Epwarp Bartow, Dr., State University of Iowa, Iowa City, Iowa. 
A. S. BeurMan, International Filter Company, 333 West 25th 
. Street, Chicago, II. 


month from Science Abstracts through the agency of Dr. A. M. 
Buswell of the Sub-Committee. 

There have been issued to date 5 of these bibliographies 
containing a total of 124 items. It is a pleasure to report that 
some of the technical journals have published these bibliog: 
raphies, and to these journals the Sub-Committee extends 
its thanks and the assurance of its appreciation of their splendid 
cooperation. 


A. M. Buswe tt, Dr., Director, Water Survey, Urbana, I!!. 

FraNK HANNAN, Chemist, Filtration Plant, 285 Willow Avenue, 
Toronto, Ontario, Canada. ; 

CLARENCE R. KNow es, Superintendent of Water Service, Illino!s 
Central Railroad, 135 East 11th Place, Chicago, III. - 

W. Swan, Assistant Director, Editorial Advisory Staff 
McGraw-Hill Publishing Company, 10th Avenue and 36th Street 
New York, N. Y 
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Discussion 


R. E. Hauu.'® One of the troubles which has become in- 
creasingly apparent to us in the past few years is that of embrittle- 
ment, involving the maintenance of definite relations among the 
dissolved components in the boiler waters. Another factor is the 
demand for a quality of steam that must meet certain uses. It 
is much easier to produce steam that may contain two per cent 
of moisture than steam that must be dry down to the accuracy 
of calorimetric measurement. There is the question, further- 
more, of inhibiting corrosion by the feedwater in its passage to 
the boiler, and by the boiler water on the surfaces of the boiler 
itself. The maintenance of conditions in the feedwater must 
be such that it will not produce impossible conditions in the con- 
centrated water of the boiler. Control of these various factors 
must be established with regard to the manner in which the 
water in the boiler behaves. 

The recent paper by Joseph and Hancock is one of the fine 
contributions we have had on the subject of foaming and priming. 
We find in it some divergence from the views expressed in Pro- 
fessor Foulk’s paper of three years ago, especially in that the 
dissolved solids are considered the major issue on the question 
of foaming or priming. 

Now if the dissolved solids are the major cause for foaming 
of a boiler water, then practically every boiler water in every 
boiler is potentially a foaming water. 

Joseph and Hancock seem to show that the extent of the foam- 
ing qualities is a function of degree of concentration of dissolved 
solids. 

Some two years ago, because of the importance of wet steam in 
relation to the conditioning of boiler waters, we started to study 
some of the conditions of boiling. In that work we have boiled 
water in closed vessels at atmospheric pressure, but have been 
very careful to maintain boiler conditions, in that we have used 
large heating surfaces, and small separating surfaces between the 
steam and the water. In the paper by Joseph and Hancock, 
except for minor differences. we have an affirmation of the results 
which we have obtained in the small experimental boilers; and 
we agree that the major influence in foaming conditions is the 
accumulation and type of dissolved solids, together with the 
hydrogen-ion concentration of the boiler water. Thus the 
question of wet steam is tied up intimately with the concen- 
tration of the dissolved solids, and every boiler will have to meet 
the issue. 

A sudden increase of load on a boiler containing pure water 
produces turbulent boiling, but the bubbles burst instantly 
at the surface. A sudden load on a boiler whose boiler water has 
any foaming characteristics produces instead layers of bubbles 
at the surface since rate of bursting does not keep pace with 
rate of formation. , 

Some of our experiments have been run with exceedingly great 
care in a copper boiler to eliminate the presence of every trace 
of suspended matter. We have found that where sodium sul- 
phate might be present to the extent of 5000 parts per million 
'n a water in which there is no suspended matter present, in 
order to produce a foam of arbitrary thickness, upon withdrawal 
of the heat there remains a perfectly clear surface with no per- 
sistence of the foam and nothing to arouse suspicions con- 
cerning a foaming condition. The foam noted during the boiling 
was due wholly to a slight retardation in the rate of rupture of 
the steam bubbles. 

We disagree with Joseph and Hancock on their rating of the 
different salts as regards effectiveness in producing foaming, 
sodium sulphate being the lesser factor, with sodium chloride 
and sodium carbonate following. Relatively, a concentration 


* Director, Hall Laboratories, Inc., Pittsburgh, Pa. 


227 


of sodium sulphate of perhaps 5000 parts per million is equal to a 
concentration of sodium chloride of perhaps 3000, of sodium 
carbonate of perhaps 2000, and of caustic soda of perhaps 1500. 

To make the tolerance of a boiler water to dissolved solids as 
high as possible, we must make every effort to keep it free from 
saponifiable water. The boiler water must be alkaline for proper 
protection of the boiler metal. The hydrogen-ion concentration 
in the water, which is efficient in preventing the dissolution of 
the iron corresponds to a value pH = 10, approximately. For 
certain maintenance, this means the presence in the boiler water 
of from 50 to 100 parts per million of hydroxide or 120 to 240 
parts per million of caustic soda. With lime-soda treatment for 
a higher-pressure boiler the caustic is usually higher; with the 
zeolite treatment it may be higher or lower. Exact control 
can be obtained with the use of phosphate, so that the alkalinity 
may be maintained as desired. 

In neutral waters the various vegetable oils are anti-foam 
materials, but in the presence of alkaline waters they are all 
saponifiable. 

To sum up: In water conditioning we are confronted with a 
fundamental condition resulting from the presence of dissolved 
solids, producing badly changed boiling conditions, and the 
presence of saponifiable constituents in the water. We must 
keep the water alkaline, to protect the metal surfaces, and yet. 
the alkaline condition will lead to saponification of any latent 
saponifiable material in the water. The control of foaming 
thus becomes a major problem for investigation in the next few 
years. 


R. E. Couauuan.'? The water supplied to locomotive boilers 
on the C. & N. W. Ry. is of varied composition in regard to the 
mineral solids in solution. Our road operates from Lake Michi- 
gan, where the water is comparatively soft, to the Rocky Moun- 
tains, through Iowa, Minnesota, Nebraska, and Dakota, where 
the available water is hard. Our boiler trouble, when using 
Lake Michigan water, is practically nil. 

In South Dakota the water used contains such a large quantity 
of alkaline salts in solution that the boiler concentrations ob- 
tained are almost unbelievable. Some of this water contains 
over 60 grains per gallon of sodium carbonate, 30 to 40 grains 
of sodium chloride, and no sodium sulphate. In addition to 
this these waters are loaded with natural gas and have a tem- 
perature of 120 deg. fahr. as they come out of the ground. In 
the operation of locomotives using this water, if we did not 
introduce a small percentage of castor oil into the boilers as anti- 
foam compound, we might just as well leave the locomotives 
in the roundhouse. 

During the past summer the C. & N. W. had the privilege of 
transporting President Coolidge and his party to the Black 
Hills. Their route was over the particular territory above re- 
ferred to, but as far as boiler troubles were concerned, it was 
simply another ‘‘on time”’ train movement. 

It is undoubtedly true, as Dr. Hall has stated, that castor oil 
may have a latent soap possibility which may, in some cases, 
aggravate foaming of alkaline waters. The theory is undoubt- 
edly sound, but as far as practical experience in the writer's: 
particular case of handling alkaline waters of high concentration 
in locomotive boilers is concerned, he believes that he can truth- 
fully say that castor oil as an anti-foam compound has been 
absolutely essential in using such water successfully. 


In the Southwest we have various 
In our 


A. J. AUTHENREITH.!* 
waters, no two of them of the same mineral content. 


v Supervisor of Water Supply, Chicago and North Western Rail- 


way, Chicago, IIl. 
18 Vice-President, Middle West Utilities Co., Chicago, Ill. 
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refrigeration work we have water which is so bad that in order 
to prevent trouble with the condensers we have to use lead- 
lined pipe. 

We also have gas-charged water which comes out of the ground 
anywhere from 80 to 100 deg., and which is absolutely free of 
sodium carbonate. It is very soft, but unless we inject castor oil 
or cottonseed oil into it we can hardly keep it in the boiler. 
Further, we must blow our boilers down at intervals of four to 
six hours in order to keep them from priming. 

We accumulate a great deal of mud, and in the horizontal 
tubular boiler a substance similar to putty. We have found a 
new boiler—which had been only used for a short period of time— 
to have this mud so baked on the inside that the sheets would 
blister and make it necessary to take the boiler out of service or 
else have patches put on. 

I do not know just how we are going to overcome these prob- 
lems, but I feel that this committee, which has been appointed 
by the various associations of railroad companies to work on 
these problenis, is making headway, and that from now on we 
shall begin to get results from the work that has been done. 


C. H. Koyu.'® There are those who hold that the primary 
cause of priming and foaming is the presence of particles of solid 
matter suspended in the water in the boiler, and such persons 
always admit that the tendency to prime or foam is increased by 
the presence of sodium salts dissolved in the water. But there 
are others who maintain that the sole cause is the presence of 
the sodium selts, and that the sole measure of the tendency is 
the amount of sodium salts. 

I hold with the former, and I have some evidence to present 
which has not hitherto been made public. It is derived from 
the close record which has been kept for years of the condition 
of the stationary boilers of the Armour Company’s packing plants 
in which the steam must at all times be practically dry because 
it is used for cooking various food products which must not be 
contaminated. 

In Chicago the plant uses Lake Michigan water which con- 
tains six to eight grains of carbonate and sulphate of lime per 
gallon, and a little soda ash is used in the boiler to prevent the 
formation of hard scale. Under these conditions it is found 
that the highest sodium-salt concentration which can be carried 
in the boilers without foaming is about 200 grains per gallon. 

In Kansas City the company has a very good softening plant 
which leaves only about one grain of calcium carbonate per 
gallon in the water, and the boilers using this water regularly 
carry a concentration of 700 to 800 grains of sodium salts per 
gallon without foaming. 

In Fort Worth the boilers are fed with a natural soft water 
carrying only a trace of calcium but from 80 to 90 grains of 
various kinds of sodium salts, and these boilers are regularly 
run with a sodium-salt concentration of 2500 grains per gaHon. 

These boilers are of various makes and are all operated at 
between 150 and 200 per cent of rating, and if any one can find an 
explanation of the successful operation of these boilers with such 
high sodium-salt concentrations other than that the tendency 
to prime or foam is measured by the amount of suspended matter 
in the boiler, I should like to hear it. 

Undoubtedly sodium salts are an important factor in boiler 
operation, but if there is no matter in suspension, stationary 
boilers can be run at ordinary rating with up to 6000 grains of 
sodium salts per gallon without sign of foaming. Vertical boilers 
are doing this in our Milwaukee Railroad pumping plants. 

As regards corrosion, in a study which I made on several rail- 
roads a number of years ago, I found that as a general rule 


19 Engineer Water Service, C. M. & St. P. Ry., Chicago, IIl. 


when the amount of sodium sulphate or chloride in the natural 
feedwater was below 20 grains per gallon there was no sign of 
pitting on new flues. Old flues with pits in them will continue 
pitting unless the pit holes are carefully cleaned out before the 
flues are put back into the boiler. Above 20 grains the pitting 
began to show, and when it reached 40 to 50 grains per gallon 
the pitting was bad. At 70 the flues would last eight or nine 
months, and then become worthless. 

On the Great Northern Railroad in those days we had water- 
treating plants in Montana, the treated water containing about 
one grain of calcium salts per gallon, but very large amounts 
of sodium salts, mostly sulphate. 

After a little while we found that only the front ends of those 
boilers were pitted. In studying the matter we found that the 
water in the front end of the boiler contained oxygen dissolved 
from the air, and as it moved back toward the firebox the oxygen 
gradually got up into the steam space, so that back of the boiler 
there was very little oxygen. 

A series of reactions constitutes the pitting cycle. Iron is dis- 
solved in the water atom by atom, and at the same time hydro- 
gen ions give up their electric charge to the interior metal surface 
of the boiler, usually at points adjacent to the pits. These 
hydrogen atoms gather around the flues in the form of a thin 
film which separates the metal from the water and prevents the 
further deposition of hydrogen. The flue being gradually covered 
by this hydrogen film and thus isolated from the water, and the 
further deposition of hydrogen being prevented, it follows that 
the further solution of iron is also prevented because an iron atom 
with its electric charge cannot enter the water unless a hydrogen 
ion can be discharged from the water. From this it follows 
that if we can maintain the film of hydrogen over the electro- 
negative parts of the boiler interior, we can thus prevent further 
pitting. It is well known that this film of hydrogen is destroyed 
by the oxygen which is dissolved in the water, and therefore 
if we can eliminate the dissolved oxygen from the water before 
the water goes to the boiler, we can prevent pitting in all or- 
dinary cases. 

To test this out in ordinary railroad work we equipped a 
locomotive on the C. M. & St. P. Ry. with an open feedwater 
heater, and placed it on our worst pitting district. We found 
that under ordinary operating conditions this open heater dis- 
charges from 60 to 80 per cent of the oxygen dissolved in the 
water, and in 2'/, years’ service we have found no pits in this 
boiler, although the companion engine, a mate except that it 
has no feedwater heater, has lost many flues to the scrap heap. 

While I was working at this, I found that on the Chicago & 
Alton Railroad Mr. L. O. Gunderson had a similar theory which 
he proceeded to demonstrate in a different manner. He pre- 
vented the deposition of hydrogen on the flues by covering them 
with a thin film of arsenic, and by this means he keeps boilers 
free from pitting as well as we do on the Milwaukee Railroad by 
the exclusion of oxygen from the water. 

There are various waters which will pit flues notwithstanding 
the exclusion of oxygen. Such waters have a superabundance of 
hydrogen ions. We have equipped four more engines with 
open feedwater heaters for testing on different divisions, and we 
have a laboratory for the study of the waters in these boilers, 
their hydrogen-ion concentration, their ratio between sodium 
hydroxide and carbonate and sodium sulphate and chloride. 
We have just started this laboratory, but we hope for results. 


A. J. German.” Dr. Hall in his discussion said that we have 
gotten so far that we can stop the formation of scale. We have 
followed his advice and have done this. When we open our boil 
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ers for inspection we find a thin layer of slimy material or sludge 
in every tube. Now is this sludge as bad a non-heat conductor 
as the thin layer of scale which we formerly had on the tubes, 
or is it a worse one? If the committee could work out some plan 
to find out the relation of the conductivity of this sludge form- 
ation to that of solid scale, I believe it would be a step in the 
right direction. 


Norman F. Prince.*! Early this spring I received a com- 
plaint from the New York State Bureau concerning the waste 
from our gas plants, more particularly, the ammonia-still waste, 
of which we have about 20,000 gallons per day, carrying roughly 
450 lb. of phenol. Previous to September of this year we dis- 
charged that into the Genesee River. In taking samples we 
were confronted with the difficulty of getting representative ones, 
and in going through the literature we found that there is no 
standard method published regarding this work. There ought 
to be some method developed, or adopted, by the Society or 
the Joint Committee representing the various societies, which 
will be worth something in a court of law. It is necessary in 
pollution cases that 2 chemist or an engineer doing the sampling 
should have definite instructions as to the method to use in 
taking samples. 


5. T. Poweuu.”? The entire question of water sampling is now 
before Mr. Farmer’s committee on analysis. The first activity 
of this committee should be to attempt to standardize the 
method of samples, not only from streams, but also from 
boilers and allied waters. 


Istipor MENDELSON.?* At Cincinnati we have a field station 
which is collecting information concerning the matter of stream 
pollution and the treatment of water supplies. They take sam- 
ples with a special bottle, the stopper of which is removed when 
the bottle is at a certain depth, so that they can obtain a repre- 
sentative sample. Information concerning this bottle can be 
obtained from The Stream Pollution Laboratory of the United 
States Public Health Service, at Cincinnati. Another engineer 
of the Public Health Service, Mr. Holman of San Francisco, 
has also devised an apparatus for taking samples of water at 
certain depths which differs somewhat from that evolved at 
Cincinnati. 


Harotp Gunperson.** For about three and one-half years 
we have experimented with electrolytic systems of preventing 
corrosion. In this time we have had three installations and we 
have absolutely stopped pitting and corrosion in our boilers. 

We have now twenty-four locomotives, and are installing the 
system in all our boilers as they come in to the shops from pitting- 
water districts. We have prevented scale formation in the 
boilers, and these boilers are cleaner and smoother than any of 
our boilers running in the same district. The system is com- 
posed of longitudinal pipes in the boilers beneath the water so 
that electric current passes from these to the boiler shell, and we 
control the voltage by means of a rheostat located in the cap. 

Approximately every two weeks we put into the boiler about 
one pound of sodium arsenic. We find this is sufficient to pre- 
vent the pitting in our boilers. 

We shall perhaps find that the hydrogen-ion concentration 
under boiling conditions is such that the potential difference 
between pits in the boiler is great enough to play out any hy- 
drogen evolved in the boiler. We find that this hydrogen-ion 


Rochester, N. Y. 

* Chemical Engineer, Baltimore, Md. Chairman of Committee 
and presiding officer of session. 
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** Chicago & Northern Railroad, Chicago, Ill. 
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count is very low, but that a thin layer of arsenic will raise the 
discharge potentially so that it will be the cause of an equilibrium 
between the different potentials of the pit. In that way there 
is no corrosion whatsoever. 


A. L. Witson.% It has been my good fortune to be familiar 
with the interesting solution of a serious boiler-feedwater problem 
in a large industrial plant. The steam output of this plant is as 
highas 30,000 b.hp. The make-up water used in 24 hours amounts 
to from two to two and one-half million gallons, and ranges from 
70 to 90 per cent of the total water used in producing steam. 
The large percentage of make-up is due to the fact that most 
of the steam developed is used in process work. Steam is gen- 
erated at 100 and 175 lb. per sq. in. pressure in horizontal return- 
tubular and water-tube boilers, which vary in size from 250 to 
1400 b.hp. 

The make-up water is derived from three sources: well water, 
surface drainage, and sewage. The best of these for boiler pur- 
poses is the well water, although it contains up to 11 grains of 
hardness per gallon, and cannot be termed a good potable water. 
At first well water only was used, but it was limited in amount, 
being purchased from the outside, so that as the plant rapidly 
expanded the boiler-water situation became acute, and it was 
necessary to develop the other sources of supply. 

First, the supply was increased by building a dam in a nearby 
tide creek which runs through a salt marsh. This water consists 
of sewage and surface drainage, the latter including field drainage 
and road wash. This creek furnished the total amount of water 
required for make-up except in dry seasons, when it was neces- 
sary to return, in part, to the well supply. 

The cost of the well water, including handling and treating for 
boiler purposes, was in the neighborhood of 24 cents per 1000 
gallons. The cost of the creek water, containing surface drainage 
and sewage, was about 7 cents per 1000 gallons, pumped and 
treated. Since the latter water was proved to be equal to the 
well water so far as boiler performance was concerned, and yet 
was available at less than one-third the cost, its use meant savings 
approximating $130,000 a year over the use of the well water. 

The great savings realized by using creek water indicated that 
it would be desirable to augment this supply further. It was 
found possible to do this by pumping additional sewage from 
another source, a city sewer in the same neighborhood. This 
sewer water was added to the general make-up in the amount of 
one-half to one million gallons per day during the summer months 
when the creek-water supply was not sufficient. This procedure 
eliminated entirely the necessity of using the well water. 

The sewage is handled in an improvised continuous system 
comprising a pump, a small tank for mixing chemicals which are 
injected into the suction of the pump, and a large tank near 
the location into which the pump discharges. Considerable ex- 
perimenting has shown that lime and iron sulphate give the best 
results in clarifying the sewage which flows through the large 
tank at a low rate, so that the precipitated sludge matter has 
ample time to settle out. A draw-off is provided at the bottom 
through which the sludge is flushed back to the sewer at a point 
below the supply intake, while the clarified water overflows at 
the top and is pumped to a central make-up water tank, where it 
is blended with the creek water before undergoing the softening 
process. 

On its way to this central storage tank, all water is passed 
through a heat exchanger in which heat is picked up from a 
continuous blowdown system, and also through a preheater made 
of a barometric condenser. This condenser, besides heating the 
water to 150 deg., produces a vacuum on the plant exhaust line, 


26 Supt. of Power, Standard Oil Co. of N. J., Elizabeth, N. J. 
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and helps to lift the water into the storage tank. A further 
function of the heater is its action in dispelling free oxygen and 
other corrosive gases from the boiler water. 

From a central storage system the water is passed through a 
home-made intermittent softening plant composed of four 
30 X 30-ft. tanks. The tanks are without any mechanical 
apparatus, except for a 12 X 6-in. nozzle placed tangentially near 
the bottom, which mixes the water as it enters. After dosing 
and treating, the water is allowed approximately four hours for 
reaction and settling. An important feature of the process is the 
total absence of filters. 

From the treating tanks the water is passed through the 
boiler-house heaters, where its temperature is increased to 210 
deg. and it is again vented to remove gases. Although the major 
portion of the steam is developed in large water-tube boilers 
with steel integral economizers, these economizers have corroded 
only slightly after seven years of continuous service, showing the 
value of proper venting. 

The average feedwater contains from three to seven grains 


of sodium chloride per gallon, depending upon the relative 
amounts of water from the different sources. The sodium chlo- 
ride, and other densities are maintained at a more or less straight- 
line value in the boilers by means of a continuous blowdown 
system installed several years ago. As stated above, the heat 
from this blowdown is returned to the feedwater, so that the 
blowdown loss is a minor one. 

From 15 to 20 per cent of the total steam developed is passed 
through turbines for power generation, and each year inspection 
of these turbines shows them to be in excellent condition, with an 
absence of deposit, erosion, and corrosion. The boilers are 
operated 24 hours a day at continuous ratings averaging 200 
per cent. It has never been necessary to take these boilers 
off the line for internal cleaning, although they are thoroughly 
cleaned internally at yearly inspection periods, when they show 
a minor amount of thin, flaky-deposit. 

These results should show what may be accomplished in other 
cases where conditions are exceptionally bad and necessity be- 
comes the mother of invention. 
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Arc-Welded Pipe Lines 


By W. L. WARNER,! SCHENECTADY, N. Y. 


The conveying of liquids and gases in continuous tubes is largely 
a development of the past decade, and the ease with which pipe lines 
may be welded and laid is commending this type of construction to 
engineers and industrial managers. After setting forth the advantages 
of welded over mechanically jointed piping, the author gives ex- 
amples of several classes of installation, describing in some detail 
a 3700-ft. 20-in. high-pressure steam main for district heating; 
several long lines for the transmission of steam for power purposes; 
a 24-in. pipe line for conveying water under 100 to 400 ft. head from 
the foothills to Vallejo, Calif.; and some 7 miles of mains in 
Pontiac, Mich., for carrying gas under 60-lb. pressure. 


DECADE ago the idea of conveying liquids or gases by 
A means of continuous tubes was practically unheard of. 
Today the use of continuous tubes for this service has 
grown to such an extent that the average layman is beginning to 
realize the advantages of this type of construction. 
The advantages of welded piping over the use of various me- 
chanical joints are generally as follows: 


Thinner pipe wall necessary, hence less material required. 
Simple butt joints—no expensive machining necessary. 
Full diameter of the pipe effective because no lap joints 
are used. 
Mechanical efficiency of the joint higher than that of any 
other type. 
The ease with which the layout and erection are performed is 
commending this type of construction to engineers and industrial 
managers. A few examples follow. 


Stream LINeEs FoR HEATING PuRPOSES 


The increase in the use of steam for industrial heating and 
power generation in the cities has gradually created a great need 
for a unified distribution system. In the city of St. Louis, the 
Union Electric Light and Power Company has been furnishing 
steam heat to buildings in the business section in addition to its 
regular lighting and power service for the past decade or more. 
At first the steam service was supplied from a number of widely 
separated steam plants, but as the demand increased, additions 
and improvements were made, until in 1916 the first step toward 
a unified distribution system was taken. 

Pressure mains were then laid so that steam could be distrib- 
uted at 175 lb. pressure. Every year since 1918 the high-pres- 
sure mains have been extended, and some of the isolated steam 
plants have been joined to the system while some have been dis- 
continued. In 1923 the total length of steam mains was 4'/. miles, 
probably only a small part of which, if any, was of welded 
construction. 

By 1923 the high-pressure load on the 10th St. plant had ex- 
ceeded its capacity, and in order to avoid additional construction 
in the heart of the business district it was decided to connect the 
Ashley St. plant, about one and one-half miles away and located 
on the Mississippi River, to the steam distribution system. 
The Ashley St. plant contains 56 boilers with an aggregate rating 
of 30,000 hp., and it was decided that the load factor of this 
plant would be greatly improved if live steam could be supplied 
by it to the heating system. 


: ‘Industrial Heating and Welding Engineering Department, 
General Electric Company. 
Presented at a jomt meeting of the Metropolitan Section of the 


a and the American Welding Society, New York, January 3, 
928. 


In order to accomplish this result the Union Power Company 
had installed something like 8000 ft. of mains during the year 
1924. These mains included 3700 ft. of 20-in. pipe, 1245 ft. 
of 16-in., 945 ft. of 14-in., 1295 ft. of 12-in., and 910 ft. of 10-in. 
pipe. 

These mains were installed by the American District Steam 
Company, of North Tonawanda, N. Y. Some smaller piping 
was laid which made it possible to discontinue the operation of 
five subsidiary steam plants, making a total of 30 steam plants, 
ranging in capacity from 175 to 500 hp., which have been closed 
down since 1916, in addition to about 75 smaller low-pressure 
plants. 

The high-pressure mains are built of extra strong steel pipe, 
'/, in. thick, insulated with 3 in. of high-grade asbestos covering 
and laid in conduit. The conduit has a concrete base laid on 
gravel with underdrain tile; the side walls are multi-cell tile and 
the top is a slab of reinforced concrete. The details of construc- 
tion of the joints of the 20-in. high-pressure main are shown in Fig. 
1. The steel pipe is butt welded with a single V-weld, and four 


Fie. 1 Arc-Wetpep Butr Joint WeLpep REINFORCING 
Srraps in A 20-InN. Marin For CARRYING STEAM AT 250 LB. PRESSURE 


reinforcing steel straps, 4 in. wide by 8 in. long by '/:-in. thick, 
are welded longitudinally across the butt weld. 

The 20-in. main shown in Fig. 1 was built for 250 Ib. steam pres- 
sure and 100 deg. fahr. superheat. The steam travels a maximum 
of 8100 ft. from the Ashley St. plant to the most remote customer 
now being served by the system. The welded main was tested 
in sections, to 500 lb. hydrostatic pressure. While under pres- 
sure the pipe was pounded with a 2-lb. hammer very sharply on 
each side of the weld, 2 in. from the weld, throughout the entire 
circumference of the pipe. Not a leak was found in the 3700 ft. 
of main. 

Expansion joints were placed from 120 to 160 ft. apart and the 
body anchored to the conduit. The pipe was butt welded to 
the body of the joint and also to the slip end. No flanged joints 
were used. 

A considerable amount of the welding had to be done in the 
ditch on account of the traffic congestion on top of the ground in 
this case. The pipe was rolled wherever possible for the con- 
venience of the welder, but for the tie-in joints between sections 
the weld was made in place completely around the pipe. 

Prior to the construction of the 20-in. main, three types of 
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joint were considered. The welded flange joint of the Van 
Stone type was rejected because of the expense combined with 
the problems of installing the pipe in conduit in the street. 
Another type of joint considered was one which requires the 
expanding of one end of the pipe length so that the end of the 
adjoining pipe length may be inserted about 6 or 8 in., making 
a tight fit. Holes are drilled in the outer pipe, making it possible 
to plug weld to the inner pipe. 

With this second method of making the joints there appeared 
to be many construction difficulties. The necessary shop fabri- 
cation would increase the cost and the progress on construction 
would necessarily be impaired. Also, there did not appear to 
be any great advantage over a butt-welded joint reinforced by 
longitudinal steel strips. 

The third type of joint considered was the plain butt-welded 
joint. Tests on this last type of joint showed the weld to have 
from 85 to 100 per cent of the strength of the pipe material. 

A number of tests on the various types of welded joints for 
this work were made at Washington University under the direction 
of Professor Sweetzer, and these tests were included in a report 
issued by the Distribution Committee of the National District 
Heating Association early in 1925. 


Sream FOR Power TRANSMISSION 


The transmission of live steam is essentially the same for 
power purposes as it is for heating purposes. In May, 1925, 
there was put into operation at East Walpole, Mass., a steam 
line 4550 ft. long to carry steam from the East Walpole plant of 
Bird & Son, Inc., to their Norwood plant. A general view of 
the line is shown in Fig. 2. 


Fig. 8-In. Anc-WeELDED Stream Line 4550 Fr. Lone ror Carry- 
ING STEAM FOR Power Purposes aT 200 La. Pressure 


It will be noted that this steam line was built on a railroad 
right of way. As it was necessary to keep the pipe as least 8 
ft. from the center line of the track, there was not sufficient 
space available for the construction of U-bends so that expansion 
joints were generally used. These joints were of the crosshead- 
guided type with bodies of cast steel and a slip tube of steel 
copper plated. The maximum traverse of each tube is 8 in. and 
the joints are located 140 ft. apart. The base of each expansion 
joint is anchored to a concrete pier so that the slip occurs in 
both directions from that point. 

The pipe is 8 in. in diameter with a wall 0.322 in. thick. It 
was designed to carry steam at 200-lb. pressure with 100 deg. 
fahr. superheat, but during the first year operated at 165 lb. 
and no superheat, transmitting 30,000 lb. of steam per hour, 
24 hours per day. 

At the Norwood plant the steam line crosses a railroad and is 


supported 30 ft. above ground on steel towers as shown by Fig. 
3. This section is 300 ft. long and terminates in a large U-bend 
on top of the power house. The U-bend is 30 ft. from center to 
crown, and as it cares for the expansion and contraction of this 
300-ft. supported section, it was made this size to reduce the 


- thrust on the anchorage. A view is shown in Fig. 4. 


Reinforced-concrete piers 20 ft. on centers support the pipe 
as shown in Fig. 2. There is no noticeable sagging of the pipe 
between supports. 


Fie. 4 Terminat U-Benp or Stream Line or Fic. 2 on Tor or 
Power House 


All joints except those at the expansion joints are are welded. 
Each joint was prepared as a 45-deg. single V and welded with a 
single-layer weld around the pipe. As the welding of the joints 
progressed the weld was air-hammered. After welding, each 
joint was annealed in a portable furnace equipped with a kero- 
sene burner. 

The pipe line was tested to 500 Ib. pressure without developing 
a leak. It is insulated with two layers, each 1'/; in. thick, of 
85 per cent magnesia, and outside of this are wrapped two layers 
of Bird & Son paroid roofing material. Drips are provided at 
eight points in the line. 

Tests have shown the efficiency of this steam line to be very 
high. The heat line loss is 2.688 per cent, and the pressure drop 
is about 18 per cent. 

Maintenance is limited to the repacking of the slip joints about 
every two years. Recognizing its stability, the Hartford Steam 
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Boiler Insurance Company has insured the line for $100,000. 

Originally the steam was generated and used locally at both 
plants, but the cost of steam generated at the Norwood plant was 
about twice that of the steam generated at East Walpole due to 
the fact that the former was much smaller. It became necessary, 
therefore, to debit the fixed charges on the plant shut down to 
the cost of operating the pipe line. These costs amounted to 
approximately 20 cents per 1000 lb. of steam carried by the 
line. In spite of this handicap, however, the first year of oper- 
ation has shown a net saving over the cost of operating both 


MANUFACTURING ARc-WELDED Pipe FoR VALLEJO, CALIF., 
24-In. WaTER Pipe LINE 
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Fic.6 Maxine Frevp Joints oN WELDED-WaATER Pire FoR 
City oF VALLEJO, CALIF. 


plants of approximately 15 cents per 1000 Ib. of steam carried 
by the line. 

Recently the American Car and Foundry Company has been 
installing two steam lines, one for low-pressure steam to be used 
for heating purposes and the other for high-pressure steam for 
power purposes in its plant at Berwick, Pa. 

The low-pressure installation is made up of 8-, 10-, and 12-in. 
pipe, in lengths of approximately 450. ft., 900 ft., and 350 ft., 
respectively, the majority of which is carried on steel supporting 
members from 15 to 20 ft. above grade. All welding was done in 
place from floor-mounted movable platforms. 

The high-pressure line, of 8-in. pipe, is approximately 2000 
ft. in length. About 500 ft. is carried underground in a tunnel, 
the next 700 ft. is carried about 20 ft. above grade along the 
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side of and through the roof trusses of buildings, and the re- 
mainder, about 800 ft., is carried 40 ft. in the air on roof trusses 
of buildings. 

The pipe furnished for this installation was standard, full- 
weight, lap-welded pipe scarfed at both ends with a 30-deg. bevel 
for welding. It was found desirable to allow a free distance 
between scarfed edges of !/; in. to secure best results. No metal 
was used to back up the weld, and no obstruction of any mo- 
ment was noticed on the inside of the pipe. The pipe sections were 
centered with respect to each other by means of a collapsible jig. 
This jig was fitted with a bend on one end, used to slip over one end 
of the pipe, and adjustable fingers on the other end. By means 
of this apparatus it was possible to line up the pipe easily and have 
sufficient space for tack welding. 

The section of pipe in the tunnel was easily accessible and 
could be turned for the welding operation. The remainder 
of the line was welded in place without turning due to its sus- 
pension in hangers. Under test with 100 lb. pressure the section in 
the tunnel was absolutely tight. In the remainder of the line, 
which was supported over 20 ft. above ground, about ten leaks 
developed under pressure. All of them occurred at the bottom 
of the pipe joint, probably due to expansion of the pipe and 
inexperience of the operator. Repairs were made by chipping 
out the leaky spot and rewelding. 

Both pipe lines were provided with expansion joints. The 
installation was done under the direction of M. 8. Evans, Super- 
intendent of Maintenance of the plant. 


WatTeER Pipe ror MunicipaL WATER SUPPLY 


With the growth of our cities comes the ever-increasing demand 
for an uncontaminated and adequate water supply. In many 
cases it is necessary to locate the source at considerable distance 


Fig. 7 Lowerine 112-Fr. Sections or 24-In. WELDED Pire Into 


from the center of population, which requires bringing the water 
by a pipe line to the ultimate consumer. 

About two years ago the city of Vallejo, Calif., was faced 
with such a problem and it was decided to build a reservoir in 
the foothills about 22 miles away, from which the water would be 
brought to the city mains by means of a pipe line. Accordingly 
the contract was let and the pipe line installed by the Western 
Pipe and Steel Company of San Francisco, Calif., using the 
arc-welding process. 

The line is 24 in. in diameter and was constructed of #/i6.- 
and '!/,in. plate, cut to size and rolled into 14-ft. lengths. All 
longitudinal seams were automatically arc welded in the shop, 
and after this operation two 14-ft. lengths were butt welded 
with the are end to end to form a 28-ft. length. A view of these 
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operations is shown in Fig. 5. Immediately upon leaving the 
automatic welding machines each length was closely inspected 
for possible flaws, after which it was submitted to a hydraulic 
test at 225 lb. pressure. 

The pipe line operates under a static head of from 100 to 400 ft. 
(45 to 175 lb. pressure). Each 28-ft. section was dipped in hot 
asphalt and wrapped with several layers of impregnated felt 
for soil-proofing. The pipe sections were then transported to 
the site and distributed along the ditch. 

Four of these pipe sections were welded together on top of the 
ground to form a length 112 ft. long between the bell-hole joints. 
The handling of the individual lengths was facilitated by the use 
of a caterpillar crane as shown in Fig. 6. Fig. 7 shows the proc- 
ess of lowering a 111-ft. section into the ditch. 

For the information of the engineers several of the 14-ft. 
sections were tested in the shop to 325 lb. pressure, and a few 
to 720 lb. No leaks were found on these tests. 

There were 8200 girth seams in the whole line, half of which 
were field welded, the other half being welded inthe shop. After 
completion of the line a service test was made prior to accept- 
ance by the city, and the line was put into operation immediately. 


Gas LINEs 


The use of are welding for laying gas mains has also received 
some attention as certain advantages are obtained over the older 
types of joints such as the screwed and flanged joints. The 
welded joint requires practically no shop work, and although 
beveling is sometimes done it is by no means always necessary. 
Also, welded joints are tight when completed and require no 
calking when properly made. The welded line can be put to- 
gether on top of the ground and rolled into the ditch. This pro- 
cedure eliminates a considerable amount of ditch digging, which 
is quite an item in some localities. 

For the past two years the Consumers Power Company, of 
Pontiac, Mich., has been using are welding for this work, and 


during the latter part of 1925 installed about seven miles of 
6-in. pipe for conveying gas at 60 lb. pressure. The thickness 


of the pipe wall was °/i.5 in. and each joint was beveled at 30 deg. 


for a single V-weld. The pipe lengths were 40 ft. and expansion 
joints were placed every 1500 ft. The pipe was welded on the 
surface beside the ditch, which varied from two to six feet in 
depth, and was rolled into the ditch after the welding had been 
completed. The completed line was proof tested, and each 
joint was hammered while under pressure to develop any weak 
spots. These, however, failed to materialize. 

In the foregoing discussion it has been the author's purpose 
to show that the electric-arc-welding process is seriously re- 
garded as a dependable and efficient tool for the joining of stec! 
piping. The procedure used and the welding technique em- 
ployed will vary considerably, depending upon the nature of 
the job and the personal viewpoint of those in charge of the work. 
The question of acceptance tests is also important, but the 
time allowed does not permit of a discussion of this subject. It 
may be said, however, that there is as yet no standard for welded 
piping, although in certain localities tentative codes are in ex- 
istence. 

One final point the author wishes to make in closing is in con- 
nection with requirements for welded joints as compared to 
the older types of mechanical joints. Experience has taught 
certain things: i.e., we may expect a certain mechanical efficiency 
from a certain type of joint, be that what it may—50, 60, 75, or 
even 100 per cent. Knowing this, we design on that basis. But 
100 per cent efficiency is expected of the welded joint every time 
This is really good for welding, fundamentally speaking, ut 
rather irritating at times. Safe design values, factors of safety, 
and design formulas may be used for welded construction in the 
same way as with other methods if we but understand them 
And there is no doubt whatever that any weld, properly made, 
with the right kind of materials, will stand the tests of service 
and last as long as the pipes it joins. 
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The Welding of Power-Plant Piping 


By A. W. MOULDER,! PROVIDENCE, R. I. 


The author first states the reasons why the welding of power-plant 
piping has been steadily growing in favor. He then describes and 
illustrates approved methods of preparing material for various 
types of pipe and flange welds; following which he discusses re- 
spectively the effect on the weld zone of locked-in stresses due to 
uneven heating and cooling, instructions to welders, and the behavior 
of welds under high pressures and temperatures. In his opinion 
butt joints are stronger than reinforced ones, and properly made 
welds are altogether safe. The discussion is based on the use of the 
oxyacetylene welding process. 


HIS presentation is intended to cover the subject as it 
relates to the autogenous welding of power-plant piping 
and is not intended to relate to the forge or hammer-welding 
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process. The discussion is also based upon the use of the oxy- 
acetylene rather than the electric-are process. This is primarily 
for the reason that the former process is the one which has been 
found most practical for work of this kind, probably due to the 
fact that the welding of power-plant piping is not a production 
problem, but rather one in which almost every order presents 
somewhat different ‘‘cut and fit’’ problems. The ability of the 
same operator to use the torch for both cutting and welding 
has no doubt had a considerable bearing on the fact that this 
process has been the one most generally adopted for such piping 
work. Furthermore, our own research work and most of that 
with which the author is familiar and which deals with the 
particular problems involved, has been in connection with the 
oxyacetylene process. It has been our experience, however, 
that where the electric-are process has been employed by us, the 
same general methods of preparation of materials, training and 
testing of welders, and testing of finished products have been 
likewise employed, and, as far as we have been able to determine, 
without going into the same research work, with equally satis- 
factory practical results. 
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The welding of power-plant piping is unquestionably growing. 
in favor steadily. There are a number of basic reasons behind 
this growth which, briefly, are as follows: 


1 Elimination of screwed and flanged joints with resulting 
lower maintenance costs 

2 Lower first cost, especially where a multiplicity of con- 
nections are made to a pipe in a limited area such as. 
in the case of headers 


‘Manager, Heating, Power, and Industrial Piping Division, 
= Grinnell Co., Inc. Mem. A.S.M.E. 
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3 Decreased weights, especially where welded steel is sub- 
stituted for large cast fittings 

4 Continuity of insulation is permitted by elimination of 
flanges, with resulting increased efficiency and de- 
creased cost of insulation 

5 Improved service in erection, especially where field 
welding is employed, and in overcoming the time re- 
quired for the making up of “special” or odd-shaped 
fittings. 


All of the above advantages were of course recognized in the 
early days of pipe welding. The importance of power-plant 
piping, however, in that a failure not only endangers the lives 
and limbs of employees, but cuts off a most important service, has 
had a just deterring effect upon the growth of welding for this 
class of work as compared to its growth in other classes of piping 
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work. A number of the more responsible concerns engaged 
in the fabrication and erection of power-plant piping have been 
furnishing piping of this class for many years, and the record in 
connection with these materials has been so excellent as to gradu- 
ally win over the confidence of engineers and purchasers, until 
today welded piping is growing in use for power plants more 
rapidly than at any other period in its history. The author 
has been unable to learn of any accident’s ever having been caused 
by a failure in welded piping made by any responsible pipe- 
fabricating concern. 
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The concern with which the author is identified has been fal- 
ricating welded piping for nearly eighteen years, and during that 
period has put into service hundreds of thousands of welds in 
steam pressure piping and without a single failure having come 
to our knowledge. Today it is not unusual to be called upon 
to fabricate welded piping for superheated steam of 400-lb. work- 
ing pressure and total temperatures up to 750 deg. fahr. Therefore 
he repeats that the record behind welded piping made under proper 
management is responsible for its growth in favor more than 
any one of the apparent inherent advantages. 
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Fie. 5 WELD 


On the opposite side the question naturally arises, why has 
not welding of power-plant piping grown to a point of the almost 
exclusive use to which its many advantages would seem to in- 
dicate it is entitled? The answer is today just the same as it 
was 10 or 15 years ago. What assurance has the purchaser that 
the welds are properly made? The answer to this has been 
written into the records of the technical societies many times, but 
resolves itself largely into the one word: Management. As appli- 
cable to the welding of piping this includes or is composed of several 
parts which have also been well covered previously. These are: 


1 Proper materials 
a Basically as to their inherent qualities 
b Mechanically as to their preparation for the work in- 

volved 

2 Proper tools 

3 Proper methods and instruction 

4 Proper testing of welders 

5 Proper test to see that the failure of the human element 
does not destroy all of the values of the preceding factors. 
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PREPARATION OF MATERIALS 


First, under preparation of materials, Fig. 1 shows the basis 
of most welds, either for butt welding of two pipes together or 
for the making of special fittings, ete. The preparation as shown 
is the same as the generally accepted standard excepting that the 
spacing between the bottom edges has been increased from */js in. 
to '/sin. Inspection of sections cut from welds has shown that 
there is a tendency for these bottom edges to overlap after the 
welds have cooled and contracted. The wider spacing has shown 
a better condition on the inside of the pipe. 


Fig. 2 covers the preparation for a nozzle weld. This style 
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Fic. 6 Norma Socket ror WELDING 


Fic.7 Prererrep Meruop For ATTACHING FLANGES BY WELDING 


of preparation and welding has become a generally accepted 
standard. 

Fig. 3 shows a weld at the end of a pipe when made in the 
shop. An end weld or plug in the end of a pipe has stresses 
entirely different from those of any other kind of weld in view 
of the total pressure over the area involved. This type of joint 
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provides extreme safety in that the plate is entirely inside of a 
rolled joint. 
Following through the sketches shown covering various types 
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should in all cases be so made as to provide a thickness of fillet 
material in excess of that of the pipe materials. 

Figs. 4, 5, and 6 show various types of welds in common use 
for long lines of piping. Particular attention is called to Fig. 6 
which illustrates two types of welds, later mentioned in connec- 
tion with tests as ‘Normal Sockets,” shown on the left half of 


of welds, attention is called to the shape of the fillets. These ‘ : 
- 

10,000) | 
ety 

| 
p00 


2 
~ 


238 


the figure, and ““Normal Sockets with Pins,” shown on the right. 

Figs. 7, 8, and 9 illustrate various types of flange welds. The 
use of flanges like those shown in Fig. 7 is preferable for field 
welding on account of the long skirt which prevents any warping 
of the flange sufficient to make it necessary to do any refacing. 


CooLInG ON WELD ZONE 


Seemingly digressing, let us consider for a moment the effect 
of locked-in stresses due to uneven heating and cooling of the 
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ing was not carried forward to reach any definite conclusions. 

We knew that we could cut coupons from welded pipe and with 
welds made by trained welders which when pulled would break 
outside the weld zone, but this did not answer that continually 
recurring question about the effect of internal stresses, becaus: 
when the coupon is cut from the joint the mechanical stresses are 
released. It was therefore decided that the most practica| 
test to determine this would be to pull full-section samples 
instead of coupons. This work was started more than a year 
ago with 4-in. pipes. 
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Fie. 11 Specimens AFTER TEST 
(Screwed and pack-welded flanges pulled off.) 


Fie. 13 
WE 3-IN. 
(Pipe broke outside the weld.) 


Fig. 14 Socket Wetps 
Pins, 12-In. Pipe 
(Cracks developed around pins before 
pipe or weld could be broken.) 
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weld zone. Much has been said in a general way on this point, 
but little has been actually proved specifically as to its effect in 
connection with pipe welds. 

About two years ago an endeavor was made to learn what the 
effect of these internal stresses was upon the overall strength 
of the pipe joint. Strain-gage tests were made in connection with 
both annealed and unannealed sections of 4-in. pipe, and a brief 
summary of the results is given in Fig. 10. Strips */,in. X 3 in. 
long were cut from the pipe at points indicated. The results are 
relatively unimportant except that they show that the strains 
are entirely in compression, and further that there are relatively 
different strains in unannealed pipes. This method of test- 
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(No. 6517 broke outside weld at 446 tons pull; No. 6520 at weld under 445 
tons.) 


Fig. 11 shows some of the early tests made in connection with 
4-in. samples. The pulling machine used required flanges for 
bolting. It was impossible to develop flanges even screwed 
through and back-welded as shown which would develop as great 
strength as the intermediate butt weld or the pipe itself. 

Fig. 12 shows what happened when an ordinary commercial 
lap joint was used in connection with these pulling tests. The 
lap joint was drawn right through the flange as shown. It was 
not until we developed machining and processes for making !aps 
thicker than the pipe material without changing the metal struc- 
ture, that we could assure sufficient strength in a flanged joint 
to break either the pipe or the weld intermediate. 

After a number of tests of both annealed and unannealed sec- 
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RESULTS OF TESTS ON OXYACETYLENE-WELDED 


TABLE 1 
JOINTS MADE ON DIFFERENT SIZES OF PIPE AND WITH THREE 
DIFFERENT TYPES OF JOINTS FOR EACH SIZE 


Total Broke Off in Weld Broke Off in Pipe 
no. of No. of Load No. of Load 
pieces a pieces in pieces in 
tested Type of joint tested tons tested tons 
4-In. O.D. Pipe, 0.1875 In. Tuick 
6 Normal socket 6 67,000 
6 Socket and pin 6 67,833 
6 Butt 6 69,000 
8-In. O.D. Pire, 0.1860 IN. Tuick 
6 Normal socket et 6 140,160 
6 Socket and pin ef eared 6 140,160 
6 Butt 1 147.00 5 131,800 
12-In. O.D. Pips, 0.2500 In. Tuick 
6 Normal socket 1 288.00 5 270,400 
6 Socket and pin 1 262.00 5 252,000 
6 Butt 1 280.00 5 283,400 
16-In. O.D. Pree, 0.3125 In. Trick 
6 Normal socket + 426.50 2 420,000 
6 Socket and pin 6 377 .83 ee eer 
6 Butt 5 431.20 1 446,000 
72 19 53 


tions it was decided that the 4-in. pipe did not represent the 
worst condition as regards the internal stresses, and therefore 
the work was shifted to another laboratory capable of pulling 
larger pipes. The work thus started created considerable interest 
and was carried on by others on a much larger scale. Through 
the courtesy of the National Tube Company the author is able 
to present advance information of the results of a long series of 
tests of this nature. 

Table 1 summarizes the results obtained with three types of 
welds which were tested. It will be noted that even those 
pieces which broke in the welds themselves held an average tensile 
load practically equal to and in many cases in excess of that of 
the pieces which broke entirely outside of the weld zone. It 
might be added that no pieces in the entire test broke at a point 
which indicated low strength. 
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Back-WELDED 


Fig. 13 shows two pieces of 8-in. pipe made up with normal 
socket welds (Fig. 6) and which broke entirely outside of the 
weld. 

Fig. 14 shows two pieces of 12-in. pipe made up with socket 
welds with pins (see also Fig. 6). In these, cracks developed 
around the pins due to the extra strains set up in the joint by 
same. These cracks developed long before the pipe itself or the 
joint could be broken. 

lig. 15 shows two pieces of 12-in. pipe made with a regular 

butt weld as illustrated in Fig. 1. One of these, it will be noted, 
bre ‘ke entirely outside of the weld zone, and the other one directly 
inthe weld. Piece No. 6517, however, broke at 446 tons pull and 
piece No. 6520 at 448 tons. 
_ Fig. 16 shows a screw coupling back-welded in 14-in. pipe 
in the manner indicated in Fig. 4. This is one of the earlier tests 
not included in the above series, and is presented merely to bear 
out the fact that this type of weld is a strong and safe one. 

Beyond what details were learned, these tests show that when 
properly designed for reinforcement and when made’ by properly 
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trained welders, joints in varying types can be made to overcome 
whatever internal stresses are locked in as none of the joints 
tested were annealed. 


SHAPE OF WELDED FILLETS 


The importance of building up the welds, as already mentioned, 
was one of the things learned in the preliminaries to this re- 
markable set of tests. Another thing was the shape of the 
welded fillet. To approach perfection, the lines of force should 
be kept as nearly straight as possible. This means making the 
shape of the fillets gradually sloping without abrupt turns, other- 
wise under stress the sharp corner checks, gradually throwing 
the stresses further inward toward the pipe material itself. This 
accounts for the shape of the fillets as shown. 

By referring to Fig. 1-6 covering the preparation of various 
types of welds, it will be seen what is meant by the building up 


Pipe UnperR Test AccoORDANCE WITH AUTHOR'S 
SPECIFICATIONS 


Fig. 17 


of fillets and their design according to what might be called the 
streamline idea. 


WELps THAN REINFORCED WELDS 


The author has had no cause to change his original ideas as 
to the efficiency of the plain butt weld as compared to mechan- 
ically reinforced types, and it will be interesting to note that the 
results show somewhat greater strength for this type of weld over 
others in the series of tests illustrated. It is his belief that 
adding straps or reinforcements complicates the stresses which, 
as proved by these tests, are now well harnessed or overcome by 
careful design and workmanship. The only portion of this 
series of tests which in any way indicate this, however, are the 
relative tests of normal socket welds as compared with socket 
welds with pins, the latter usually fracturing around the pins 
before either the joint itself or the pipe was fractured. In other 
words, the addition of the pins apparently added nothing to the 
overall strength of the joints but detracted something in that a 
leak was caused to appear around the pins under comparatively 
lower tensile pull. 


INSTRUCTION OF WELDERS 


The instruction of welders has been many times emphasized, 
and full data on this subject are available. The testing of welders 
is of extreme importance, and in addition to having coupons pulled 
at regular intervals we have found another test very valuable 
both for impressing the welder with what his work must be made 
to accomplish and as a practical check upon the general quality 
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of welding. This test is the final practical one used for checking 
either oxyacetylene welders or electric-are welders. 

Fig. 17 illustrates a piece of pipe tested in accordance with our 
standard instructions which are as follows: 


Each welder before being considered qualified to operate must 
pass the following prescribed test. 

1 Prepare two pieces of 6-in. standard-weight pipe, each end 
beveled as per our standard and with extra heavy lap-joint flanges on 
the opposite end of each piece, to which must be bolted extra heavy 
blind flanges with a test connection. 

2 The welder must then make a complete butt weld according to 
our standard specifications. This completed piece must be tested to 
750 lb. hydraulic pressure and thoroughly hammered around the 
circumference of the weld while the pressure is applied. 

3 The sample must then be placed on a bending table with a 
bending shoe located approximately 6 in. back of the center of the 
weld, and then pulled cold until the pipe collapses practically flat. 

4 After this is done the weld and pipe are to be examined for any 
visible cracks, and, if the condition of the pipe permits, it is to be 
again placed on the test rack and hydraulic pressure applied to be 
certain that there are no cracks in the weld. 

A welder who has successfully passed this test will be considered 
qualified for independent work on our welded piping. 


In Fig. 17, point A represents the weld in the piece and B 

the point at which the bending shoe was located. In this photo- 
graph the piece has passed through its second testing and has 
started to crack at point B under approximately 500 Ib. pres- 
sure. 
Finally, the rigid enforcement of a test of the finished product 
insures not only the purchaser’s receiving materials suitable for 
the purpose intended, but also insures the fabricator that ‘‘man- 
agement”’ is functioning and the operators are performing to the 
requirements. Our required test for high-pressure stéam piping 
when welded is as follows: 


Welded piping material will be subjected to a hydrostatic pressure 
of three times the maximum allowable working pressure. Welds 
shall be hammered while under test, the hammering to be done all 
around the weld on both sides with a hammer weighing from 2 to 6 
lb., depending on the size of the pipe, and the blows shall be as heavy 
as possible without deforming or injuring the material. 
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BexAviorn OF WeELDs UNpER PRESSURES AND 
TEMPERATURES 


A question is often raised as to the behavior of welds under 
high pressures and temperatures. With increased steam pres- 
sures the piping materials are correspondingly increased in 
weight. The proper design of welds necessarily provides for 
a proportionate increase in the thickness of fillet and building 
up of the welds so that the relative strength of the joint is main- 
tained. In a recently published preliminary report on the 
subject of ‘“Welds at Elevated Temperatures,’’? one of the con- 
clusions reached after some very excellent research work was: 
“As far as ultimate strength is concerned, a strgng weld cold 
is in general a strong weld hot.”” This conclusion would indicate 
that welded joints made to proper design are just as safe propor- 
tionately when used in connection with the high pressures and 
temperatures encountered in the modern public-utility power 
plants as they have been found to be by years of trial and ex- 
perience operating under the lower pressures. 

It seems highly probable that as usual actual practice will 
demonstrate, as it is now already doing in higher pressures and 


‘ temperatures, the feasibility of carrying on with progress in 


this field while we follow with research work substantiating the 
correctness of those practices. There remains yet to be done 
in this field of research the collection of data relating to the 
strength of welds under torsional strains. It has been proved 
through years of actual service in pipe bends and at strategic 
positions in pipe lines where expansion and contraction strains 
and vibration are most vicious, that properly made welds are alto- 
gether safe. 

Engineers responsible for the piping going into the so-called 
superpower plants realize that they are dealing with a problem 
where a single failure may be of tremendous import. There- 
fore they can only be commended if at times they seem extremely 
rigid in their specifications and over-careful as to the ability 
and integrity of the pipe fabricator. 


? Trans. Am. Welding Soc., 1927. 
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Stresses and Reactions in Expansion Pipe 
Bends 


By A. M. WAHL,' EAST PITTSBURGH, PA. 


In this paper methods are outlined for the determination of 
stresses and reactions in pipe bends, in accordance with exact 
theory which takes into account pipe cross-section distortion. 
Formulas for various types of bends are given. The computation 
of maximum transverse and shearing stresses in accordance with 
the exact theory is facilitated by means of curves which are given. 
The theoretical results for deflection and distortion of the pipe 
cross-section are verified by tests made on small pipe bends at the 
Westinghouse Research Laboratory. Application of the theory 
to practical cases is illustrated, while the effect of steam pressure 
on the amount of flattening is shown to be small. 


pressures and temperatures, with corresponding increase 

in the expansions to be provided for, in pipe lines, the 
prublem of taking up these expansions becomes increasingly 
important. On account of their efficiency, expansion pipe 
bends have, in recent years, come into wide use for this duty. 
These bends must, however, be so designed that the reactions 
exerted by them on adjacent structures will be kept down 
to safe limits, while, at the same time, stresses occurring in 
the bends themselves will not be excessive. It is very essential, 
for example, to keep down the reactions exerted on steam- 
turbine casings, because of the very small blade clearances 
employed. Consequently, the importance of correct design 
for particular applications cannot be overestimated. 

However, the usual theory of bending of curved bars, such 
as is ordinarily employed in the design of pipe bends, can be 
shown in many cases to give erroneous results, due to the fact 
that the cross-section of the pipe becomes distorted or flattened, 
as will be explained later. Because of this, experimenters on 
test pipe bends who applied the ordinary theory were unable 
to obtain agreement between their test results and their calcu- 
lated results. 

For example, A. Bantlin,? who in 1910 made a series of tests 
on large pipe bends having rather thin walls, where the effect 
of flattening was considerable, found that the actual deflection 
was as much as 400 per cent greater than that calculated by 
the usual formulas. 

To explain these results Karman? advanced the theory that 
this lack of agreement between test and calculated deflections 
in pipe bends was due to distortion or flattening of the pipe 
cross-section. On this basis he derived analytically a formula 
for computing these deflections which gave results, when ap- 
plied to the Bantlin tests, reasonably close to the actual test 
results. 

Likewise, Crocker and Sanford,‘ of the Detroit Edison Co., 
who made an extended series of tests in 1922 on large pipe 


— of the present-day trend toward higher steam 


‘ Research Laboratory, Westinghouse Electric & Mfg. Co. 

* Forminderung und Beanspruchung federnder Ausgleichrohren, 
by A. Bantlin. Zeit. V.DI., p. 43, 1910. 

* See paper by Th. Karman, Zeit. V.DJ., p. 1889, 1911. Cross- 
Sectional distortion of curved pipes having rectangular cross-sections 
was considered in the paper by S. Timoshenko, Trans. A.S.M.E., 
1923, p. 135. See also paper by Wm. Hovgaard, Jl. Math. and Phys., 
Nov., 1926, in which flattening of the cross-section is also considered. 

See naper “The Elasticity of Pipe Bends,” by Crocker and San- 
ford, Trans. A.S.M.E., 1922, p. 547. 
contributed by Power Division and presented at the Annual 
eeting, New York, December 5 to 8, 1927, of Taz American Society 
or MEcuANtcat ENGINEERS. 


bends, were unable to obtain a check between their test de- 
flections and those calculated by using ordinary formulas, which 
neglect cross-section distortion. Using the more exact methods 
it is possible to come much closer to the actual test results. 
These experiments will be more fully discussed later on. 


EFrFrects OF FLATTENING OF THE Cross-SECTION 


In order to get an idea of the effects of this flattening® let 
us consider an element of a curved pipe between two neigh- 
boring cross-sections having a length ds (Fig. 1). 


Let R = radius of curvature of the bend 
r mean radius of pipe cross-section 
do angle included between two adjacent cross-sections 
ac and bd, before bending 
I = moment of inértia of pipe cross-section 
E = modulus of elasticity of the material. 


Assume now that a bending moment M acts on this element, 
causing the cross-section originally at bd to move to position 
bid, through an angle Adg. The resultant 7 of the tensile 
forces in the fibers on the outside of the bend and the com- 
pressive forces in the fibers on the inside of the bend cause these 
fibers to move toward the neutral axis as shown, the fibers 
ab and cd taking the positions a,b; and ¢,d,, respectively. 

The unit extension of the outer fiber ab will thus be 


a,b; —ab aye; —ab 
= ab ab 


We have 
= (R r — 5)d¢ 


e:b, = rAd@ (neglecting small quantities of higher order) 
ab = (R + r)d¢. 
Substituting these values in [1], we get 


(R+r)\dg 


The first quantity on the right-hand side of Equation [2] is 
the elongation of the outermost fiber according to the usual 
theory of curved bars. The second member represents the 
decrease in elongation due to flattening of the cross-section. 
If we take, for example, § = 0.005 in. as was found experimen- 
tally (see below) and R + r = 7 in., we get 


0.005 
= — =7.14 X 
R+r 7 


The corresponding reduction in stress would be (assuming 
a modulus of elasticity for steel = 30,000,000) 


S = 7.14 X 10-4 X 30 X = 21,400 Ib. per sq. in. 


Thus we see that a small amount of flattening is sufficient to 
reduce. greatly the stress in the outermost fiber. A like con- 
dition exists along the concave side of the bend, a small amount 
of flattening being likewise sufficient to decrease greatly the 
compressive stress in the fiber ed. 


* For a more complete explanation of this flattening, see papers 
referred to above. See also “Applied Elasticity,’”’ by Timoshenko 
and Lessells, p. 255. 
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Due to this fact, i.e., that the outermost fibers tend to relieve 
themselves of stresses because of flattening, the effect on the 
deformation is the same as though the moment of inertia of the 
cross-section were reduced. Consequently, in finding the def- 
ormation of a curved tube we must take, not the apparent 
flexural rigidity EJ, but a value of flexural rigidity KEJ, where 
K is a factor, less than unity (which we shall call the rigidity 
multiplication factor), to be determined from the relation: 


_1+12. 

10 + 12 
tR 
where A = — 


= thickness of pipe wall 
mean radius of bend 
r = mean radius of pipe cross-section. 


It is thus seen that the effect of flattening on flexural rigidity 


depends only on the magnitude of the quantity \ = ¢R/r?. 
Where the thickness of the pipe ¢ or radius of bend R are large 


ll 


Fie. 1 BeEnpine oF CurveD Pipe 


compared with the diameter of the pipe, the factor K approaches 
the value of unity and ordinary bending formulas apply. Often, 
however, the factor K is much less than unity. For example, 
in extra strong 10-in. pipe bent to a radius of 5 pipe diameters, 
as is common practice, the factor K is equal to about 0.5. In 
other words, the deflection may be twice that computed by 
the use of ordinary formulas. The discrepancy is even greater 
in standard full-weight 10-in. pipe bent to a radius of five pipe 
diameters, while in one of the pipe bends tested at the Westing- 
house Research Laboratory, bent to a rather sharp radius, 
the actual displacement was 4.6 times that calculated by ordi- 
nary formulas, although good agreement was found between 
results obtained experimentally and those obtained using the 
more accurate theory. 


Errect oF STEAM PRESSURE ON FLATTENING 


The question has been raised as to whether this flattening 
will not be resisted by internal steam pressure. To be sure 
there will be some effect, but, as mentioned above, the amount 
of flattening is so small (of the order of 0.002 of the diameter) 
that the tendency of the steam pressure to restore the cross- 


* This formula was first derived analytically by Karman, who 
showed that it is accurate enough for all values of \ greater than 
0.3, which include all practical cases. 1t was also derived by Hov- 
—_ using a somewhat different method. See papers mentioned 
above. 


section to its original circular form will not be great. However, 
in order to check this up, an equation was worked out (see 
Appendix No. 5) for the amount of restoration toward its 
original circular shape of a ring subjected to internal pressure 
and having an initial cross-section of a slightly oval form. It 
was found that for a steam pressure of 400 lb. per sq. in., which 
is about as high a pressure as is commonly used, this tendency 
toward restoration of the circular form was 1.6 and 5.3. per 
cent, respectively, for the 6-in. and the 12-in. bends considered 


— 


Fic. 2 LoneirupinaL Stress DrstrinuTion 1n Curvep Pipe 
(A = tR/r? = 0.8) 


Fie. Transverse Stress DistripuTion in CurvED = 
tR/r? = 0.8) 


below, which are practical cases. Consequently, it is believed 
that this effect may be neglected. 


Srress DistrRiBuTION IN CurvED Pipes 


In computing stresses, ordinary methods are at fault since 
they do not consider the peculiar distribution of the longitudinal 
stresses caused by the flattening of the cross-section. Because 
of this tendency of the outermost fibers to take less than their 
share of the stress, the longitudinal stress distribution over 
the cross-section is somewhat as shown in Fig. 2, which is 
that for the case where } = tR/r? = 0.8. The straight line 
represents the stress distribution according to the ordinary 
theory. 

Due to the tendency of the pipe under bending to assume a0 
oval form, transverse bending stresses are induced, the approximate 
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distribution of which is shown in Fig. 3 for a pipe in which 
) = (R/r? = 0.8. These reach their maximum at point A 
and oftentimes may be two or three times as great as the maxi- 
mum longitudinal stresses. For example in 10-in. extra strong 
pipe bent to a radius of five pipe diameters, as is common prac- 
tice, these transverse stresses will be about 1.7 times as great 
as the maximum longitudinal stresses. The same bend made 


1.0 


04 0.8 tr 1.2 1.6 2.0 
A? — > 


Fic. 4 Curve For Rigipiry MULTIPLICATION 
Factor K 


a-axis 
Fie. 5 


of standard-weight pipe would have maximum transverse 
stresses theoretically equal to about 2.6 times the maximum 
longitudinal. We thus see the need for considering these stresses 
in designing pipe bends. 

From the point of view of the maximum-shear theory of 
Strength of steel, we are not interested in the maximum trans- 
verse or longitudinal stress as much as in the maximum shear 
Stress, which is half the difference in the principal stresses at 
any point. By finding the maximum difference between the 
longitudinal and transverse stresses, a formula for the maxi- 
mum equivalent tensile stress may be obtained, which gives 
the most unfavorable condition for steel. On the basis of this 
formula it appears that the equivalent tensile stress in nearly 
all practical cases is at least twice that given by ordinary theory. 
This point is more fully discussed below. 


Purposes OF PaPER 
The purposes of this paper are therefore twofold: (1) To 


indicate a method of procedure, based on more exact theory, 
for the design of pipe bends, and (2) to check up the methods 
as far as possible by reference to experimental results. 

To this end the main discussion will be divided into four 
parts, namely: 


1 Methods for derivation of formulas for moments, de- 
flections, and reactions in pipe bends 

2 Analysis of stress distribution and determination of 
maximum stresses 

3 Experiments and comparison of experimental data with 
the more exact theory 

4 Application of theory to practical cases. 


PART 1 METHODS FOR FINDING MOMENTS, 
DEFLECTIONS, AND REACTIONS IN PIPE BENDS 


In developing formulas for moments and reactions in pipe 
bends, the usual theory of bending of curved bars’ can be used, 
the effect of flattening being taken into account by the rigidity 
multiplication factor K, referred to above, 


10 + 12 


For convenience in calculation, the curve of Fig. 4 between 
K and ) is given. 

If portions of the bend have different radii, the value KEI 
must be determined for each portion and this value used in 
the derivations. 

Two different methods will be used in arriving at formulas 
for moments, deflec- ¢ 
tions, and reactions in | 
pipe bends, namely: 

1 Method based on 
consideration of 
deformation of 
pipe elements 

2 Castigliano theo- 
rem method. 


In both cases the effect 
of longitudinal and 
shearing forces on de- 
flection are neglected 
and only the effect of 
bending moment con- 
sidered. 


Metuop BasED ON CONSIDERATION OF DEFORMATION OF PIPE 
ELEMENTS 


ds Rag 


Let us consider, for example, a quarter-bend of radius R 
acted on by a horizontal force P (Fig. 5). Take the direction 
of the z- and y-axes as shown. Let 


6. = deflection of end A along the z-axis 
6, = deflection of end A along the y-axis 
y = angular rotation of end A. 


Consider now an element of the pipe of length ds at an angle 
¢ from the z-axis. The bending moment acting on this element 
will be M = PR sin ¢. We may represent this element ds 
to a larger scale in Fig. 6. Under the action of this moment 
M the element ds will be bent, its change in curvature being 
equal to M/KEI in accordance with the ordinary theory of 
bending, where KEI is the flexural rigidity. 

7 Since for all practical cases the ratio of pipe diameter to radius 
of curvature of bend is greater than four, for purposes of determining 


moments it may be assumed that a linear law of stress distribution 
holds instead of a hyperbolic law. 


5 08 se 
10 + /2A2 K 3 
/ 
| 
| 
\ \) 
| 
| \ 
¢ \ \ 
ONS dz ay 
ax 
Fia. 6 
A 
; 


4 


244 


Because of the bending of this element ds, the end A is rotated 
through an angle 


Mds MRd¢ 


The total rotation y of the end A will a 


- ~ 


The negative sign is here taken since y is considered positive 


in a counterclockwise direction. Substituting M = PR sin ¢ 
in [5], we have 
= PR* sin ¢ PR? 
f KEI KEI “eee eee [6] 


Proceeding in a similar manner to find the deflection of the 
end A along the z-axis, we have 


MR? sin ¢ do 
KEI 


dx = DBdy = 


where dz is the deflection in the z-direction of end A due to 


7 


The total deflection in the 


the bending of the element ds. 
z-direction will be 


sin? sin?g@ PR 


In precisely the same manner we may obtain the deflection 
in the y-direction: 


CasTIGLIANO THEOREM METHOD 


We may arrive at the same results by a second method con- 
sisting in the application of the Castigliano theorem* which 
states that the partial derivative of the potential energy with 
respect to an external force in cases where the potential energy 
may be represented by a homogeneous function of the second 
order of forces is equal to the displacement corresponding to 
this force. Consequently all that is necessary is to find an 
expression for the potential energy stored in a given pipe bend 
and differentiate this with respect to the force acting in the 
direction in which the displacement is wanted. In case a 
moment is acting the derivative of the potential energy with 
respect to the moment will give the angular displacement cor- 
responding thereto. 

We shall now apply this method to the simple case of a quarter- 
bend considered above. The potential energy of an element 
ds is, neglecting the energy due to direct shear or compression, 
as beforz,® 

* Theorie d L’Equilibre des Systems Elastiques et Ses Applications, 


Turin, 1879. 
9 See —— Elasticity, Timoshenko and Lessells, p. 53, for deri- 


vation of this formula. 
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M*ds 
2KEI 


M?*Rd¢ 


dU = 
2KEI 


The total energy will be 


From the Castigliano theorem, 
3M MRdg¢ oM PR* 8 


oP Jo KEI oP 4 KEI 


which checks the value of 5, derived above (Equation [7]). 

If we wish to find the displacement 6, along the y-axis, we 
introduce a fictitious vertical force S, which we make later on 
equal to zero. The displacement will then be 


= MR OM 
KEI as 


as before. 

As a further example of the application of the Castigliano 
theorem, consider the case of the bend with end conditions 
shown in Fig. 7 which is interesting because it is believed to 
approximate the end conditions which obtained in the Crocker 
and Sanford tests” on pipe bends. 

We may assume the guides at A removed and replaced bya 
vertical force S. The total potential energy U in terms of 


= 0, 
The 


P and S is computed. Since no movement of S occurs, a 


from which condition S may be found in terms of P. 
deflection in the z-direction will then be given by 


ReEsvuuts For Simp.Lest Cases 


Using the above methods we obtain for the simplest cases 
the following results: 

Case 1. Quarter-bend fixed at one end and loaded by a 
transverse force P (Fig. 8). 


* 4 KEI 

1 PR* 
2 KEI 


Case 2. Quarter-bend fixed at one end and loaded by an 
axial force S (Fig. 9). 


SR? [x _ 
¥ KEI \2 
1 SR* 


KEI 


SR? [3x 


ov = KEI 


Case 3. Quarter-bend fixed at one end and acted on by 4 
bending moment M, (Fig. 10). 
¥ KEI 
10 See below for further explanation of these tests. 


0 2KEI 
Mrd¢ 
A KEI 
F | 
| 
ie v > KEI [8] KEI 


an 


.=— 


KEI \2 


PRINCIPLE OF SUPERPOSITION 


By applying the principle of super- 
position or by proceeding as outlined 
above, we obtain solutions for the follow- 
ing cases: 

Case 4. 180-deg. U-bend fixed at one 
end and loaded with a transverse force 
P (Fig. 11). 


2PR? 
KEI 


PR: 
* 2 KEI 
KEI 


Case 5. 180-deg. U-bend fixed at one 


end and loaded with an axial force S, 
(Fig. 12). 


aSR? 

KEI 
SR? 
32 
KEI 


Case 6. 180-deg. U-bend fixed at 
one end and acted on by a bending mo- 
ment M, at the other (Fig. 13). 


KEI 
2 
KEI 


A further application of the principle 
of superposition will give formulas for 
4 deflections of bends made up of portions 
of pipe having the shape of one or more 

of the foregoing cases. As an example, 
consider the expansion U-bend shown in 
Fig. 14, acted on by the force P as shown. 
We may consider this bend to be made 
up of the elements shown in Fig. 15. 
The deflection at the end A along the 
z-axis due to each section will now be 
computed. The tabulated computations 
are shown in Table 1. In order to get 
the total deflection in the z-direction, 


we add those due to each portion.. That 
is, 
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Fie. 11—Case 4 
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Fig. 12—Case 5 
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Fig. 13—Case 6 
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TABLE 1 COMPUTATIONS FOR FIG. 15 


bey = Formula of displacement The results for several important types of pipe bends having 
(Fig. 15) — eh teaeae various conditions of end supports are given below. (For 


PR3 
Case3 = RV = method of derivation see Appendix No. 1.) 


PR’ 


Resvutts ror More 


DC 
Case 3 


3x PR’ 
(F-2) 
3xPR* 
62 = b + b2 +53 + + 5s + + 57 + 53 + 59 = ——— 
KEI 
Fie. 18—CaseE 8 
which result may also be obtained directly by the application 
of the Castigliano theorem, as explained above. 


2-ax/'s 
Fic. 17—Case 7 Fie. 19—CaseE 9 


In practical cases, where complicated pipe bends are involved, Case. Ends hinged (Fig. 17). 


the principle of superposition may be extensively applied. 39.9 PR: 
The pipe is divided into sections and the reactions and moments 6: = KEI 
produced at the end of the pipe by each section are added to 


find the resultant bending moment and reaction."! Case 8. One end fixed, the other hinged and guided in the 


x-direction (Fig. 18). 


18.7 PR* 
KEI 


Sometimes conditions of symmetry may make it possible . 
to simplify the problem. For example, take the expansion 
U-bend shown in Fig. 22, having both ends fixed. From sym- Case 9. One end fixed, the other free to move in the direction 
metry we may assume it to be composed of four quarter-bends of the z-axis but not free to rotate (Fig. 19). 
each fixed at one end and subjected to a force P, as shown 
in Fig. 16. This follows at once, since at the points B and = 12.3 PR 
C (Fig. 22) no moments or vertical forces are acting. Hence KEI 
the expansion under these conditions will be four times that : ri 
given for 8, in Case 1 or Case 10. Both ends hinged (Fig. 20). 


x xPR? 9.42 PR* 
= 4\ Kel) ~ KEI KEI 


11 This method is used by the South Philadelphia Works of the _ C&8¢ 11. One end fixed, the other hinged and guided ™ 
Westinghouse Company in the design of piping for turbines. the z-direction (Fig. 21). 


PR? PR} 
y= Kel Case 1 & = RY = - KEI 
» 
«PR? > 
. Case 6 = Ry = x 
2PR3 2PR 
és" 3 2 KEI 
| 
5 45° 45° 
45° 


62. 
“KEI 


Case 12. One end fixed, the other free to move in the z- 
direction but not free to rotate (Fig. 22). 


P x P 
Fic. 20—Case 10 


Fie. 22—Case 12 


6, = 
KEI 


Case 13. Turbine expansion bend"? having fixed ends. 


(Fig. 23.) Let: 
5. = horizontal expansion 
dy = vertical expansion 


P, = horizontal reaction 
P, = vertical reaction 
My = bending moment at A. 


he Then we have the following formulas: 
a+ +t 
Els, = M, (= +2 nu.) —P, (22 + — 
+P, + aun) 


** For derivation of these formulas see Appendix No. 2. 
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+p. + hi? + 


Rl, 2R3 
+ + 2 Rh — nis) 


By solving these equations simultaneously the values of 
Mo, P:z, and Py may be found. 


SuMMARY OF METHODS 


From these above equations we may obtain forces and mo- 
ments at the ends of the bends. By simple equations of statics, 
the bending moment at any point may be determined. In 
case of doubt as to the position of the maximum bending mo- 
ment, differentiation may be resorted to. When the maximum 
moment is found as above, maximum stresses may be found 
by the methods given below. In case, however, the maxi- 
mum moment is in the straight portion of the pipe, the stresses 
due to the maximum moments in the curved portions should 
also be investigated since a given moment produces a higher 
stress in curved pipes, as explained below. 


Y-ax/s 


Fic. 23—Case 13 


PART 2 ANALYSIS OF STRESS DISTRIBUTION AND 
DETERMINATION OF MAXIMUM STRESS 


LONGITUDINAL STRESSES 


As mentioned above, the longitudinal stresses in curved 
pipes do not follow the linear law assumed in the ordinary 
theory of bending. The actual longitudinal stress distribution 
depends on the value of \ and is given by the formula'® 


My 6 y? 
( 5 + 4 (9] 
where y = distance of element considered from the neutral 
axis 


M = bending moment applied. 


The distribution of these stresses over the cross-section is 
illustrated graphically in Figs. 2 and 34, for the cases where 
A = 0.8 and A = 0.3, respectively. 


18 This formula was first derived by Th. Karman. Later it was 
derived by W. Hovgaard, using a different method. See papers 
mentioned above. 
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TRANSVERSE STRESSES 


The transverse stresses at a distance y from the neutral axis, 
induced by the flattening of the cross-section, are given by 
the following formula: 


[10] 

2.8 
S \ 
(Sehax* TT 
e 
° \ 
32.0 
\ 
1.6 \ 
he 
+ 
1.2 
> 
D 
r 
0.5 

04 

0 0.4 0.8 1.6 


Fic. 24 CurvE ror CoMpuTING TRANSVERSE STRESSES IN CURVED 


PIPE 
4 
Q 
353 A 
=o 
Ss 
+5 max I 
o+?2 
ol 
0 08 1.2 2.9 24 28 
auth 


Fic. 25 Curve ror CompuTiInG EQuivALENT STRESSES IN CURVED 
Pipes 


The curve of Fig. 3, showing the transverse stress distribution 
over the cross-section of a typical curved pipe (where A = 0.8), 
is simply a graphical representation of Equation [10]. These 
stresses become a maximum at y = 0 and y = r, this maxi- 
mum being 


Mr 18 Mr 
(St) max. = (18) 


14 See Appendix No. 3 for derivation of this formula. It is inter- 
esting to note that this formula agrees fairly well with that proposed 
by Hovgaard within the practical range of values of ». See paper 
mentioned above. 
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18\ 
1+12,? 

A curve between \ and y is shown in Fig. 24 for convenience 
in computation. For cast-iron pipes, where the maximum- 
stress theory holds, stresses should be computed with the aid 
of this curve since these are the maximum stresses in the pipe 
except for values of A greater than 1.5. Where X is above 
1.5, the longitudinal stresses approach the value obtained by 


where y = 


Fie. 26 Pipe-Benp TEst 


ordinary methods, that is, the longitudinal stress is given by 


Mr 
Tt while the transverse stresses are numerically less. 


SHEARING STRESSES 


For steel pipes, which are commonly used, however, the 
maximum-shear theory is usually accepted. Consequently 
we are more interested in the tensile stress equivalent to the 
maximum shearing stress, which may be obtained by finding 
the maximum difference between the longitudinal and transverse 
stresses, i.e., the principal stresses. This equivalent stress is 
represented by 


where a@ is a factor greater than unity by which the maximum 
stress Mr/I, found by the usual methods, must be multiplied 
in order to obtain the equivalent tensile stress. The value 
of « depends on the value of \ = tR/r*, and may be obtained from 
the curve of Fig. 25. Curves illustrating the distribution of 
these equivalent stresses over the cross-section are shown i 
Appendix No. 4, Figs. 33 and 34. 


18 See Appendix No. 4 for derivation of formulas for computing % 
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Stresses due to steam pressure as well as those due to torsion 
must be superimposed on these other stresses in order to get 
the resultant maximum stress. 


/ New | 
Formula Formula 
Experiment | 
Pa Loap-DEFLECTION CURVES 
/ Pipe No. 1 
5 1” Diam. Steel U-Bend 
R = 5.9” 
t = 0.605” 
r = 0.535” 
= 1.24 
“0 0.010 0.020 0.030 0.040 0.050 0.060 
Defiection in Inches 


Fie. 27 Loap-DEFLEcTION CURVE 

PART 3 EXPERIMENTS AND COMPARISON OF 

EXPERIMENTAL DATA WITH THE MORE EXACT 
THEORY 


MeruHop oF TESTING 


In order to test out this more exact theory, a series of tests 
on small pipe bends made of seamless: drawn tubing was carried 
out at the Westinghouse Research Laboratory, East Pitts- 
burgh, Pa. 

The shape of the bends tested, together with the method 
of loading, is shown in Fig. 26. All bends were U-shaped, with 
a radius of bend of about 6 in. Dial gages were connected 
between points A and A’ and B and B’. These dial gages 
were kept taut by means of rubber bands and gave very con- 
sistent results, repeated readings seldom differing by more 
than 0.001 in. The points of the load-deflection curve fell 
almost exactly along a straight line (see Figs. 27, 28, and 29). 

Three different sizes of seamless tubing were tested, the 
radii of bend being approximately the same. 


Pipe 1 1-in. steel tube, thickness 0.060 in. 
Pipe 2 2-in. steel tube, thickness 0.068 in. 
Pipe 3. 1-in. brass tube, thickness 0.033 in. 


The average radius of the actual bend was measured by 
laying off the bend on a large sheet of drawing paper and taking 
the mean radius along several points of the curved portion. 

The thickness was accurately determined by weighing the 
bend, allowance being made for the weight of the flat plates 
welded on to the ends of the pipe to prevent distortion of the 
ends of the pipe when the load was applied. 

A small weight W’, attached to the end of a rod projecting 
from the upper end plate, served to keep the bend horizontal. 


DeEFLEcTION Test RESULTS 


The results of the test are shown in the load-deflection curves 
of Figs. 27, 28, and 29, the load being plotted against the de- 
flection measured between points A and A’, Fig. 26, at the 
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ends of the curved portion. The computed load-deflection 
curves also shown were obtained by the methods outlined 
above, the values E = 30 X 108 for steel and E = 17 X 108 
for brass being used. The dimensions of the bend tested are 
given on each curve, as well as the load deflection curves com- 
puted by the usual formulas. It can be clearly seen that the 
exact theory gives much better results.'® 
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Deflection in Inches 
Fie. 29 Loap-DeEFLEcTION CURVE 


As a check, the deflection between points B and B’ (Fig. 26) 
was calculated by the above methods, using the same value 


16 The same general results were obtained by Karman when he 
applied his formulas to the Bantlin tests, and by Hovgaard in tests 
made at the Massachusetts Institute of Technology. See papers 
referred to above. 
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of moduli of elasticity. These calculated results also agreed 


with those obtained experimentally within a few per cent. 


DistorTION-TEst RESULTS 


The outer diameter of the cross-section of the pipe at C, 
Fig. 26, in the plane of the bend and that perpendicular to the 
plane of the bend were measured at zero load and at full load 
by means of a micrometer. The difference between these 
readings gave the amount of distortion of the cross-section. 
Due to the fact that it was difficult to apply the micrometer 
in exactly the same position after loading, the possible error 
in measurement was estimated at + 0.001 in. It was found 
that there was no appreciable difference between the increase 
in one diameter and the decrease in that perpendicular to the 


first. 
The distortion was computed from Formula [32],!7 Appendix 


No. 3, which is 
MRr 6 
6 = KEI [13] 


where 6 = maximum increase or decrease in radius of cross- 
section 
M = bending moment applied. 
A comparison of observed distortions and calculated dis- 
tortions is given in Table 2. 
TABLE 2 COMPARISON OF OBSERVED AND CALCULATED 
AMOUNTS OF FLATTENING 


Observed increase Calculated increase 
Pipe in radius, in. in radius, in. 


Pipe 1 1-in. steel U-bend 0.001 = 0.001 0.0020 
Pipe 2 2-in. steel U-bend 0.005 += 0.001 0.0047 
Pipe 3 1-in. brass U-bend 0.005 + 0.001 0.0060 


Thus the calculated amounts of distortion are seen to” check 
up with those predicted theoretically within the limits of ex- 
perimental error. This affords another check on the correctness 
of the theory. 

Lovers Lines Test 


The two steel bends were polished in the neighborhood of 
point C, Fig. 26, to allow an observation of Liiders lines when 
tested to failure. 

In both cases Liiders lines appeared at a stress corresponding 
to about 50,000 Ib. per sq. in., and were found to be most pro- 
nounced at sections remote from the outermost fibers. 

In the case of the 1-in. steel bend where A = tR/r? = 1.24, 
these lines were most pronounced at the sections about two- 
thirds of the radius distant from the neutral axis, while none 
appeared at the outermost fibers, thus showing that less stresses 
existed at these outermost fibers. 

In the case of the 2-in. steel bend, where the effect of flattening 
was greater, the lines were found to be most pronounced at 
sections about 0.3r from the neutral axis, no lines appearing 
at sections greater than 0.6r distant. By substituting in the 
formulas for S; and S;, Equations [43] and [44], Appendix No. 4, 
we find that the maximum stress is S; for the value \ = 0.38 
and that it occurs at y = 0.28r distant from the neutral axis. 
Thus a further check of the theory is obtained. 


Discussion OF CROCKER AND SANFORD TESTS 


The tests made by Crocker and Sanford‘ were partially 
fixed-end tests since one end of the pipe was bolted to a heavy 
flange connected to a piece of straight pipe which served to 


17 This formula is a close a supmaimetion to a“similar formula de- 
rived by Hovgaard, using a different method, and applied by him to 
tests at the Massachusetts Institute of Technology. See paper 
referred to above. 
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hold it more or less rigid. The other end was prevented merely 
from slipping off the head of the jack. Consequently in these 
tests we have the condition shown in Fig. 30. Due to the 
fact that the end A of the pipe may rotate somewhat as allowed 
by the flexibility of the pipe AB, we cannot assume it absolutely 
fixed nor can we assume it hinged. Consequently, the best 
we can do is to take a mean value for the deflection computed 
on the basis of a fixed end at A and that computed assuming 
a hinged end at A. Since the pipes tested were all of the shape 
considered in Cases 7, 8, 10, and 11, Figs. 17, 18, 20, and 21, 
respectively, we may use the formulas given and take a mean 
value between the case where end A is hinged and where end 
A is fixed. This gives for the double offset expansion bends: 


_ 29.3 PR 

and for the expansion bends 

7.02 PR? 

ru (15) 


3 
The coefficients of “ for the various bends tested were 


found by substituting the proper value of K in Formulas [14] 
and [15]. These results are given in Table 3 where, for com- 


TABLE 3 CROCKER AND SANFORD TESTS 


(Comparison of coefficients as obtained by new formulas, by Crocker and 
Sanford formulas, and by test) 


Coefficient of bt. Percentage 


El of error, Per 
Crocker Crocker centage 
and and error, 
New Sanford Sanford new 
Pipe formula Observed formula formula formula 
6-in. expansion U-bend wall 


thickness 0.418 in....... 9.7 9.42 9.42 0 3 


2 
6-in. expansion U- bend wall 
thickness 0.285 in....... 13.4 12.02 9.42 22 1k 


6-in. expansion U- bend wall : 
thickness 0.27 in........ 13.9 14.1 9.42 33 1 
X= 0.825 K = 0.504 
6-in. expansion U-bend wall 
thickness 0.274 in....... 13.7 16.88 9.42 44 19 
X= 0.84 K = 0.513 
10-in. expansion U-bend 
wall thickness 0.336 in... 15.1 20.8 9.42 55 2 
A= 0.755 K = 0.466 
6-in. double offset expansion 
U-bend wail 
0.41 in. - 39.5 39.9 39.88 0 1 
1.43 K = 0.741 
4-in. double offset expansion 
39.2 40.7 39.88 2 4 
X= 1.45 K = 0.747 


parison, the values as calculated by Crocker and Sanford, con- 
sidering the ends hinged and neglecting cross-sectional cistor- 
tion, are also tabulated. It may be noted that in some cases 
the Crocker and Sanford formulas give good results. This 
can easily be seen to be due to the fact that the error made by 
neglecting cross-sectional distortion tended to compensate for 
the error made by neglecting the fixity of the ends. However, 
in most cases this compensating effect is not so pronounced, 
so that on the whole the more exact formulas give results in 
much better agreement with the test results than those proposed 
by Crocker and Sanford. The reason that better agreement 
between the new calculated and test results is not obtained 
is that conditions at the end A are not exactly midway betwee? 
fixed and hinged, but vary with the rigidity of the various bends 
and with other factors in the experimental set-up. 


PART 4 APPLICATION OF THEORY TO PRACTICAL 
CASES 


As an example of the application of this theory to practical 


pe 


ind 


ge 


ila 


cases, let us take a case™* of a double offset expansion bend, 
with indeterminate end conditions, of the shape considered 
in Case 9, Fig. 19. We shall assume the worst conditions 
from the standpoint of stresses and reactions, which will be 
fixed-end conditions. The following data are given: 


Expansion 6, = 3.25 in. 
12-in. extra-strong pipe, ¢ = 0.5 in., r = 6.1 in. 
tR 
R = 60in,, AX = — =08 
r? 
I = 350 in.‘ 
From the curve of Fig. 4 we obtain 
K = 0.49 for \ = 0.8 


12.3 PR* 


Substituting in the equation 6, = 
ubstituting eq KEI 


given under 


Case 9, we get P = 6250 lb. 
From symmetry, the maximum moment will occur at the 
fixed ends and will be 


(M) maz. = P W2R = 530,000 in-lb. 


From the curve of Fig. 25, we obtain for 8 = 0.8, a = 2.3. 
Substituting in Equation [12], 
@ (M) maz. 2.3(530,000) (6.10) 
( I 360 
aq. in. 

Proceeding in a similar manner but neglecting cross-sectional 
distortion, i.e., assuming K = 1, we obtain 


P = 12,700 Ib. 
= 1,080,000 in-Ib. 
(S) max. = 18,600 Ib. per sq. in. 


We see that in this example the reaction computed by exact 
methods is less than half that computed by ordinary methods. 
The stresses calculated by both methods are about the same, 
the reason being that the lowered stress due to assuming the 
coefficient a in Equation [12] to be unity tended to compensate 
for the increased stress due to neglecting the additional flexibility 
of the pipe. 

Another case of piping to a steam turbine, consisting of a 
bend of the shape shown in Fig. 23, made of 6-in. extra strong 
pipe, was calculated using the formulas of Case 13. Due to 
the fact that the factor K for the curved portion of this pipe 
was 0.76 and that a considerable portion of the pipe was straight, 
values of maximum stress and reactions found by both old and 
new methods differed by only a few per cent. In such cases, 
ordinary methods are sufficiently accurate. If this bend, how- 
ever, had been made up of the curved portion only, the straight 
portions being left out and other things being equal, the values 
of stresses and reactions figured by ordinary and exact methods 
would have been quite different. 


= 20,800 Ib. per 


CoNCLUSIONS 


_The methods for the calculation of stresses and reactions in 
pipe bends herein outlined have been shown to give results 
in good agreement with the experimental results available 
to date. They should therefore be applied in practical design, 
since the method of application is simple, consisting only in 
taking a corrected value of flexural rigidity KEI and a cor- 
rected value of maximum stress a Mr/I or y Mr/I, depending 
on whether the pipe is steel or cast iron. 

Where end conditions are indeterminate the worst conditions 
should be assumed. 

"* The data used in this example are taken from an actual case of an 
€xpansion bend in a main steam header leading to a turbine. 
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In the case of simple bends such as are considered in this 
paper, simple formulas may be derived by means of which 
stresses and reactions may be found. For more complicated 
cases, the same general methods of attack may be applied. 

In conclusion, the author wishes to acknowledge his indebted- 
ness to Dr. S. Timoshenko of the Westinghouse Resedrch De- 
partment for the many valuable suggestions made by him in 
the preparation of this paper. He also wishes to thank Mr. 
P. L. Irwin, also of the Westinghouse Research Department, 
for aid in carrying out some of the experiments; and Mr. J. W. 


Fia. 30 
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Bowker, of the Westinghouse Turbine Engineering Department, 
for reading over the manuscript and making several corrections. 


Appendix No. 1 


APPLICATION OF CASTIGLIANO THEOREM 


As an illustration of the application of the Castigliano theorem 
to pipe bends, we shall take the case of a double offset expan- 
sion bend of the shape shown in Case 8, Fig. 18, fixed at one 
end and guided at the other. This may be replaced by the 
bend of Fig. 31 where the guides at A have been removed and 
the vertical reaction P, substituted. 

The potential energy in the pipe is as before: 


0 2KEI 
where the integral is taken over the total length of the pipe. 


Let Ma = bending moment at A’ 
Ms = bending moment at B’ 
Mc = bending moment at C’ 


From the figure: 
M, = — PR (1 — cos ¢;) + P,R sin ¢, 
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Ms = — PR (2.41 — cos ¢:) + PyR (0/2 — sin ¢:) 
Mc = — PR (1 —sin ¢s) + P,R (2 — cos 
The total — energy will be 


. Since no movement of P, occurs, we have 


7x 
Ma OMa 4 
— R — 
4 
aP, 
We also have 
oMa M 
ap, Bain = R —sin 
oMe 
R — cos gs) 
Substituting these values in [16] and integrating, we get 
The deflection in the direction of P will be 
7x 


2 Mc Me 
— — Rd 
Ker op 


oM M M 
Substituting values of Ma, Mz, Mc, i 
[18] and integrating, we obtain 
KEI 3, = 39.9 PR* — 22.7 P,R®.......... [19] 


from which, using [17], we get 
18.7 PR? 
KEI 


Appendix No. 2 


FoRMULAS FOR TURBINE EXPANSION BEND 


We may replace the turbine expansion bend shown in Case 
13, Fig. 23, Part 1, by the equivalent system shown in Fig. 32 
where the end A’ is assumed to be free and acted on by the 
forces and moments indicated. 

The bend is assumed to have expanded freely and then to 
be brought back to its original position by the application of 
the external forces P, and P, and the moment Mo. 

From the Castigliano theorem, we have, where U is the 
potential energy, 


Vertical expansion, i, = [20] 
oP, 


Since no rotation of the end A’ occurs, we also have 
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oU 
Let Ma = bending moment at A 
Ms = bending moment at B 
Mc = bending moment at C. 
| 


From the figure, 


Ma = M,—P: 
Ms = M,—P.: (l, + Rsin ¢) + P,R (1 — cos ¢) 
Mc = M.—P: (i —y) +2P,R 


The total potential energy is 


Jo  2E!I 2KEI 2 Ell 


From [22] 
= = — 
oM, 0 EI oM, KEI oM, 
Mc oMc 
[23] 
0 EI 
oMa OMe aMe 
Substituting values of Ma, Ms, Mc, 5M,” and 


in [23] and integrating, we obtain 


Mo = 
+i —¥)—», (= +2uR) 
lL + +h 

Likewise we have 

o EI KEI oP, 

le 
(25] 
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Substituting in [25] and integrating, we obtain 


LR? 
El = Mo (= + — ("2 + x + 


3rR3 
+P, (22 OK +4 [26] 


To find the horizontal expansion we proceed exactly as before 
except that we differentiate U with respect to the horizontal 
reaction P,. In this manner we obtain 


= 2R2 1.2 
1,3 4R?l, Rs 1,3 
LR? 
(: + nie) (27] 


The Equations [24], [26], and [27] are those given in Case 13, 
art 1. 
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DevIATION OF FoRMULA FOR TRANSVERSE STRESSES AND FOR 
AMOUNT OF FLATTENING 


It was shown by Karman® that the tangential displacement 
during deformation of any point P (Fig. 33) of the cross-section 
of the pipe wall could be 
represented accurately 
enough for practical pipes 
by 


= C sin 2¢... [28] 


where = tangential 
displacement of the point 
P originally at an angle @ 
from the z-axis. 

For practical pipes, 
where the wall thickness 
is small compared to the 
diameter, it may be as- 
sumed that the mean 
length of the circular cross-section does not change during bend- 
ing. Consequently it follows” that 


Fig. 33 


Using the principle of minimum potential energy, Karman 
determined the value of C: 


3r MR 
31 
5 + 6 KEI 
Substituting [31] in [30] we get 
[32] 
KEI5+6» 


It may also be shown” that the change in curvature of the 
cross-section of a circular ring is given by 


'’ See Rayleigh, “‘Theory of Sound,” vol. 1, p. 412. 
* See “Applied Elasticity,” Timoshenko an p. 230. 


Substituting [29] in [33] we obtain 


1 1 aw, dw, 


Differentiating [28] and substituting in [34], we get 


The transverse stress is then (substituting value of C given 
in [31]) 


1 1\tE 9Mr 


2y? 
Putting cos 2¢ = 1 — —>? we obtain 
r 


9 1—2¥ 


I \ KG + 6 »*) I 1 + 12 »? 


The maximum value of S; will occur when y = 0 or r. This is 


Mr ISA 
1+12> 


(Se) max. 


Appendix No. 4 


DERIVATION OF ForMULA FOR Maximum EQUIVALENT STRESS 
In Pipes 


From Equations [9] and [10], we have for the longitudinal 
and transverse stresses 


M 6 2 
(37] 
KI 5 + 6 AP r? 
2y 
9X (: 
A 2 
S; = re... [38]?! 


Kl 


Since these are principal stresses the shear stress will be 
represented by half their difference and the tensile stress equiv- 
alent to this shear stress will be represented by their difference. 
Denoting this equivalent stress by S, we have 


Substituting [37] and [38] in [39 1 putti on Sete 
Substituting [37] and [38] in [39], and putting K = io + 12a” 


we get 


18 dy? 
T\i+ 2» 


In order to find the distance y from the neutral axis at which 
S becomes a maximum, we differentiate S with respect to y 
and set the derivative equal to zero, thus obtaining 


5 
wer[ +2] [41] 


where y is the distance from the neutral axis to the point where 
the slope of the equivalent stress curve is zero (Fig. 34). 


+ (40) 


21 We shall consider the transverse stresses on the outside of the 
pipe wall in this discussion, hence the positive sign in [38]. 


1 1 1 /aw. 

6C 

) 
ie 

dw 
0 The maximum value of the radial displacement will then be BT “s 

1 

= — 


7, 
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Where the value of \ is between 0.3 and 0.335, Equation 
(41] gives two values of y at which the slope of the equivalent 
stress curve is zero, corresponding to the two points A and B, 
Fig. 34. In this case the curve has the general shape shown. 

For values of \ greater than 0.335 the positive sign of the 
radical in Equation [41] has no meaning since y is then greater 
thanr. Therefore a maximum should be looked for at y = + r. 


Transverse 
Stress 
feversed 


Loulvalent 
Stress 
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In the above discussion the transverse stresses on the outside 
of the pipe wall were considered. The same values of maxi- 
mum equivalent stress will be found, however, if the trans- 
verse stresses on the inside of the pipe wall are considered, the 
only difference being a change in the position of the point of 
maximum equivalent stress, due to the fact that the transverse 
stress curves, Figs. 34 and 35, are reversed in direction. 


Appendix No. 5 


Errecr oF STEAM PRESSURE ON 
AMOUNT OF FLATTENING 


The effect of steam pressure in pipes 
on the amount of flattening can be 
estimated as follows: Assume that 
a thin circular ring of unit axial length, 
having the same equation for its cen- 
tral line as the deformed pipe cross- 


section of an actual pipe, is acted on 
by internal pressure (Fig. 36). Due 
to this pressure the oval shape tends 
to become circular as shown by the 
dotted line. We shall now compute 
the amount of this restoration to 
the circular shape. 

As above (see Appendix No. 3) we 
shall assume that the radial displace- 


Fie. 34. EqurvaLent Srress DistrisuTION ON OUTSIDE OF CURVED Pipe (A = tR/r? = 0.3) 


In these cases the equivalent stress curve has the shape given 
in Fig. 35, which was worked out for the case where \ = 0.8. 

The maximum given by Equation [41] is at y = — 0.27 r, 
corresponding to point B. The other maximum is at y = r, cor- 
responding to point A. 


4 
Substituting y = r + is [40] we obtain 
20 [4 5 
2 a= 2 
Mr® 36 Ee + 
I 


2 
1+ 12 » [42] 

4 
Subetitutingy = | a— 3 in [40] 

4 


I 1 + 12 »? 


If we set y = r in [40] we obtain a numerical maximum, 
which is 


(= 


1 + 12»? 


Summing up, we have 


For 0.3 < \ < 0.335, maximum stress = S, or S; 
For dX > 0.335, maximum stress = S; or S; 


The calculation was carried out for values of \ varying from 
0.3 to 3, ie., the practical range of values and the curve of 
Fig. 25, plotted between a and i, where a = the maximum 


value of the coefficient of " found from Equations [42], [43], 
and [44] in the manner outlined abov-. 


alae ment of point P, originally at an 
angle @ from the z-axis, from the 
true circular section is 


(67 
Mr 
Transverse 
Stress 


Reversed 


Pesu/tant 
Equivalent 
Stress 


Longitudinal 
“Stress 


Fie. 35 EqurivaLent Stress DistrisuTiIon on or CURVED 
Pips (A = tR/r? = 0.8) 


W, = 6 cos bé [45] 
and the tangential displacement 
Wi. =— ; [46] 


From symmetry it is sufficient to consider a quadrant of 
the ring only (Fig. 37). We shall now introduce at A a fictitious 
force S which we make equal, at the end, to zero. By differentiat- 
ing the potential energy of the ring with respect to S we shall 
obtain the displacement of point A due to the steam pressure,” 


23 This follows from the Castigliano theorem. 
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if Sis zero. The bending moment M, at point A is determined 


from the condition = 0, while the normal force at A is 


M 
from statics p (r — 8). 
From statics the bending moment at point P’ is 


M = My — p(r — 4) (r — 6 — r Bind — W, sin ¢ — W: cos ¢) 


+ (¢—8—rsin¢ — Wrsin — cos 


+ (7 cos + W, cos ¢ — Wisin ¢)? 


+ S (r cos ¢ + W,cos¢@— Wising)............... [47] 


Fic. 36 Rinc Sussectep To INTERNAL PRESSURE 
Collecting terms, substituting [45] and [46] in [47], and 
neglecting terms of higher order, we obtain 
M = M, + pré (1 + cos 29) 
— (r cos¢ + 6 cos*¢)............. [48] 


2 
From the condition ll =(Q= Md@¢ we obtain, putting 
0 
S=0 


Let ¢ = the displacement in the direction of the force S, 


due to the pressure p. Then, from the Castigliano theorem, 


_ aU 2M aM 


Substituting in [50], we get 


2 
Ele -- f° r [My + pré (1 + cos 26) 
0 


— S(r cos ¢ + & cos* ¢)] [r cos + 8 cos* ¢] do... . [51] 


3g] 
r cos + 5 cos? 


BInce 


‘Putting S = 0 in [51] and neglecting 6 cos* ¢ in comparison 
With r cos since for practical pipes 3 is seldom greater than 
0.005 r, we get 


2 
Ele = + 72 [Mo + pré(1 + cos2¢)] cos¢dg. -.... 152) 
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Integrating and substituting [49] in [52] and remembering 
3 


t 
that] = — 
12’ we get 


Taking the practical case of Part 4 where r/t = 12, and 
assuming that p = 400 lb. per sq. in. and FE = 30 X 108, we 
obtain 

0.400 (1.2%) (4)6 
~ 30 108 


. = 0.053 6 

showing that the effect of steam pressure would reduce the 
amount of flattening about 5 per cent. With pipes having 
a smaller ratio r/t, this effect would be considerably decreased. 
For example, in the case of the 6-in. pipe considered above, 


the effect of steam pressure at 400 lb. would be 1.6 per cent. 
At lower pressures the resistance to flattening would likewise 
be proportionately less. 


Discussion 


Sapin Crocker.** The effect of distortion of the circular 
cross-section of the pipe during flexure of a pipe bend has been 
advanced by several writers, as stated by the author, in explana- 
tion of the discrepancy observed in certain instances between 
test results and values calculated by the usual curved-bar formu- 
las. In this connection attention is called to Dr. S. Timoshenko’s 
discussion of this point with reference to the paper on ‘“The 
Elasticity of Pipe Bends,” by Crocker and Sanford, Trans. 
A.S.M.E., 1922, pages 585 to 589, and the authors’ closure, page 
598. 

In discussing the author’s paper with several engineers, the 
writer has observed a tendency to draw a wrong conclusion as 
to the significance of the flattening correction as applied to the 
curved-bar formulas for pipe bends. To clear up this miscon- 
ception it should be emphasized that these flattening corrections 
are intended to compensate for distortion of the circular cross- 
section occurring during flerure of the bend, and not to compensate 
for any permanent flattening which may have taken place during 
fabrication of the bend from a straight piece of pipe. In this 
connection it would be interesting if the author would evaluate 
the effect on stress and reactions resulting from such permanent 
flattening as may have taken place during fabrication of a bend. 

The supposition that the unexpected flexibility observed in 
some of the Crocker and Sanford tests is attributable to flattening 
of the circular cross-section, affords a ‘more plausible explanation 
than does the supposition of minute waves or crinkles mentioned 
in Dr. A. Bantlin’s report of his tests on lyre-shaped bends. 
The bends tested by Dr. Bantlin were formed to a much shorter 
radius than usual in American practice, and according to his 


23 Designing Engineer, Detroit Edison Co., Detroit, Mich. 
A.S.M.E. 
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description these waves were actually visible on the concave 
sides of his wrought-steel bends. No characteristics of this 
kind were noticeable on any of the bends tested by Crocker and 
Sanford, even in those formed to a radius as small as five pipe 
diameters. It is entirely reasonable to suppose, therefore, that 
the unexpected flexibility observed in the tests of certain bends 
was due to flattening of the circular cross-section during flexure. 

The question of whether or not flattening corrections apply to 
runs of straight pipe under flexure is also of interest. Before 
flexure starts there is no curvature, and hence there can be no 
flattening of the circular cross-section until bending has pro- 
gressed sufficiently to establish curvature. This is evident from 
an inspection of Fig. 1. In the case of straight pipe the two 
forces P will be directly opposite with no angle between, and con- 
sequently there will be no resultant 7 toward the center. The 
formulas for K and A given in connection with Fig. 1 also prove 
this fact. In the case of straight pipe the radius of curvature R 
becomes infinity, hence A approaches infinity, and K becomes 
infinity divided by infinity or 1. In other words, the usual 
formulas for curved bars apply in the case of straight pipe unless 
the curvature due to flexure becomes great enough to make K 
sensibly less than unity. 

In addition to giving a remarkably clear presentation of 
the theory on which flattening corrections for curved-bar formulas 
are based, credit is due the author for presenting in a usable 
form heretofore unpublished formulas for (a) bends with both 
ends fixed, and (6) bends with one end fixed and the other hinged 
and guided. Case (a) above is checked by identical derivations 
(unpublished) which were made for The Detroit Edison Company 
by John A. Van den Broek, Professor of Engineering Mechanics 
at the University of Michigan. Prof. William Hovgaard also 
developed formulas for bends having fully restraining moments 
at the ends in his paper on ‘The Elastic Deformations of Pipe 
Bends.’’ While his formulas were presented in different form, 
they can be reduced to expressions equivalent to those given 
by the author. In this connection attention is called to the 
necessity for drawing a distinction between the results expected 
with a test set-up permitting control of the end conditions and 
those obtained in an actual pipe line where the end connections 
are of an indeterminate character. 

In applying the above-mentioned formulas to actual pipe 
lines it is evident that an assumption of fixed ends represents the 
worst condition of end connection encountered in practice. 
Therefore, unless there is reasonable certainty of considerable 
give in the end connections, a condition of fixed ends should be 
assumed in computing the flexural characteristics of any par- 
ticular piping layout. If there is opportunity for considerable 
give in the end connections, a reasonable assumption would be 
the case where one end is fixed and the other hinged and guided. 
Actually, of course, the piping to which the bend is connected on 
either side also provides flexibility for taking up the expansion 
unless anchors are located at the ends of the bend. In calcu- 
lating the forces and stresses, the length and arrangement of this 
piping should be taken into account. That the condition of 
restraint in the end connections is of primary importance is 
illustrated by Table 4, which gives the flexibility index for various 
bends under different conditions of restraint. 

It is evident from Table 4 that the effect of different end 
connections on the flexibility varies somewhat with different- 
shaped bends. Consequently, it is necessary to determine this 
relation for each general type of bend, and once determined 
for this type the ratio applies regardless of radius of curvature 
and thickness of pipe. 

Attention is called to certain errors in Table 3 of the paper. 
In several instances a wrong wall thickness has been set down 
for the bends tested by Crocker and Sanford. In recalculating 
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TABLE 4 EFFECT OF ON FLEXIBILITY 
1 


Double- 

Ex- offset 
Simple U-bend pansion expansion 
Fig. 11 Fig. 12 U-bend U-bend 
Force Force 17, Figs. 20, 


i radial axial , 19 21, 22 
Most flexible case—hinged 
ends—Not realized in Index! 1.57 4.71 9.42 39.9 
actual design. This is | 
equivalent to one end | Ratio? 1 1 1 1 


fixed and the other 

hinged but not guided. | 
One end fixed and other | 

hinged and guided. | Index! 0 

Compromise case prob- 

ably representing the } Ratio? 0.46 0.46 0.49 0.47 

greatest flexibility to 

be expected in actual 


design. } 
Both ends fixed. Worst | Index! 0.298 1.57 3.1416 12.453 

case encountered in > 
actual design. | Ratio? 0.19 0.33 0.33 0.31 
39.9PR* 18.7PR3 12.45PR3 


umerical coefficient in formulas Kol Kl KEI 
etc. 

? Ratio of index to that of most flexible case. 

3 The writer obtains a value of 12.45 for the flexibility index in this case 
as compared with 12.3 given by the author. 
the coefficients and percentages of error given in this table, the 
writer gets values which differ in other cases from those given by 
the author. It is proposed that Table 3 be corrected as indi- 
cated in Table 5, with the test data for the 3!/,in. boiler-tube 
expansion U-bend added. 


TABLE 5 PROPOSED CORRECTED FORM FOR TABLE 3~— 
CROCKER AND SANFORD TESTS 


Per 
Co- centage 
efficient error, Per- 
Crocker of Crocker Crocker centage 
and PR*+/El, and and error, 
Sanford new Ob- Sanford Sanford new 
Fig. No. Pipe formula served formula formula formula 


18 6-in. expansion U- 
bend, wall thick- 
ness 0.418 in. 9.12 9.42 9.42 0 3 
y = 1.56, K = 0.77 
21 6-in. expansion U- 
bend, wall thick- 


ness 0.285 in. 13.42 12.02 9.42 22 12 
y = 0.851, K = 0.523 
19 6-in. expansion U- 
bend, wall thick- 
ness 0.27 in. 14.04 14.08 9.42 33 0 


y = 0.803, K = 0.50 
20 6-in. expansion U- 
bend, wall thick- 
ness 0.274 in. 14.00 16.88 9.42 44 17 
y = 0.815, K = 0.502 
17 ‘10-in. expansion U- 
bend, wall thick- 
ness 0.336 in. 14.63 20.80 9.42 
y = 0.744, K = 0.48 
22 6-in. double-offset 
expansion U- 
bend, wall thick- 
ness 0.41 in. 38.55 39.90 39.88 0 l 
y = 1.529, K = 0.76 
23 4-in. double-offset 
expansion U- 
bend, wall thick- 
ness 0.237 in. 39.17 40.7 
y = 1.46, K = 0.748 
24 3'/¢-in. boiler- 
expansion 
bend, wall 
ness 0.12*tn. 10.02 9.42 9.42 0 6 
y = 1.32, K = 0.70 


30 


tw 


About the middle of the second column on page 4 of the paper 
the author makes the following statement: “‘As a further ex- 
ample of the Castigliano theorem, consider the case of the bend 
with end conditions shown in Fig. 7 which is interesting becavse 
is believed to approximate the end conditions which obtained in the 
Crocker and Sanford tests on pipe bends.’’ Then starting at the 
bottom of the first column on page 10 he says: ‘The tests made 
by Crocker and Sanford were partially fixed-end tests since one 
end of the pipe was bolted to a heavy flange connected to 4 
piece of straight pipe which served to hold it more or less rigid. 
The other end was prevented merely from slipping off the head 
of the jack. Consequently in these tests we have the condition 
shown in Fig. 30. Due to the fact that the end A of the pipe 
may rotate somewhat as allowed by the flexibility of the pipe 
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AB, we cannot assume it absolutely fixed, nor can we assume it 
hinged. Consequently, the best we can do is to take a mean 
value for the deflection computed on the basis of a fixed end at A and 
that computed assuming a hinged end at A.” These two state- 
ments are not in harmony, and evidently the first should be 
revised to agree with the second. 

These points are mentioned merely to assist the author in 
correcting the material of the preprint. 

The writer has checked the mathematical derivations given 
yy the author and finds them correct to the best of his knowledge. 
He therefore agrees with the general theory of flattening of the 
circular cross-section during flexure and its attendant effect on re- 
actions and stresses. The author’s interpretation of the Crocker 
and Sanford test results also appears reasonable, but in the 
writer’s opinion it should be checked by additional tests on full- 
size pipe bends where the end conditions are more determinate 
than was the case in their tests. The use of full-size bends rather 
than models is preferable in this instance, because it is entirely 
possible that there are other unknown factors involved which can 
hest be discovered by tests on commercial-size bends. 

Unfortunately, the determination of stresses and reactions in 
actual pipe lines is far more complicated than for isolated bends 
of conventional shape. The Castigliano-theorem method and 
the principle of superposition proposed by the author apparently 
can only be carried out to a limited extent before the maze of 
mathematics involved, or the difficulty of keeping track of signs, 
renders their use impracticable. For this reason the use of 
models bearing a known relation to the actual piping offers de- 
cided possibilities where the layout is too involved for a direct 
mathematical solution. 


Anprew A. Bato.2* The author is to be congratulated 
heartily, first, for having selected a subject that needed so much 
clearing up, secondly, for his thorough way of handling it, and 
thirdly, for the interesting results obtained. The facts that when 
bending a curved pipe the greatest longitudinal stress will not 
be in the extreme fibers, and that for the resultant equivalent 
stress there are two new neutral zones nearer to the extreme 
fibers, or that the force needed to bend a curved pipe is some- 
times less than half of what was calculated by using the old 
methods, due to the flattening of the pipe, are for the great 
majority of the readers strikingly new and surprizing. It is 
very important to emphasize the significance of the conditions 
at the ends of the pipe bends, too; that is, whether the ends are 
fixed against rotation, or hinged, or whether or not they are 
held in some other way—for instance, connected rigidly to straight 
pieces. The author himself, however, overlooked straight 
sections and their influence when investigating and correcting 
the tests made by Crocker and Sanford, as shown in his Table 
3. All of the pipe bends figuring in these tests have shorter 
or longer straight sections, as all standard makes have, and 
these straight sections may cause discrepancies up to 10 per 
cent. In the case of the 6-in. expansion U-bend, wall thickness 
0.274 in., the test piece consisted of the U-bend itself, a straight 
section 4 ft. 28/4 in. long at the left end, and another straight 
section 12 in. long at the right end, all of one piece (Fig. 38). 
The coefficient for this piece, left end fixed, right end hinged 
and guided in a straight line, will be 11.78 instead of 9.0, in which 
figures the members corresponding to the curved parts were 
divided by K = 0.513. The resultant P of the bending and the 
guiding forces is shown in Fig. 38. For the case of both ends 
hinged, the straight pieces have a negligible influence only, so the 
coefficient will remain 18.3 and the mean value will be 15.04 instead 
of 13.7 as given by the author, or compared with the test value 


** Consulting Engineer, East Orange, N. J. Mem. A.S.M.E. 


of 16.88, a discrepancy of less than 11 per cent instead of 19 per 
cent. (See Table 6.) The discrepancies in the other cases like- 
wise will be reduced 3 to 6 per cent by considering the straight 
pieces at their ends, except where the new formula of the author 
gave greater deflections than the ones observed, as in the first 
two cases, in which the discrepancies should be marked negative, 
as being to the unsafe side. The average percentage of the dis- 
crepancies, however, would be decreased. Altogether the experi- 
ments of Crocker and Sanford cannot be used as a very solid basis 
for proving the correctness of calculations so long as the conditions 
at the ends of the test pieces are not precisely known, as even 
angular deflections of the flanges equal to small fractions of a 
degree have a great influence. In a general way, however, a 
warning is adduced by the fact that the greatest discrepancies 
occur with the pipes of the largest diameters, having at the same 
time comparatively thin walls, as in the case of the 10-in. pipe 
bend. Such pipes incline more to wrinkles and other irregu- 
larities, which although not susceptible of calculations, may have a 
great influence from the practical point of view. Furthermore, 
the measuring of the flattening could be done with far greater 
accuracy than in the case of the 1l-in. and 2-in. pipes used by 
the author, who had to consider possible inaccuracies of 20 to 
100 per cent in the increase of the pipe radii due to flattening. 
The lower accuracy of the bending test with the brass pipe 
bend, having a larger diameter, a thinner wall, and being 
of a more ductile material, is another hint of possible irregulari- 
ties. 

Now, from the point of view of the practical designer the 
situation is this: The catalogs of the manufacturers of pipe 
bends give the allowable deflections in inches, the so-called 
“expansion values” of their bends, based evidently on hinged-end 
tests. The ends of the bends in actual practice, however, are 
fixed, otherwise they would leak at the flanges. These “‘ex- 
pansion values,’’ which are naturally higher than those for 
fixed ends, were used by the designers of pipe lines, and these 
lines did not fail. The explanation could be found in three rea- 
sons: (a) wrinkles in the bends, making the latter more flexible, 
(b) the bending of the adjoining straight sections (see Fig. 39), 
helped by the shortening of the pipe hangers due to their swinging, 
a partial hinging, and (c) the flattening of the pipe bend. The 
author pointed out, however—and this is one of the merits of the 
paper—that the flattening decreases the acting forces only, but 
not the maximal stresses, thus eventually causing failures. 
Since the wrinkles, if any, and other qualities of the material 
appear to have an influence on the flexibility, it seems to be very 
advisable that the manufacturers test as many of their repre- 
sentative products as possible and publish the results. This 
should not be done in the form of “expansion values” but in 
empirical values of the factor K, as the “expansion values’’ can 
be used for the particular method of holding the ends of the 
bends only, whereas the bends may be subjected to an infinite 
variety of stresses. This variety can be demonstrated with 
the aid of a theorem which the author unfortunately did not 
include in his paper, namely, that in the case of a pipe line having 
both ends fixed, which is the great majority of the cases, the 
resulting force of all acting forces and moments passes through 
the “elastic center,” that is, through the center of gravity of 
the elements ds/KEIJ, as shown in Fig. 40. The action of this 
resulting force can be visualized by showing it acting on an in- 
flexible bracket fixed at one end of the expansion bend or the 
pipe line with the force acting on the bracket at the elastic center, 
which for a bend with a constant K is identical with the center 
of gravity. This method prevents errors such as that appearing 
in one of the practical examples of the paper, Fig. 40, in which the 
maximum moment in a double-offset expansion bend is given 


with M = P+/2R, whereas it is evident from the figure that it 
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FIG. 38 


cen P Cl + ae This graphical presentation also will 
relieve one from the differentiation proposed by the author for 
finding the point of the greatest moment, as a tangent parallel 
to the resulting force will show this point. Fig. 41 shows the 
same method for a turbine bend similar to that quoted by the 
author. Cc is the elastic center for the old method of calculation, 
that is, for K = 1 for straight and bent sections alike, with the 
resulting force going through it; Cx is the elastic center with K 
calculated as proposed by the author. As the moment M, is 
zero for Cg or Cx, two equations instead of three were sufficient 
to find the values of the resulting force. The integration could 
be done with A’ as the origin of the system of coordinates, as the 
transformation to the C points is very simple. This method 
thus helps to avoid errors, and at the same time saves labor 
by cutting down the number of the necessary equations and 
by avoiding the differentiation when determining the point of 
maximum stress. In this particular case the point of maximum 
stress, which when figured by the old method was at the end point 
D, will change to B’ when calculated by the new method pro- 
posed by the author, this due to the combined longitudinal 
and transverse stresses in the bend, a combination which does 
not occur in the straight sections. The forces and stresses shown 
are for a 6-in. standard pipe, R = 36 in., the lengths of the 
straight pieces being 36 in. and 72 in., respectively. 

A fine field for the application of the methods for calculating 


stresses, etc. as shown by the author appears in determining 
. stresses in the expansion joints used in flues and breechings 


(Fig. 42). A strip of a unit width may be calculated first, and 
the obtained force then multiplied by the circumference of the 
joint. 

The different locations of the resulting forces P, in Figs. 38 
to 41 in relation to the curved sections give an idea of the great 
variety of the ways in which bends may be stressed. 

Time has not permitted a thorough study of all references and 
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authorities quoted by the author and their formulas which he 
has used in his calculations, therefore other methods were used 
to check his theories. One of the checks given by the author 
himself, namely, the checking of the calculated and measured 
distortions due to the flattening of the pipe (Table 2), is not very 
fortunate, because the possible inaccuracies of the measurements 
average 46 per cent (see Table 7), according to the author. To 
eliminate this source of error the writer applied the formula 
developed by the author to the tests made by Hovgaard at the 
Massachusetts Institute of Technology and quoted in the paper. 
These two tests were made with a 4'/,-in. and a 6-in. bend, with 
the flattenings measured with a possible average error of +4.5 
per cent. The application of the author’s formula gave an 
average discrepancy of —30 per cent, whereas Hovgaard’s formuls 
gave less than +6 per cent. As a counter check, Hovgaard’s 
formula was applied to the tests described in the paper, with 
the result that while the average discrepancy of the author's 
formula, disregarding possible inaccuracies, was +38 per cent 
that of Hovgaard’s formula, figured on the same basis, was only 
+25.2 per cent. 

The author’s formula for linear deflection or ‘‘expansion valurs,” 
when applied to the 6-in. double-offset expansion bend of the 
Hovgaard tests, showed a discrepancy of 14 per cent—the ob- 
tained value was too small—while Hovgaard’s formula gave § 
value only 7 per cent too small. The other bend tested by Hov- 
gaard was too irregular in shape, so the checking of the test 
performed with it would have been too lengthy. 

There is one point to be mentioned in connection with the 
flattening, namely, that if a bent pipe is held or snugly surrounded 
by a flange at a point where it is subjected to a bending moment, 
the flange will prevent the pipe from flattening, and there will be 
a gradual change to the flattened shape farther away from the 
flange. Likewise, if a piece of pipe is partly bent and partly 
straight, as in Fig. 38, and the point where the straight and the 
bent sections meet is subjected to a bending moment, the straight 
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part will prevent the adjoining bent part from full flattening, 
while the bent part will flatten somewhat the straight section. 
This further complication has not been considered so far, and it 
did not interfere with the calculation of the Bantlin and Hovgaard 
tests, because it so happened that where the test pieces were 
flanged or changed to straight pipes they were not subjected to 
bending moments. The principle of preventing the flattening 
by applying a flange or a collar can be used for eliminating ex- 
cessive combined stresses at dangerous points, this of course at 
the expense of the flexibility, and at other points at which the 
stresses and the forces will be increased. 

The paper represents many very great steps in every direction 
when compared with what has been presented to the Society so 
far, yet it needs some revision in one or two points. 


TABLE 6 
Percen 
3 
-— Coefficient of PR _._ tage of 
El error, 
Crocker Crocker Percentage 
and and of error, 


Ob- Sanford Sanford author’s 
formula served formula formula formula 
6-in. expansion U-bend, 
wall thickness 0.418 
9.7 9.42 9.42 0 —3 
6-in. expansion U-bend, 
wall thickness 0.314 
12.02 9.42 22 -11 
6-in. expansion U-bend, 
wall thickness 0.274 


16.88 9.42 44 19 
Same with straight 
pieces added........ 15.04 16.88 9.42 44 1l (Bato) 
10-in. expansion U- 
bend, wall thickness 
0.1547 in. (originally 
15.1 20.8 9.42 55 27 
TABLE 7 
Observed 
Observed Possible increase in 
increase, in. error,in. possible error 
Pipe 1, l-in. brass U-bend......... 0.001 +0.001 100 per cent 
Pipe 2, 2-in. steel U-bend.......... 0.005 +0.001 20 per cent 
Pipe 3, l-in. steel U-bend.......... 0.005 +0.001 20 per cent 


Witu1am Hoveaarp.* The author’s experiments on three U- 
bends of small-size tubing serve to corroborate further the formu- 
las for the deflections of pipe bends given by Dr. Karman and 
the writer, the correctness of which has been shown by large- 
scale experiments carried out by Dr. Bantlin in Germany and by 
the writer at the Massachusetts Institute of Technology. 

The author gives curves which facilitate the use of the formulas 
and discusses a number of typical cases, where the bends consist 
of one or more circular arcs of known radius in different combina- 
tions. He gives formulas for the algebraic calculation of the 
angular and linear deflections in those cases. The use of such 
formulas is predicated on simple and fairly exact geometrical 
forms of bends, built up of one or more circular arcs, but in 
practice such regular conditions rarely exist. Dr. Bantlin, for 
instance, in case of the double-offset expansion bends upon which 
he experimented, assumed perfect geometrical regularity in his 
calculations, but when the writer analyzed those tests by the 
graphical method, as explained in his paper on the “Elastic 
Deformation of Pipe Bends,’’** he found considerable discrepancy 
between the deflections so obtained and those calculated by 
Dr. Bantlin. It was discovered that the reason for this dis- 
crepancy was the irregular form of the bends, which did not 
permit the use of the algebraic method of integration if accuracy 
was desired. In the vicinity of the points of inflection the form 
of the axis was in fact far from circular, as explained in some 
detail in the writer’s paper. The graphical method is not only 
more accurate but also easier and simpler to apply; it is more 


* Professor of Naval Construction, Massachusetts Institute of 
Technology, Cambridge, Mass. 
* MIT. Jl. Mat. & Phys., vol. 6, no. 2, 1926. 


straightforward, more general than the algebraic method, and is 
less liable to lead to mistakes. It permits dealing with any form 
of bend, and allowance can readily be made for changes in section 
and stiffness if such should exist; the integration is performed by 
simply finding the area of one curve for the whole bend, however 
complicated in form. 

The author advances the solution of this problem materially 
by applying the modern theory of maximum equivalent stress 
as a measure of strength. This point is important on account 
of the peculiar condition of combined stresses in pipe bends; 
it brings out still more sharply the fact that the stress distribution 
in curved pipes is entirely different from that in curved solid bars. 
Engineers will have to revise their adopted standard of safe stress 
in pipe bends and their method of calculating it. 

The author also shows that even very high steam pressures 
have but an insignificant effect on the stresses. 

In the experiments made at the Massachusetts Institute of 
Technology on pipe bends of 4'/, in. and 6 in. diameter, measure- 
ments were made of the strains by Berry strain gages, permitting 
a calculation of the corresponding stresses, although, in case of 
transverse stresses, not without difficulty on account of the 
strong curvature of the surface in the transverse direction. The 
results so obtained are believed to be important, inasmuch as 
they corroborated fairly well the calculated stresses, and since, 
to the writer’s knowledge, such measurements had not before 
been made. It appears that transverse stresses cannot be mea- 
sured on small pipes such as those used in the author’s tests, and 
longitudinal stresses only with great difficulty. It would be of 
great interest if tests with strain measurements could be made 
on very large pipes, say, of 9 in. diameter or larger, where the 
conditions are more favorable. 

Since the theory can now on the whole be considered as fairly 
well established, it remains to correlate the results so far obtained 
with engineering practice. For this purpose it is necessary 
to measure displacements, deformations, and stresses in pipe 
bends under actual operating conditions. It is believed that 
systematic work in this direction, applied to a number of different 
plants, would give valuable information and enable engineers to 
design piping layouts and bends with greater assurance of satis- 
factory results. Such tests are probably best carried out in new 
plants before they are taken into permanent use. 


S. S. Sanrorp.*? Since 1922 when the paper “‘The Elasticity 
of Pipe Bends” was presented before the Society, a considerable 
amount of work has been done on the subject. It was realized 
that the formulas presented in that paper were unsuitable for 
application to bends inserted in a system of piping because they 
did not take into account the restraining effect of the piping on 
either side of the bends. Accordingly an analysis was made by 
Professor Van den Broek at the instigation of The Detroit Edison 
Company covering partial and complete restraint at the ends of 
bends. In the case of partial restraint the piping to which 
a bend was attached was considered as though it were a part. 
of the bend. This analysis, which resulted from an earlier 
investigation, is in agreement with that presented by the author 
of the present paper, except that the flattening of the cross- 
section of the pipe was not considered. 

It is evident from Appendix No. 2 of the paper now under 
discussion that the work becomes somewhat involved when the 
mathematical analysis is applied to any but the very simplest 
piping layouts. In most cases the arrangement of piping be- 
tween boiler and turbine is quite complex. Ordinarily the 
piping does not lie in one plane. This involves a solution for 
expansion in three directions and for two restraining moments 

%7 Heating Engineer, Detroit Edison Co., Detroit, Mich. Assoo- 
Mem. A.S.M.E. 
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in planes at right angles to each other. This requires that five 
equations involving both bending and torsion be set up and 
solved simultaneously. If in addition the piping is partially 
restrained by guides at intermediate points, the situation becomes 
almost hopeless from a mathematical standpoint. Because of 
this experiments are being conducted with piping models for use 
in determining the stresses and reactions in arrangements of 
piping which do not readily lend themselves to mathematical 
treatment. 

The experiments thus far have been with simple shapes made 
up of straight pieces of tubing. The models have been confined 
to one plane so that the test results could be easily compared 
with values determined mathematically. Seamless steel tubing 
corresponding to l-in. and 1'/,-in. pipe sizes, threaded and joined 
together with ells, is used. Forces are measured with spring 
balances. The restraining moment is applied by means of a 
cross-arm attached rigidly to the movable end of the model. 
This cross-arm carries a grooved wheel at each end over which a 
cord is threaded. The force producing the restraining moment 
is measured by a spring balance attached to the cord. Friction 
is reduced by using ball bearings for the grooved wheels and by 
supporting the movable end of the model in a carriage resting 
on ball bearings. Fig. 43 is a diagram of the set-up for a model 


Stee/ Tubing 


P 
Fixed ind 
F 
Moveable ind 
& 
a Mo =Fa 
F 
oS 


Fic. 43 Set-up ror Testine Pipe 


test. Results obtained with this apparatus have been in very 
close accord with calculated results. 

If the piping being studied consists essentially of straight 
lengths, then any convenient size of tubing may be used in the 
model; it is not necessary that the size of tubing be to the same 
scale as the other dimensions of the model. If, however, a large 
portion of the piping is curved, the size of the tubing in the 
model should be such that the rigidity multiplication factor, 
which the author calls K, is essentially the same as for the piping 
in the tull-size installation. It will then be unnecessary to make 
any correction for flattening of the cross-section. 

The forces, moments, and deflections observed from a test 
of the model may be readily converted to the corresponding 
values existing in a full-size installation. The forces are directly 
proportional to the moment of inertia of the cross-section of the 
pipe and inversely proportional to the cube of the linear dimen- 
sions of the piping. The restraining moments at the anchorages 
are inversely proportional to the square of the linear dimensions 
of the piping. The forces and restraining moments are, of 
course, directly proportional to the deflection or expansion. 


The relation between force and scale of the linear dimensions 
of a model is evident from an inspection of bending formulas for 
deflection in terms of force. The linear term always occurs as a 
third-power function, it will be noted. 

The following is given to show the relation between restraining 
moment and linear dimensions of the piping. 


Let F, = force causing a deflection in the model 

M, = restraining moment at one end of the model 

F, and M, = corresponding values for the same deflection 
in a full-size installation. Then, since the restraining moment 
is proportional to the force causing deflection, and since a moment 
can be expressed as the product of a force and a distance, we have 


Fily 
Pala 


in which LZ, and ZL, are functions of the linear dimensions of the 
model and full-size installation, respectively. 


Since 


we have 
M, L.* L, 
M, Le 


In making up models for testing, care should be exercised to 
prevent weakening of the tubing at the places where the lengths 
are joined. If screw threads are used, it is necessary to prevent 
the threads from turning when the model is subjected to torsion 
If proper care is used in making and testing models, it is believed 
from results obtained thus far that their use offers a practical 
solution for the determination of forces and stresses in systems 
of piping which do not lend themselves readily to mathematical 
treatment. 


A. J. GermMan.?8 The preparation of this paper must have 
required a great amount of work, and it is to be regretted that the 
author was handicapped by the searcity of knowledge of pipe-bend 
failures. Boiler-insurance companies in this country and abroad 
send out annual reports of boiler accidents in which all accidents 
of all natures are reported upon. However, only a very small per- 
centage of the pipe lines are insured. If we had more insurance 
of pipe lines, such as is available for boilers, the author would 
have been able to obtain some data as to the number of accidents 
and failures. The writer has in mind particularly the design of 
the bend. How large must it be for certain pipe lines and pres- 
sures? What is the form and what must be the thickness of the 
pipe material, not just to resist pressure, but to permit sufficient 
flexibility and yet not be so thin that it will flatten or warp on 
the inside curve? It would be interesting to know if the author 
has any information on the number and types of failures of pipe 
bends, and if the Society can do anything to help in getting 
records of such failures whether insured or not. Such a record 
would seem to be very valuable as an aid in the establishment of 
correct design. 


Mason A. Stone.*® This discussion so far has been on the 
effect on the pipe of the bends and the pressures therein. There 
is another angle to this which is even more interesting. Mr. 
German referred to pipe failures. The writer has never hap- 
pened to hear of the failure of a pipe bend, but he has heard 
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of trouble from the pressure of the pipe bend on the turbine 
casing. In laying out a piping system embodying a series of 
horizontal runs, elbows, long-sweep bends, etc., the piping en- 
gineer or draftsman is likely to say: ““‘We ought to anchor this 
somewhere to keep expansion from coming on the turbine and 
distorting the casing.’’ He therefore hitches it to a building 
column, but does not ask permission of the steel designer. A 
few years ago the writer happened to be a steel designer for a 
power house. He knew nothing about stresses in bends of 
piping—had never thought of them. Later he happened to 
inherit the entire design of the power house, whereupon he be- 
came interested in the piping layout. The first thing he saw was 
a lot of piping hitched on to the steel. He immediately said: 
“What are the stresses put into the steel by this piping system?”’ 
Nobody knew, so it was decided to find out. At that time the 
only paper available was that by Crocker and Sanford. The 
stresses determined by the investigation were a shock to all of 
us. The writer has been pleased to find in the author's paper 
data indicating that the reactions due to pipe bends are not 
as great as we had feared. With pressures today of 400 lb. and 
superheated-steam temperatures of 700 deg., the stresses from 
the reactions of the piping system run up pretty high, and must 
be given careful consideration when the anchorages for the 
steam mains are laid out. 


AvuTHOR’s CLOSURE 


The author appreciates the very interesting and compre- 
hensive discussion which his paper called forth, and is indebted 
to those who have contributed to it, especially for the many 
important points brought out. 

In closing the discussion, the author would first like to men- 
tion the fact that he has recently made a series of tests, in- 
cluding strain measurements, on large pipe bends for steam 
turbines, the results of which will be embodied in another paper 
soon to be published. Not only were the effects of external loads 
subjected to investigation but also the effect of internal hydraulic 
pressures. 

These tests verified the formulas given in the paper for trans- 
verse and longitudinal stress distribution ({9] and [10]), as well 
as the formulas given for the deflection of the ends of the bend 
and for the flattening of the cross-section. Since these tests 
may aid in clearing up some of the points raised in the discussion, 
mention of them will be made frequently in what follows. 

The author agrees with Mr. Bato that the distortion tests 
made on the small seamless-tube models were not sufficiently 
accurate to allow definite conclusions to be drawn regarding the 
accuracy of the formula for the distortion of the cross-section 
(Formula [13]). This was due to the fact that the radial dis- 
tortions were relatively small, i.e., as small as 0.001 in. How- 
ever, in the recent tests, mentioned above, made on large 10-in. 
turbine pipe bends these distortions were several times as great 
(about 0.013 in.) and could therefore be measured with a far 
greater relative accuracy. The results checked Formula [13] 
within 6 per cent, as may be seen from Table 8. 


TABLE _8 COMPARISON OF MEASURED DISTORTIONS OF 
CROSS-SECTION OF 10-IN. TURBINE PIPE BEND, AND DISTOR- 
TIONS CALCULATED BY FORMULA [13] 


Measured change Measured change 


in vertical in horizontal Calculated change 
Position on pipe radius, in. radius, in. in radius, in. 

A 0.0125 0.0124 0.012 

B 0.0113 0.0125 0.012 


This indicates that Formula [13] of the paper is sufficiently 
accurate, and affords a further check on the correctness of the 
theory developed. 

The author has also applied Formula [13] to Professor Hov- 
gaard’s tests on pipe bends and found that the distortions calcu- 


lated by Formula [13] agreed with those calculated by Professor 
Hovgaard’s formula within 1 per cent. The author therefore 
cannot understand why an average discrepancy of 30 per cent 
was obtained by Mr. Bato when he applied the author’s formula 
to the Hovgaard tests. Furthermore, as stated in the paper, 
Formula [13] is a close approximation to Hovgaard’s formula. 
This may be shown as follows: 

Using the notation given by the author, Hovgaard’s formula 
for cross-sectional distortion reduces to: 


MRr 6 
KEI\| 5.05 + 6x2 


Comparing this with Formula |13], which is 


MRr 6 
5 + 622 


we see that the two formulas are practically identical although 
derived in widely different ways. In fact, the maximum dis- 
crepancy possible between these formulas, which will occur 
when A = 0, is only 1 per cent. 

Regarding Mr. Crocker’s question of the effect of stress and 
reactions, of permanent flattening produced during fabrication of 
the bend, the author has investigated this in some detail in his 
recent tests on the 10-in. turbine pipe bends mentioned above. 
It was found that this permanent flattening did not have any 
great effect on stress due to external load, but that it did greatly 
increase the stress due to internal pressure. When these com- 
paratively high stresses due to internal pressure are superimposed 
on those due to external loads, which stresses, as shown in the 
paper, are usually over twice those given by ordinary theory, the 
resultant equivalent stress may be very high. This high stress 
would explain why pipe bends designed by ordinary stress formu- 
las so often experience permanent set when placed in a pipe 
line and, if cold-sprung into place, frequently fail to return to 
their original position when the pipe-bend flange is unbolted 
preparatory to removing the pipe bend from the line. 

The discrepancies between the values of Table 3, given by the 
author, and those given in Table 5 calculated by Mr. Crocker 
were not due to the fact that the author made an error in taking 
the wall thickness, as stated by Mr. Crocker. These discrep- 
ancies (which were, however, quite small) were due to the fact 
that the author did not have accurate figures as to the actual 
inside diameter of the pipes tested by Crocker and Sanford. 
Therefore he assumed an inside diameter equal to the nominal 
diameter of the pipe. For example, in the 10-in. bend he as- 
sumed an inside diameter of 10 in., whereas the actual inside 
diameter was slightly less. That this procedure gave sufficiently 
accurate results may be seen by noting that the values given 
by the author in Table 3 agree within a few per cent with those 
given in the more accurate table proposed by Mr. Crocker. It 
seems to the author that this slight discrepancy is of no sig- 
nificance in view of the indeterminate nature of the Crocker and 
Sanford tests. Likewise it appears that the additional labor 
involved in the calculation of more exact form of Table 3 pro- 
posed by Mr. Bato, who took into account the straight sections 
at the ends of the bends, is not justified by the accuracy of the 
tests, Mr. Bato’s values differing but a few per cent from those 
proposed by the author. 

The author does not agree with Mr. Crocker that the state- 
ment, made on page 4, to the effect that the bend of Fig. 7 approxi- 
mates the end conditions obtaining in the Crocker and Sanford 
tests, is in contradiction with other statements made in the 
paper. It is possible that in certain of the Crocker and Sanford 
bends where the end fastening was very rigid, the arrangement 
shown in Fig. 7 might more nearly approximate the true con- 
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ditions than would a similar arrangement but with one end 
partially instead of completely fixed. The indeterminate end 
conditions which actually existed in the Crocker and Sanford 
tests make it difficult to state definitely which arrangement most 
closely simulates the actual condition for any of the bends tested. 

Professor Hovgaard suggests that it would be of interest to take 
strain measurements on large pipes of 9 in. or more in diameter. 
As mentioned above, the author has carried out this work on 
large 10-in. pipes for steam turbines. In doing so he obtained 
curves of longitudinal and transverse stress distribution almost 
identical with the curves shown on Figs. 2 and 3, the calculated 
stresses as determined from Formulas [9] and [10] agreeing very 
well with the measured values. To the author’s knowledge this 
is the first time that the complete distribution of the transverse 
stresses over the cross-section of pipe bends has been obtained 
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experimentally. The fact that the shape of the experimental! 
curves agreed very closely with the theoretical curves given in the 
paper constitutes another check on the correctness of the theory 
developed therein. 

In conclusion, the author wishes to state that the primary 
object of his paper was to develop and elaborate the fundamental 
theory underlying all pipe-bend design, and to call attention to 
the serious errors involved when the ordinary curved-bar theory 
is applied to pipe bends. Since, as mentioned by Professor Hovy- 
gaard, the fundamental theory may now be considered as fairly 
well established, it remains chiefly to determine what end con- 
ditions actually obtain in practice. To this end further tests 
on actual pipe bends under service conditions would, as sug- 
gested by Messrs. Hovgaard and Bato, doubtless be of much 
practical value. 
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Properties of Ferrous Metals at Elevated Tem- 
peratures as Determined by Short-Time 
Tensile and Expansion Tests 


By A. E. WHITE! anv C. L. CLARK,? ANN ARBOR, MICH. 


This paper discusses the properties, as determined by short- 
time tensile and expansion tests, of plain carbon steels and Enduro 
metal at elevated temperatures. It opens with a section devoted 
to the need for information in this field. It next mentions the re- 
search work in progress in this country and points out the need 
for greater refinement in methods of testing. The tests at eleoated 
temperatures are then reviewed. 

The original work reported covers short-time tensile and expan- 
sion tests on 0.13 and 0.37 and 0.38 per cent carbon steels and 
Enduro metal at eleoated temperatures. In the case of the 0.37 
and 0.38 per cent carbon steels, comparative tests on bar and tubular 
stock are given. 

The paper ends with a discussion of the relative merits of five 
classes of steels at eleoated temperatures on the basis of proportionall- 
limit findings. The outstanding steels of each group are then com- 
pared and recommendations made as to steels best fitted for high- 
temperature duty. 


ODERN central stations, oil refineries, and other operat- 
M ing units of industrial organizations are in need of 
metals and alloys for high-temperature service which 

are both workable and machinable and which can be purchased 
at a price not in excess of 10 cents a pound. Unfortunately, 
no one metal or alloy has been found or developed to date which 
meets all of these requirements. Some metals which are quite 
stable at temperatures in excess of 1000 deg. fahr. (538 deg. 


cent.) are not workable or machinable. Likewise, these same 
metals cost considerably more than 10 cents a pound. Most 
of them are $1, or over, a pound. Other metals which possess 


good characteristics for high-temperature service and which 
are both workable and machinable are relatively high in price, 
i.e., their base price would range from 25 cents to $1, or more, 
per pound. 

Although a large amount of work has been done in the de- 
termination of the properties of metals and alloys at high tem- 
peratures, most of it is of little value to the designing engineer 
when the stress on these materials is to be continued over a long 
period of time. Central stations and oil refineries, in particular, 
are in pressing need for data of this type, as many power plants 
are operating for long periods of time at temperatures between 
700 deg. fahr. (371 deg. cent.) and 750 deg. fahr. (399 deg. cent.), 
and temperatures as high as 1000 deg. fahr. (538 deg. cent.) 
are contemplated, with an ever-pressing desire to go still higher. 
Oil refineries are even now working at 1000 deg. fahr. (538 deg. 
cent.), and the trend of development contemplates going much 
beyond this. Undoubtedly these two industries use the bulk 
of the high-temperature materials, although one must not lose 
sight of the growing demand for these materials for such uses 
as special equipment in various chemical-engineering processes, 
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valves for internal-combustion engines, and applications in other 
fields. 


CoopERATIVE WoRK IN THE UNITED STATES 


The industrial and technical world is greatly indebted to the 
American Society for Testing Materials and The American 
Society of Mechanical Engineers for sponsoring investigations 
in this field. Under the joint auspices of these two societies, a 
symposium was presented (15, 16, 17, 18)* at the Cleveland 
meeting of The American Society of Mechanical Engineers, 
May, 1924. This symposium was followed by the appointment 
of a research committee selected and sponsored by the two so- 
cieties just named. It is under the able leadership of George 
W. Saathoff, and has been extremely active during the past 
three years. It felt that its first problem should be the standardi- 
zation of methods of testing. To this end, five different metals 
have been chosen—a low-carbon steel, a chromium-molybdenum 
steel, a stainless steel, a special high-nickel, high-chromium 
steel, and nickel. 

A short-time tensile test at various elevated temperatures, 
under prearranged standard conditions, is to be made on each 
one of these metals. Each metal is to be tested in four different 
laboratories. One set of tests has already been run. The re- 
sults conclusively indicate the need for standardization of test- 
ing methods, particularly with respect to the determination of 
the proportional limit. This statement is especially true at the 
higher temperatures, for the findings at 1200 deg. fahr. (648 
deg. cent.) showed minimum and maximum values, respectively, 
of 800 lb. and 4700 Ib. per sq. in., a variation, on the basis of 
the minimum value, of 487 per cent. 

At first glance these differences might be charged to hasty 
manipulation of the tests or to poor technic. This is not the 
case, however, as the tests were quite carefully performed. The 
differences are, without doubt, due to unrefined methods of de- 
termining the proportional limit and to the difficulties in procur- 
ing uniform heating conditions. 


Discussion oF SHoRT-TIME TENSILE (PROPORTIONAL-LimIT) 
Anp Creep FINDINGS 


Dickenson (6), who has done preliminary work of much im- 
portance in the high-temperature field, has stated that the tests 
(referring to short-time tensile tests) centainly did “not enable 
a designer to construct a container which can confidently be 
depended upon to maintain shape indefinitely at some tempera- 
ture above a low red heat when in a state of stress.” 

A large portion of the early work at elevated temperatures 
has consisted in the determination of the tensile properties by 
short-time tests. A number of metallurgists, even today, give 
tensile-strength, but omit proportional-limit, elastic-limit, and 
yield-point findings when reporting the properties of metals at 
elevated temperatures. The basis for the omission of these 
latter characteristics is on the supposition that all metal is plastic, 
and that proportional limits, elastic limits, and yield points are 
not measures of true properties. 


3 These and subsequent numbers refer to bibliography, Appendix 
No. 2. 
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Much of the early work must be discarded, because the de- 
scription of methods used for determining the temperatures was 
very vague and unsatisfactory. French (7), in discussing this 
matter, found this to be the case in many of the 30 or 40 references 
he examined. Another difficulty with the early work was that 
many of the methods employed in the actual operation and manipu- 


Fie. 1 Testinc-MacHINE ARRANGEMENT USED IN SuHortT-TIME 
TENSILE TESTS 


lation of the testing equipment were inadequately described. 
Also, in many instances, no information is given concerning the 
initial condition of the materials tested. Therefore most of 
these earlier tests are of interest only from a historical stand- 
point and of little, if any, value from a scientific standpoint. 

Short-time tests are of little value to the engineer designing 
power plants, oil refineries, and other similar units unless the 
findings throw light on the stability of the materials tested when 
held for long periods of time at the temperatures in question. 
Short-time tests, as usually interpreted, do not measure “creep,” 
a characteristic presented by Dickenson, and a characteristic 
which has been discussed by Lea (9 and 12), French (22 and 
27), Malcolm (25 and 30), White and Clark (28), Bailey (31), 
and others. 

With respect to the proper manner of measuring ‘“‘creep,” 
metallurgists hold two divergent views. One group believes 
that the only safe course to follow is to measure it by a long- 
time test. The other feels that an accurately determined pro- 
portional limit gives a measure of the ability of the material to 
withstand, for a given time, at a given temperature, a given load. 
Both of these views are, in a sense, contrary to the hypothesis 
of plastic flow, a hypothesis which holds that all metal, if held for 
a sufficient length of time under a given load, will fail, though 
the time required for rupture might run into millions of years. 
This hypothesis is quite plausible, but it is of little value to the 
designing engineer, as he is interested only in knowing about the 
stability of the material during the operating cycle or the eco- 
nomic life of the part. Troendly and Pickwell (20), Fahrenwald 
(14), and others question the existence of, or the ability to mea- 
sure, elastic or proportional limits at elevated temperatures. 
French (22), Lynch, Mochel, and McVetty (24), and others feel 
that proportional-limit findings resulting from carefully deter- 
mined short-time high-temperature tensile tests have a very 


definite meaning, and that continuous creep or plastic defor- 
mation at or below the obtained values is not to be expected. 

In a paper presented by White and Clark (28) at the December, 
1926, meeting of The American Society of Mechanical Engineers, 
the value of the proportional limit as a criterion for load-carrying 
ability was questioned. Fair agreement is shown in this par- 
ticular paper between their creep or long-time expansion-test 
findings and their short-time proportional-limit findings. Be- 
cause of this condition, they are more inclined than they were 
formerly to believe that properly determined short-time high- 
temperature proportional-limit findings may serve as an index 
to the maximum allowable stresses for the materials in question, 
provided a sufficient factor of safety, such as five, is employed. 
They make this statement with fuli appreciation that the major 
evidence points to the law of plastic flow and that all metals 
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will ultimately fail if given sufficient time. Bailey (31) has very 
ably set forth this view. 
ORIGINAL STUDIES 


The original laboratory research work covered in this paper 
includes short-time tensile and expansion tests‘ at elevated tem- 


‘The expansion tests discussed in this paper were conducted 
for the purpose of duplicating, in so far as possible, actual working 
conditions in many of the units used in power plants and oil refineries. 
Many of these units are tubular in character and failures would 
result through expansion. The test consisted of filling tubes with 
nitrogen and then producing in them the desired pressures by means 
of accumulators. With the desired pressure maintained by means 
of the accumulators, the tubes were heated in electric furnaces t0 
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peratures on 0.13 per cent carbon steel, 0.37 and 0.38 per cent 
carbon steel, and on Enduro, a metal containing from 16 to 17 
per cent chromium and about 0.10 per cent carbon. Some of 
the tests on the 0.13 per cent carbon steel have already been 
given in a paper by White and Clark (28), but in view of the 
added information and for the purpose of making this paper 
as nearly complete as possible, they are included here. The 
object of these particular tests has been not only to throw addi- 
tional light on the relationship between ‘‘creep”’ tests, or as here 
modified into what are described as expansion tests, and care- 
fully obtained proportional-limit values, but also to ascertain 
safe working loads by means of the expansion tests themselves. 

Toward the end of the paper a section is devoted to a dis- 
cussion of the respective merits of various grades of steels on 
the basis of proportional-limit findings. Only those steels are 
considered on which carefully determined proportional-limit 
values had been determined, steels which had been previously 
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annealed or normalized, and which showed values consistent 
with those in the general field. 


Opsects OF INVESTIGATION 


Short-time tensile and expansion tests were run on plain car- 
bon steels of tubular stock containing 0.13 per cent carbon and 
0.38 per cent carbon, and on Enduro, an alloy containing 16.70 
per cent chromium and 0.09 per cent carbon. Short-time ten- 
sile tests were also run on 0.37 per cent carbon-steel bar stock. 
These tests were made for the following purposes: 


the desired temperatures, and the tests were continued until either 
(1) rupture occurred or (2) the test was discontinued because it 
was believed that rupture would not occur during any economic 
period of operation, such, for example, as the development of leaks 
around the brazed end of the tube. 
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1 To determine by means of short-time tensile tests the 
physical properties of these metals at elevated temperatures. 

2 To determine by means of the expansion tests the safe 
working loads for these metals at certain elevated temperatures, 
loads below which expansion would not take place during any 
normal long-time operation. 

3 To determine the relationship, if any, between the pro- 
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portional limit as measured by the short-time tensile test and 
the maximum working load as determined by the expansion test. 


CHEMICAL COMPOSITION OF STEELS 


The chemical composition of the steels used in these tests is 
given in Table 1. 


TABLE 1 CHEMICAL COMPOSITION OF SEAMLESS TUBES 


——Composition in per 

Symbol Cc Mn Si 5 4 Cr Ni 
A 0.13 0.29 0.20 0.044 0.010 
B 0. 38 0.56 0.15 0.028 0.017 

0.37 0.69 0.23 0.020 0.015 eas 

J 0.09 0.34 0.84 0.017 0.021 16.70 0.19 


PROCEDURE FOR SHortT-TIME TENSILE TEsTs 


A view of the set-up used in the short-time tensile tests is 
shown in Figs. 1 and 2. The jaws of the machine are replaced 
by steel blocks containing hemispherical holes, into which the 
balls on the ends of the specimen holder fit. This arrangement 
eliminates slippage and insures more perfect alignment than is 
possible with the usual type of jaws. 

The arrangement for measuring the strain produced by the 
applied load is also shown in Figs. 1 and 2. It consists of two 
circular collars, one fastened to the upper part of the specimen 
and the other to the lower part. A pair of vertical rods is fas- 
tened to each collar. To the rods leading from the upper collar 
is fastened the upper aluminum plate, and to the rods leading 
from the lower collar is fastened the lower aluminum plate. The 
upper plate carries dials. As the load is applied the plates move 
apart, due to the strain on the specimen, and the distance of 
separation is measured by the dials. 

For the tensile tests a Riehlé machine of 50,000 lb. capacity 
was used, and for measuring the strain, Ames dials reading to 
0.0001 in. The specimens used in the tensile tests are shown 
in Fig. 3. The set-up for the two kinds of specimens is iden- 
tical, except for the holders. Special holders were made for 
testing the tubular specimens. 


Fit - 
Le 
&|.. 
(9; 
TUBULAR TENSILE TEST SPECIMEN ion 
| 
— 
cig 
4 
3 


266 


In performing these tests, each specimen was first brought 
to the desired temperature and maintained at this given tem- 
perature for half an hour. The load was then applied in incre- 
ments, the size of which depended upon the temperature of the 
test and the composition of the metal being tested. After each 
application of load, dial readings were taken. The strain was 
computed from the average of the dial readings. The stress- 
strain curve was then plotted and the proportional limit deter- 
mined as that stress at which the strain was no longer propor- 
tional to the applied stress. 


PROCEDURE FOR EXPANSION TESTS 


The apparatus used in the expansion tests consisted of a pres- 
sure accumulator and a seamless-tube test specimen, one end 
of which was screwed into the accumulator and the other end 
closed by means of a steel cap. A movable electric furnace 
was used for heating the tube. The general arrangement in 
the testing laboratory is shown in Fig. 4, and a drawing of an 
expansion-test unit is given in Fig. 5. 

The pressure accumulator, shown in Fig. 6, was composed 
of two pistons of different diameters working against oil, and a 
reduced section of the larger piston working against nitrogen. 
In all of the accumulators, the smaller pistons were 1 in. in 
diameter, while the sizes of the larger pistons varied in the dif- 
ferent accumulators; three being 6 in., one 4 in., and one 2.5 in. 
in diameter. Therefore any load applied to these accumulators 
was increased 36, 16, and 6.25 times, respectively. 

The pistons exposed to the oil were made leakproof by the 
use of leather gaskets, but this was not possible with the pis- 
tons exposed to the nitrogen. In this latter case the leather 
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gaskets were quickly dried out by the hot gases and then failed 
to function. This trouble was overcome by the use of the gly- 
cerine trap and water jacket shown in Fig. 6. The function 
of the glycerine was to keep the gaskets moist, and the func- 
tion of the water jacket was to prevent the vaporization of the 
glycerine and to reduce thermal expansion in the accumulator 
to a minimum. 

The type of test specimen used in the expansion tests is shown 
in Fig. 3. It consisted of a seamless tube 30 in. in length with 
a middle section 18 in. in length slightly reduced. The pur- 
pose of this reduction was to facilitate expansion and to elimi- 
nate the éffect of handling marks produced on the ends of the 
tubes. It was found that steel caps brazed on to the free ends 
of the tubes gave less trouble from leaks than any other type 
considered. 

In conducting the expansion tests at the lower pressures, the 
specimens were first brought to the desired temperature and 
then nitrogen was added until the required pressures were ob- 
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tained. For the higher pressures, the gas was first added and 
then the temperature raised to the required point. The pres- 
sures in every case were measured by means of weights applied 
to the upper pistons of the pressure accumulators. 

After the specimens were at the required temperatures and 
pressures, the temperatures were maintained constant and the 
diameters of the tubes measured at regular intervals. The 
measurements were obtained during brief intervals when the 
furnace was moved away from the tube. The run was con- 
tinued until rupture occurred, or until it was felt that failure 
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would not be obtained by any normal long-time period of oper- 
ation, or until the test had to be discontinued on account of 
failure of the equipment to function properly. 


Tests on 0.13 Per Cent Carson STEEL 


Tensile Tests. The data derived from the short-time tensile 
tests on tubular specimens of 0.13 per cent carbon steel are given 
in Table 2 and in Fig. 7. The data are believed to be self-ex- 
planatory. They are in general agreement with the results of 
similar work done by recent careful investigators. 

TABLE 2 SHORT-TIME TENSILE TESTS ON 0.13 CARBON-STEEL 
TUBING AT ELEVATED TEMPERATURES 


TUBULAR SPECIMENS AS SHOWN IN Fic. 3 
Proportional Tensile strength, Elongation, 


Temperature limit, Ib. per Ib. per per cent in 
Deg. fahr. Deg. cent. sq. in. sq. in. 2 in. 

70 21 30,500 53,520 43.75 
500 260 13,612 62,215 33.50 
750 399 10,800 34,030 54.00 

1000 538 4,500 17,370 62.50 
1100 593 3,400 12,000 74.00 
1250 677 3,050 8,860 92.00 
1500 861 1,300 7,000 = 


* Elongation not determined as gage marks were destroyed at this tem 


perature. 
Norge: Owing to shape of specimens, reduction-of-area values were 1° 


taken. 
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Expansion Tests. Expansion tests were run on 0.13 per cent 
carbon steel at 1500 deg. fahr. (815 deg. cent.), at 1250 deg. 
fahr. (677 deg. cent.), at 1100 deg. fahr. (593 deg. cent.), at 
1000 deg. fahr. (538 deg. cent.), and at 900 deg. fahr. (482 deg. 
cent.). Some of these results were reported by White and Clark 
(28) in December, 1926, particularly the results of the tests at 
1500 deg. fahr. (815 deg. cent.) and at 1250 deg. fahr. (677 deg. 
cent.). The data are incorporated in this paper, however, in 
order to make this account as nearly complete as possible. 

Most of the tests recorded in this preliminary report were not 
carried to the point where the tubes failed. At the time these 
tests were first planned it was felt that by means of mathematical 
interpretations conclusions could be reached regarding the ability 
of the metal to withstand expansion at any given temperature 
and for any given pressure during any economic period of oper- 
ation. It is still believed that this supposition is correct, al- 
though, in order to make the work even more conclusive, the 
tests are now being run until rupture occurs or until it is evident 
that no rupture will take place during a normal long-time period 
of operation. 

The findings are shown in Table 3 for the respective temper- 
atures 1500 deg. fahr. (815 deg. cent.), 1250 deg. fahr. (677 deg. 
cent.), 1100 deg. fahr. (593 deg. cent.), 1000 deg. fahr. (538 deg. 
cent.), and 900 deg. fahr. (482 deg. cent.). The table is accom- 
panied by corresponding figures from Fig. 8 to Fig. 12, inclusive. 
The rate of expansion for each of the tubes tested is given in 
Appendix No. 1. 

The findings at 1500 deg. fahr. are not considered of any prac- 
ticable value because, on account of the extreme ease with which 
plain carbon steel oxidizes, it should not be used at this tem- 
perature. As a matter of fact, it was necessary to remove the 
tube subjected to a load as low as 115 lb. per sq. in., after 540 
hours at heat, because it was so badly oxidized on the outside 
surface that it would have shortly thereafter failed. 

It should be noted that throughout this report the term “‘load”’ 
implies the tensile stress set upon the tube wall and not the in- 
ternal pressure to which the tube is subjected. Thus in the pre- 
ceding paragraph, 115 lb. per sq. in. is not the internal pressure 
within the tube, but is the tensile stress on the tube wall. 


TABLE 3 EXPANSION TESTS ON 0.13 CARBON-STEEL TUBING 
1500 Dec. Fanr. (815 Dec. Cenrt.)* 


_ Tensile Total Time 
Speci- stress, Diameter of tube, expan- for expan- 
men Ib. per inches sion, sion, Final condition 
number sq. in. Initial Final inch hours of tube 
9 3045 1.235 1.400 0.165 0.75 Not ruptured 
7 2880 1.235 1.314 0.079 1.50 Not ruptured 
17 2120 1.235 1.295 0.060 2.00 Not ruptured 
13 1362 1.235 1.261 0.026 3.00 Not ruptured 
14 635 1.235 1.268 0.033 10.00 Not ruptured 
26 115 1.235 eee — see Tube badly oxi- 
dized at end 
of 540 hours 
1250 Dec. Faur. (677 Dec. CEntT.)* 
16 4675 1.235 1.250 0.015 2.50 Not ruptured 
15 3410 1.235 1.250 0.015 4.00 Not ruptured 
10 3045 1.235 1.300 0.065 .00 Not ruptured 
12 2880 1.235 1.368 0.133 18.00 Not ruptured 
19 2760 1.235 1.287 0.052 19.25 Not ruptured 
20 2165 1.235 1.255 0.020 61.25 Not ruptured 
21 1615 1.235 1.261 0.026 139.00 Not ruptured 
22 1175 1.235 1.265 0.029 208.50 Not ruptured 
23 590 1.235 1.266 0.031 285.50 Not ruptured 
24 228 1.235 1.262 0.027 482.75 Not ruptured 
1100 Dec. Fanr. (593 Dec. Cent.) 
1 6000 1.235 1.385 0.150 27.5 Ruptured 
< 5000 1.235 1.425 0.190 100.0 Ruptured 
3 4250 1.235 1.435 0.200 160.0 Ruptured 
4 3400 1.235 1.385 0.150 1100.0 Ruptured 
5 2800 1.235 1.285 0.050 1100.0 Not ruptured 
1000 Dec. Fanr. (538 Dec. Cenrt.)* 
6 5530 1.235 1.275 0.040 1000 Not ruptured 
‘ 3400 1.235 1.255 0.020 1100 Not ruptured 
900 Dec. Fanr. (482 Dec. CEent.)* 
29-3404 «1.235 -0.000 1080 Not expanded 


* Early work. Tests not carried to destruction of tubes. 
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This metal is likewise of little value at 1250 deg. fahr. (677 
deg. cent.) because of its low strength and because it suffers 
material oxidation at this temperature if exposed for a consid- 
erable period of time. 

The tests at 1100 deg. fahr. (593 deg. cent.) were carried out 
until the tubes ruptured, or until it appeared evident that the 
tubes could withstand a long-time period of operation without 
injury. The test under a load of 2800 Ib. per sq. in. indicated 
a normal degree of permanence as the total expansion was only 
0.050 in. and during the last 380 hours no expansion occurred. 
This load is but 18 per cent under the proportional-limit value 
as determined by the short-time tensile test. The rate of ex- 
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pansion of the tubes at this temperature is shown in Table 10, 
Appendix No. 1. 

Up to the present time only a few tests have been made at 
1000 deg. fahr. (538 deg. cent.). Some of the data given 
for this temperature were also presented in the earlier paper 
by White and Clark (28). But one test has been run at 900 
deg. fahr. (482 deg. cent.). The result of this test was recorded 
in the earlier paper. This showed that the metal underwent 
no expansion with a load of 3404 lb. per sq. in. This load, by 
the way, was about one-half the proportional limit as determined 
by a short-time tensile test. 

A comparison of the proportional limit as determined by short- 
time tensile tests with what are believed to be maximum safe 
working loads as gleaned from the expansion tests is given in 
Figure 13. Because of the absence of data these loads, except 
for those at 1100 deg. fahr. (593 deg. cent.), are largely a matter 
of judgment. A recommended maximum safe working load 
for 900 deg. fahr. (482 deg. cent.) is not given because practi- 
cally no data on this material at this temperature have been 
secured. 
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Tests ON 0.37 AND 0.38 Per Cent CARBON STEEL 


Short-Time Tensile Tests. The short-time tensile tests on 
bar stock containing 0.37 per cent carbon and on 0.38 per cent 
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the accuracy of the tubular short-time tests was questioned. 
This particular comparison, therefore, is of value in throwing 
light on this point. The steels used were of almost identical 
composition. Throughout the entire temperature range the 
tubular specimens did not show as high proportional-limit or 
tensile-strength values as did the bar-stock specimens. 
Because the proportional-limit and tensile-strength values 
as determined at 70 deg. fahr. (21 deg. cent.) on the tubular 
stock are under the proportional-limit and tensile-strength values 
on the bar stock, one might claim that the lower proportional- 
limit and tensile-strength values on the tubular stock were due 
to the composition. This is not believed to be the case, however, 
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TABLE 4 SHORT-TIME TENSILE TESTS ON CARBON STEELS 
AT ELEVATED TEMPERATURES 
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carbon tube stock are given in Table 4 and in Fig. 14. The re- 
sultant fractures are shown in Figs. 15 and 16. 

The tests on both bar and tubular stock were made in order 
to ascertain the variation in the values obtained by the two 


types of test specimens. In the paper by White and Clark (28) 


Proportional Tensile Elonga- 
limit, strength, tion, Reduction 
Temperature Ib. per Ib. per per cent of area 
Deg. fahr. Deg. cent. sq. in. sq. in. in 2 in per cent 
70 21 50,000 93,150 29.5 55.2 
750 399 15,625 86,350 27.0 62.5 
900 482 12,250 63,450 24.5 69 D4 
1000 538 10,500 55,650 25.5 75.3 
1100 593 5,000 41,000 30.5 Bo. 
1250 677 4,500 23,050 26.0 88.0 
TuBULAR SPECIMENS AS SHOWN IN Fic. 3. TESTS ON TUBULAR STOCK 
CONTAINING 0.38 Per Cent CARBONS 
70 21 48,165 80,974 19.0 
750 399 13,750 75,000 18.0 
900 482 10,000 53,000 23.0 
1000 538 7,875 40,825 24.2 
1100 593 4,500 32,750 27.0 
1250 677 3,500 20,325 30.0 


5 Owing to shape of specimens, reduction-of-area values were not taken. 
Note: Bar stock normalized; tube stock used in ‘‘as received’ 


conditios. 
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as the carbon contents for the two materials were substantially 
identical and the manganese contents were nearly the same, 
the difference which did exist favoring higher values for the 
tubular stock. The difference, however, in the tests at 70 deg. 
fahr. (21 deg. cent.) is believed to be due to a difference in the 
initial condition of the materials. That is, the bar stock was 
normalized before testing, whereas the tube stock was used in 
the “as received” condition. All of the proportional-limit and 
tensile-strength values at 750 deg. fahr. (399 deg. cent.) and 
higher are believed to have been more accurately determined 
in the tubular specimens than in the bar-stock specimens. By 
using the expression “‘more accurately,” no inference is made 
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3.38 CARBON STEEL TUBULAR SPECIMENS TESTED AT INDICATED TEMPERATURES 


Fig. 16 Fracrures or 0.38 Carson-Steet Tuse Stock at 
BLEVATED TEMPERATURES 


that the tests on the bar-stock specimens were improperly made. 
As a matter of fact, the same precautions were employed on the 
bar-stock tests as on the tubular-stock tests. . Yet, from the 
very nature of the specimens, the one a solid bar and the other 
tubular in character, it was possible to obtain a more uniform 
heat in the tubular stock than in the bar stock. Therefore it 
is felt that the proportional-limit and tensile-strength findings 
in the tubular stock represent more nearly the actual propor- 
tional-limit and tensile-strength values for this class of material 
than do the proportional-limit and tensile-strength values ob- 
tained in the tests on the bar stock. 

Expansion Tests. Expansion tests were run on this steel at 
1250 deg. fahr. (677 deg. cent.), 1100 deg. fahr. (593 deg. cent.), 
and 1000 deg. fahr. (538 deg. cent.). The tests are not com- 
plete. Further tests are contemplated at 1000 deg. fahr. (538 
deg. cent.), 1100 deg. fahr. (593 deg. cent.), and possibly 
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TABLE 5 EXPANSION TESTS ON 0.38 oT TUBING 


AT THREE DIFFERENT TEMPERATUR 
1250 Dec. Faur. (677 Desc. CEnrt.) 


Tensile Total Time for 


Speci- stress, Diameter of tube, expan- expan- Final 
men Ib. per inches sion, sion, condition 
number sq.in. Initial Final inch hours of tube 
1 4,000 1.095 1.250 0.155 36.0 Ruptured 
2 3,270 1.095 1.250 0.155 405.0 Ruptured 
3 2,500 1.095 1.250 0.155 1090.0 Ruptured 
4 1,100 1.095 1.170 0.075 2238.0 Not ruptured 
1100 Dec. Fanr. (593 Dec. CENT.) 
5 10,735 1.095 1.375 0.280 15.0 Ruptured 
6 7,625 1.095 1.300 0.205 245.0 Ruptured 
1000 Dec. Fanr. (538 Dec. CENT.) 
7 6,000 1.095 1.180 0.095 2016.0 Not ruptured 
Nore: Still expanding. Will probably fail. 
©.30 
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one or more additional ones at 1250 deg. fahr. (677 deg. cent.). 

The data for the temperatures mentioned above are given 
in Table 5, and in Figs. 17, 18, and 19. The rate of expansion 
of each of the tubes tested is given in Appendix No. 1, Tables 
11 to 13, inclusive. 

The results of four tests at 1250 deg. fahr. (677 deg. cent.) 
are submitted. Two of the tests were run at loads belew the 
proportional limit as determined in the short-time tensile test. 
With a load of 1100 lb. per sq. in., failure was not obtained at 
the end of 2238 hours. With a load of 2500 lb. per sq. in., failure 
was obtained in a little over 1000 hours. With loads above the 
proportional limit, failure was obtained in relatively short 
periods of time. 

From the results at this temperature, it appears that the max- 
imum allowable stress for economical long-time operation lies 
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somewhere between 1100 Ib. and 2500 Ib. Yet, even 2500 lb, 
is 1000 Ib. under the proportional-limit value as determined by 
short-time tensile test on the tubular stock, and 2000 lb. 
under the proportional-limit value as determined on the bar 
stock. These results seem to indicate that at this temperature 
the proportional limit is not the criterion of the ability of the 
metal to resist creep. 

With this class of steel, slight surface oxidation occurred at 
1250 deg. fahr. (677 deg. cent.), but it was not considered suffi- 
cient to interfere with the findings. 

Up to the present, only two tests have been conducted at 
1100 deg. fahr. (593 deg. cent.), and in both of these loads in 
excess of the short-time proportional limit were used. Since 
it is intended to ultimately reduce these findings to a mathe- 
matical basis, it is necessary to obtain four or five points for 
every temperature employed, and so some of the loads have to 
be above the short-time proportional limit. Due to the limi- 
tations of our findings at this temperature, it is not possible, 
as yet, to foretell the relationship between creep findings and 
the short-time proportional-limit value. 

Only one test has been run at 1000 deg. fahr. (538 deg. cent.) 
and that is still in progress. The load used is below the short- 
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Fie. 19 Expansion Tests ON 0.38 CARBON STEEL aT 1000 Dee. 
Faur. (538 Dee. CENT.) 


time proportional limits, and, although the tube has not rup 
tured in 2016 hours, it is believed that it will ultimately fail ss 
it has already expanded nearly 0.10 in. and its diameter is sti! 
increasing. 

In Fig. 20 the proportional-limit values as determined by 
the short-time tensile test are compared with the expansion 
test findings. From these latter findings, there has been de 
termined what is believed to be maximum safe working loads 
for this metal at the indicated temperatures. In all cases the 


safe-working load curve is below the curve showing the proper 


tional-limit values. 
Tests on Enpuro Mera. 
Short-Time Tensile Tests. The short-time tensile tests ™ 
TABLE 6 SHORT-TIME TENSILE TESTS ON ENDURO TUBING 


T ELEVATED TEMPERATUR 
TusuLar SpectmmENS as SHOWN IN Fic. 3 


Tensile 

limit, st Elongate. 
Temperature Ib. per Ib. per ceo 
Deg. fahr. Deg. cent. sq. in, sq. in 2 in 
70 21 38,160 77,370 38.00 
900 482 21,384 56,232 22 79 
1000 538 17,150 ,066 25.32 
1100 593 13,200 32,084 31.54 
1250 677 4,850 16,228 49.38 
1500 816 1,320 7,200 71.13 


Norte: Owing to shape of specimens, reduction-of-area values were ® | 


taken. 
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tubular specimens of Enduro metal are given in Table 6 and 
in Fig. 21. The resultant fractures are shown in Fig. 22. 

Expansion Tests. The expansion-test data on Enduro tub- 
ing record the results obtained at 1500 deg. fahr. (816 deg. cent.), 
at 1250 deg. fahr. (677 deg. cent.), and at 1100 deg. fahr. (593 
deg. cent.). The program being followed calls for further tests 
at these temperatures, but with smaller loads at the two higher 
temperatures, and with greater loads at 1100 deg. fahr. (593 
deg. cent.). The data for the above-mentioned temperatures 
are given numerically in Table 7 and graphically in Figs. 23, 
24, and 25. The rate of expansion of each tube is given in Appen- 
dix No. 1, Tables 14, 15, and 16. The tubes, after having been 
submitted to the above tests, are shown in Fig. 26. 
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Fic. 20 Expansion Versus Proportionat-Limit VALuEs OF 
0.38 Carson Street aT ELEvATED TEMPERATURES 


Four tests are submitted at 1500 deg. fahr. (816 deg. cent.). 
Three of the tests were run at loads above the proportional limit 
as determined in the short-time tensile test. With a load of 
1500 Ib. per sq. in., 200 Ib. above the proportional limit, rup- 

TABLE 7 EXPANSION TESTS ON ENDURO TUBING AT 
SEVERAL TEMPERATURES 


1500 Dec. Fanur. (816 Dec. CENT.) 


Tensile Total Time for 
Speci- stress, Diameter of tube expan- expan- Final 
men |b. per __ inch sion sion, condition 
Number sq. in. Initial Final inch hours of tube 
1 2600 1.255 1.480 0.225 10.3 Ruptured 
2 1700 1.255 1.400 0.145 14.0 Ruptured 
3 1500 1.255 1.350 0.095 60. Ruptured 
4 1250 1.255 1.470 0.215 1403.5 Ruptured 
1250 Dec. Faur. (677 ees CENT.) 
; 9700 1.255 * 9.0 Ruptured 
7 7650 1.220 1.350 0. 130 97.5 Ruptured 
3 5970 1.220 1.305 0.085 525.5 Ruptured 
4775 1.220 1.290 1147.0 Ruptured 
1100 Dec. Fanr. (593 Dec. Cent.) 
B 15,000 1.220 1.225 0.005 2152.0 Not ruptured 
14,325 1.220 1.220 0.000 1194.0 Not ruptured 


* Tube exploded, so final diameter not obtainable. 
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ture was obtained in 60.5 hours; while with a load of 1250 lb. 
per sq. in., 80 lb. below the proportional limit, 1403.5 hours were 
required to produce rupture. Although the results do not show 
definitely what load could be maintained continuously at this 
temperature, it appears from Fig. 14 that the “stress-time-for- 
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lig. 21 Properties of Enpvuro at ELvevatep TEempera- 
TURES aS DETERMINED BY SHORT-T1IME TENSILE TESTS 
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Fie. 


rupture curve” becomes parallel to the time axis at about 1100 
lb. Therefore these results seem to indicate that the maximum 
load that can be carried indefinitely at 1500 deg. fahr. (816 deg. 
cent.) is in the neighborhood of 1100 Ib. per sq. in. This max- 
imum allowable stress for long life is only 200 lb. below the pro- 
portional limit as determined by the short-time tensile test. 
One of the noteworthy results of the tests at this temperature 
was the resistance offered to oxidation by these tubes. Even 
the tube that was exposed to this temperature for 1400 hours 
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showed little sign of oxidation. This is in marked contrast to 
both the 0.13 per cent and the 0.38 per cent carbon tubes, as 


these were badly oxidized at this temperature. 
Four tests were conducted at 1250 deg. fahr. (677 deg. cent.). 
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Fic. 23 Expansion Tests oN Enpuro Merat at 1500 Dea. Fanr. 
(815 Deg. CENT.) 
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Fic. 24 Expansion Tests on Enpuro Merat at 1250 Dea. Faur. 
(677 Dec. CENT.) 
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Fic. 25 Expansion Tests oN Enpuro Metat aT 1100 Dea. Faur. 
(593 Dea. CENT.) 


Three of these were above the proportional limit as determined 
by the short-time tensile test. With a load of 5970 lb. per sq. 
in., approximately 1000 lb. above the proportional limit, rup- 
ture was obtained in 523.5 hours; while with a load of 4775 lb., 
100 lb. below the proportional limit, failure occurred in 1147 
hours. Again, the results do not show definitely the maximum 
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load that can be carried at this temperature. From the “stress- 
time-for-rupture curve’ it appears that the limiting stress will 
be around 4000 lb. per sq. in. This maximum allowable stress 
is approximately 800 Ib. below the short-time proportional limit, 

The results at these two temperatures show that the metal 
strengthens considerably in passing from 1500 deg. fahr. (816 
deg. cent.) to 1250 deg. fahr. (677 deg. cent.). The tubes with- 
stood about four times the stress at 1250 deg. fahr. (677 deg. 
cent.) that they did at 1500 deg. fahr. (816 deg. cent.). In 
other words, in decreasing the temperature 250 deg. fahr. (12) 


Fie. 26 Fractures oF Enpuro TusinG EXPANSION SPECIMENS 
AT ELevaTep TEMPERATURES 

A—Temperature, 1500 deg. fahr. (816 deg. cent.); time, 10.25 hours 
load, 2600 Ib. per sq. in. 

B—Temperature, 1500 deg. fahr. (816 deg. cent.); time, 14.0 hours, loa 
1700 Ib. per sq. in. Mm: 

C—Temperature, 1500 deg. fahr. (816 deg. cent.); time, 69.5 hours. load 
1500 Ib. per sq. in. . 

D—Temperature, 1500 deg. fahr. (816 deg. cent.); time, 1403.5 
load, 1250 lb. per sq. in. 

E—Temperature, 1250 deg. fahr. (677 deg. cent.); time, 9.0 hour 
9700 lb. per sq. in. 

F—Temperature, 1250 deg. fahr. (677 deg. cent.); time, 97.5 hour 
7650 Ib. per sq. in. D 

G—Temperature, 1250 deg. fahr. (677 deg. cent.); time, 520 hours, load 
5970 Ib. per sq. in. 

H—Temperature, 1250 deg. fahr. (677 deg. fahr.); time, 1147 hour 
4775 lb. per sq. in. , 

I—Temperature, 1100 deg. fahr. (593 deg. cent.); time, 1194 hours, !ou 
14,325 Ib. per sq. in. — 

J—Temperature, 1100 deg. fahr. (593 deg. cent.); time, 2536 hours, 104° 
15,000 Ib. per sq. in. 


hours 


deg. cent.), the load-carrying ability is increased by 400 per cent. 

The results at 1100 deg. fahr. (593 deg. cent.) are far from 
complete. Up to the present, two tests have been undertaken 
at this temperature. The loads used in both cases were above 
the proportional-limit value, but failure was not obtained in 
either case. With the greatest load used, 15,000 Ib., 2000 lb. 
above the proportional limit, no signs of failure were observed 
at the end of 2152 hours. 

A comparison of the proportional-limit values, as determined 
by short-time tensile tests, and expansion-rest values is give? 
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in Fig. 27. From a consideration of the expansion values, safe 
working loads have been selected. As will be noticed, the safe- 
working load curve and the proportional-limit curve for this 
metal follow each other rather closely. At 1100 deg. fahr. (593 
deg. cent.) the safe working load is slightly above the propor- 
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Enpuro TuBING aT ELEVATED TEMPERATURES 
tional limit, while at the other two temperatures considered, 
it is below. 
Composite PRoporTIONAL-LIMIT DETERMINATIONS 


If metals are to be intelligently used at elevated temperatures, 
their physical characteristics when subjected to these temper- 
atures for long periods of time must first be determined. This 
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can be accomplished by ‘‘creep”’ and expansion tests, but the pur- 
pose of these involves long, tedious operations. Attempts have 
been made to relate the results obtained from the ordinary short- 
time tensile tests with the findings from long-time tests. As a 
result, some now hold that the proportional limit indicates the 
physical stability of metals when under the above conditions. 
Although this view is debatable, the authors feel that propor- 
tional limits are our best available short-time criterion. For 
this reason, proportional-limit data derived from various selected 
steels when at elevated temperatures have been incorporated 
in this paper. 

In Figs. 28 to 34, inclusive, composite proportional-limit values 
are given for various selected steels at elevated temperatures. 
General data, including type composition, pretreatment, and 
source of information, are given in Table 8. 

The steels considered were most carefully selected. Only 
those were chosen on which proportional-limit values were avail- 
able, and of these only those were used whose proportional- 
limit values were relatively consistent with one another. In 
addition, only steels which had been previously annealed or 
normalized were considered. Chrome-nickel steels are not in- 
cluded because it was felt that the data available in the liter- 
ature were not in line with those for other steels possessing similar 
characteristics. 

Fig. 28 gives proportional-limit values for plain carbon steels 
at elevated temperatures. It will be noticed that at the lower 
temperatures, below 1000 deg. fahr. (538 deg. cent.), increased 
carbon content gives marked increase in proportional-limit values. 
Above 1000 deg. fahr. (538 deg. cent.), the beneficial action of 
the higher carbon content is almost entirely destroyed. 

Available proportional-limit data on various chromium steels 
at elevated temperatures are presented in Fig. 29. Throughout 
the entire temperature range, the 20 per cent chromium steel 
exhibits a marked superiority. Of the remaining steels, the 
Enduro and the 1.0 per cent chromium appear to be outstanding. 

Fig. 30 shows the relation between the proportional-limit values 
of various carbon-manganese steels and changes of temperature. 
At all the temperatures considered, the highest proportional-limit 
values were obtained with the 1.55 per cent manganese steel. 
Throughout the greater part of the temperature range, the 1.17 per 
cent manganese steel gave the second highest values. 

Fig. 31 gives proportional-limit values for three nickel steels 
at elevated temperatures. From an examination of the curves, 
it appears that the proportional-limit values varied inversely 
as the nickel content. The great difference between the 3.43 


TABLES TYPE COMPOSITION AND INITIAL TREATMENTS FOR THE VARIOUS STEELS REFERRED TOIN FIGS. 28 TO 34, INCLUSIVE 


Symbol Class Type composition, per cent 

A Carbon (tube stock) 0.13 C 

B Carbon (tube stock) 0.38 C 

C Carbon (bar stock) 0.37 C 

D Manganese 0.69 Mn, 0.37 C 

E Manganese 1.17 Mn, 0.35 C 

¥ Manganese 1.31 Mn, 0.18 C 

G Manganese 1.55 Mn, 0.44 C 

H Manganese 2.06 Mn, 0.44 C 

J Enduro 16.00 Cr, 0.10 C 

K Manganese 1.26 Mn, 0.38 C 

L Carbon 0.59 C 

M Nickel 3.43 Ni, 0.37 C 

N Nickel 4.60 Ni, 0.09 C 

> Nickel 28.60 Ni, 0.20 C 

R Chromium 1.00 Gi, 0.3-0.4 C 

= Chromium 7.70 Cr, 0.3-0.4 C 

T Chromium 12.14 Cr, 0.10 C 

U Chromium 20.00 Cr, 0.30 C 

Vv Cobalt 4.96 Co, 0.62 C 

Ww Chromium-Vanadium 1.98 Cr, 0.18 V, 0.38 C 

X Tungsten 1.17 W, 0.95 C 

z Chromium-Molybdenum 0.99 Cr, 0.41 Mo, 0.27 C 
Silicon 2.00 Si 


Treatment Source 


Annealed (28) White and Clark 
Annealed White and Clark 
Normalized 1562° F. (850° C.) White and Clark 
Normalized 1562° F. (850° C.) White and Clark, un- 
published results 
Normalized 1562° F. (850° C.) White and Clark, un- 
published results 
Normalized 1652° F. (900° C.) White and Clark, un- 
published results 
Normalized 1562° F. (850° C.) White and Clark, un- 
published results 
Normalized 1562° F. (850° C.) White and Clark, un- 
published results 
Annealed White and Clark, un- 
published results 
Normalized 1562° F. (850° C.) (11) French and Tucker 
Normalized 1562° F. (850° C.) (11) French and Tucker 
Normalized 1472° F. (800° C.) (11) French and Tucker 
Normalized 1500° F. (815° C.) (24) Lynch, Mochei, and 
MeVetty 
Normalized 1472° F. (800° C.) (17) French and Tucker 
Annealed 1650° F. (900° C.) (17) French and Tucker 
Annealed 1650° F. (900° C.) (17) French and Tucker 
Annealed (29) Carpenter Steel Co. 
Annealed (29) Carpenter Steel Co. 
Normalized 1200° F. (650° C.) (11) French and Tucker 
Normalized 1652° F. (900° C.) (11) French and Tucker 
Normalized 1500° F. (815° C.) (11) French and Tucker 
Normalized 1500° F. (815° C.) (11) French and Tucker 
(13) Eyermann 
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per cent and the 4.60 per cent nickel steels, however, may be 
largely accounted for by the difference in their carbon contents. 
It is interesting to note that large additions of nickel produce 
a marked lowering of the proportional-limit values, especially 
at the lower temperatures. 

Fig. 32 presents proportional-limit values for various alloy 
steels at elevated temperatures. These are steels which do not 
fall into any of the above groups. It is rather difficult to select 
the outstanding steels of this group, as different steels show su- 
perior values at different temperatures. The cobalt and the 
chromium-vanadium steels appear to be the ones having the 
highest values over the greatest part of the temperature range. 

Fig. 33 gives proportional-limit values for the outstanding 
steels from each of the five preceding groups at elevated tem- 
peratures. The numerical data are given in Table 9. An analy- 
sis of the curves indicates that the 20 per cent chromium, 1.55 
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Fic. 28 Composire Proportionat-Limir Vatues OF CARBON 
ELS AT ELEVATED TEMPERATURES 


per cent manganese, 4.96 per cent cobalt, and that the chromium- 
vanadium steels were the most promising. Beyond 1000 deg. 
fahr. (538 deg. cent.), the 20 per cent chromium steel appears 
to be the best. Below 1000 deg. fahr. (538 deg. cent.), it appears 


TABLE 9 COMPOSITE PROPORTIONAL-LIMIT VALUES OF V 


that the other steels were superior to this chromium alloy. (f 
these, the 1.55 per cent manganese is recommended because of 
its cheapness, and because of the ease with which it can be ob- 
tained. 

In Fig. 34, the per cent of the 750 deg. fahr. (399 deg. cent.) 
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Fie. 29 ComposiTre ProporTIONAL-LimiT VALUES OF CHROMIUM 
Sreets aT ELEVATED TEMPERATURES 


proportional-limit value which remains at various increased 
temperatures is plotted against these temperatures. By plotting 
the per cent change, it is felt that a clearer analysis of the respee- 
tive merits of the various steels might be reached because such 
a procedure eliminates, to a degree, the influence of pretrest- 
ment. In a@ measure this is true, though the data in the figure 
must be carefully analyzed in order to avoid faulty or erroneous 
conclusions. 
ConcLusions 

This paper considers the effect of elevated temperatures upo® 
the physical properties of plain carbon and alloy steels. The 
original investigations here reported cover short-time tensile 
and expansion tests on 0.13 per cent and 0.38 per cent carbon 


ARIOUS SELECTED STEELS AT ELEVATED TEMPERATURES 


70° F 200° F 
Symbol Class 2° 93° C 
B Carbon 50,000 
Manganese 67,500 
N Nickel 35,000 40,000 
Chromium 50,000 
U Cobalt 67,200 62,400 
Vv Chromium-Vanadium 50,000 47,500 
Ww Tungsten 51,800 52,700 
Fe Chromium-Molybdenum 34,500 34,000 
riz Silicon 33,500 


Proportional limit, Ib. per sq. in. eee 
400° F 600° F 800° F 1000° F 1200°F =—_:1400° F 
204°C 316°C 427°C 538°C 649° C 760° C 
14,500 10,500 4,500 
29,000 18,125 8,000 3,900 
32,000 17,000 11,500 
40,000 30,000 24,000 18,000 6,000 
51,000 38,000 27,500 20,500 
53,000 41,500 34,800 32,500 
31,500 26,000 26,000 14,000 
33,000 40,500 32,000 23,500 
26,700 18,000 4,500 1,800 


Nots: Proportional-limit values obtained from curves at many of the temperatures given above. 
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steel tubing, and Enduro (an alloy containing 16-17 per cent 
chromium and about 0.10 per cent carbon) tubing. In addition, 
short-time tensile tests at elevated temperatures were conducted 
on 0.37 per cent carbon steel standard 0.505-in.-diameter test 
pieces So a8 to compare these two types of specimens. The re- 
sults obtained with the above tensile specimens, tubular and 
standard, showed relative agreement with one another. 

As shown in Figs. 7, 14, and 21, the tensile strength and pro- 


TEMPERATURE, DEGREES CENT 


© 100 200 300 400 500 600 700 800 
| | 
60 
| | 
| | 
| 
w | 
40! 
fe) 
o 
20) 
| 
10} 
| 
o| 


0 200 400 600 800 1000 i200 .1400 
TEMPERATURE, DEGREES FAHR. 

D—— ——_—— 69 MN. G 1.55 MN. 

— MN 2.06 MN 

——--——-——- 1.31 MN. K 1.26 MN» 


Fic. 30 Composrre VALUES OF MANGANESE 
Streets aT ELevaTep TEMPERATURES 


portional limit of the steels considered decrease steadily with 
increasing temperatures. With the exception of the test at 70 
deg. fahr. (21 deg. cent.), the Enduro metal showed superior 
proportional limit values throughout the temperature range. 
At 1250 deg. fahr. (677 deg. cent.), however, the difference be- 
tween the proportional limit values is less marked than at the 
lower temperatures. It is interesting to note that even though 
the Enduro metal gave higher proportional-limit values, its ten- 
sile strength was practically the same as the 0.38 per cent car- 
_ steel at most of the temperatures at which tests were con- 
ucted. 

Expansion tests on 0.13 per cent carbon-steel tubing indicate 
that at 1500 deg. fahr. (816 deg. cent.) and 1250 deg. fahr. (677 
deg. cent.), the creep value is considerably under the propor- 
tional-limit value, while at 1100 deg. fahr. (593 deg. cent.), the 
proportional-limit value agrees approximately with the load 


. below which rupture cannot be obtained within a reasonable 


Period of time. Tests in sufficient number have not as yet been 
conducted at 1000 deg. fahr. (538 deg. cent.) to determine any 
relationship between proportional-limit values and expansion 
findings. 

Expansion tests on 0.38 per cent carbon-steel tubing show that 
the creep value is considerably under the proportional-limit 
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value as determined by short-time tensile tests. At 1250 deg. 
fahr. (677 deg. cent.), it is only about one-third of the propor- 
tional-limit value. The loads used in the expansion tests at 
1100 deg. fahr. (593 deg. cent.) were too high to allow the draw- 
ing of any conclusions regarding the relationship between ex- 
pansion-test values and short-time proportional-limit values. 
At 1000 deg. fahr. (538 deg. cent.), it appears as though the crit- 
ical expansion value and the short-time proportional-limit value 
were nearly the same. 

Expansion tests on Enduro tubing show a rather close agree- 
ment between expansion findings and short-time proportional- 
limit values. At 1500 deg. fahr. (816 deg. cent.), the stress be- 
low which failure is not to be expected within the economic life 
of the metal is only about 200 Ib. below the short-time propor- 
tional-limit value. At 1250 deg. fahr. (677 deg. cent.) the crit- 
ical stress is only 800 lb. below the short-time proportional limit, 
while at 1100 deg. fahr. (593 deg. cent.), failure has not been 
obtained with loads in excess of the proportional limit. 

In the latter part of the paper, composite proportional-limit 
values are given for five classes of steels: plain carbon, chromium, 
manganese, nickel, and miscellaneous. The outstanding steels 


in each of the groups are then compared with one another. As 
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a result, it appears that the steels possessing the best properties 
at elevated temperatures, as determined by proportional limits, 
are the 20 per cent chromium, the 1.55 per cent manganese, 
the 4.96 per cent cobalt, and the chromium-vanadium. Of these, 
the 20 per cent chromium appears to have decided advantages 
at temperatures above 1000 deg. fahr. (538 deg. cent.), and the 
1.55 per cent manganese, because of its good qualities and rela- 
tive cheapness, appears to possess decided advantages at tem- 
peratures of 1000 deg. fahr. (538 deg. cent.) and under. 
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Appendix No. 1 


TABLE 10 EXPANSION TEST ON 0.13 CARBON-STEEL TUBING 
AT 1100 DEG. FAHR. (593 DEG. CENT.), AT VARIOUS LOADS 


2800 Ls. PER Sg. IN. 


Diameter, Time, Expansion, 
inches hours inch 
1.235 0 0.000 
1.265 400 0.030 
1.285 720 0.050 
1.285 1000 0.050 
1.285 1075 0.050 
1.285 1100* 0.050 

* Run discontinued. 
3400 Le. PER Sg. IN 
1.235 0 0.000 
1.305 720 0.070 
1.345 1000 0.110 
1.365 1075 0.130 
1.385 1100* 0.150 
* Tube ruptured. 
4250 Ls. PER So. IN 
1.235 0 0.000 
1.255 15 0.020 
1.335 100 0.100 
1.435 160* 0.200 


1.235 0 0. 

1.255 15 0.020 
1.275 27.5 0.040 
1.295 42.5 0.060 
1.425 100 .0* 0.190 


* Tube ruptured. 
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Fig. 33. Composite Proportionat-Limit VALUES OF 


SELECTED STEELS AT ELEVATED TEMPERATURES 


TABLE 10 (Continued) 
6000 La. PER Sq. IN. 
1.235 0 0.000 
1.255 15 0.020 
1,285 20 0.050 
1.385 27. 5* 0.150 


* Tube ruptured. 


TABLE 11 
AT 1250 DEG. FAHR. (677 
1100 


Diameter, 
inches 


1.095 


* Test still in progress. 
2500 


* Tube ruptured. 


3270 


EXPANSION TEST ON 0.38 CARBON-STEEL TUBING 


DEG. CENT.), AT VARIOUS LOADS 
LB. PER Sq. IN. 


Time, Expansion 
hours inch 
0 0.000 
168 0.025 
341 0.035 
527 0.035 
696 0.045 
1104 0.055 
1296 0.060 
1349.5 0.065 
1512 0.065 
1705 0.065 
1847 0.065 
2018 0.075 
2238* 0.075 

Ls. PER So. In. 
0 0.000 
78 0.015 
306 0.025 
497 0.045 
550 0.055 
713 6.060 
906 0.070 
1048 0.105 
1090* 0.155 
Ls. PER Sg. In. 

0 0.000 
18 0.015 
30.5 0.025 
44 0.025 
63 0.025 
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TEMPERATURE , DEGREES CENT. TABLE 13 EXPANSION TEST ON 0.38 CARBON-STEEL TUBING 
+ 4 700 800 AT 1000 DEG. FAHR. (538 DEG. CENT.) 
100 T 6000 Ls. PER Sg. IN. 
iameter, Time, Exapnsion, 
| $< inches hours inc 
x 90 1.095 0 0.000 
YAAL A 1.110 70 0.015 
\ 1.130 430 0.035 
Waa 1.170 815 0.075 
| 1.180 1006 0.085 
| 80 1.180 1061 0.085 
| \ 1.180 1533 0.085 
‘\ 1.185 1704 0.090 
\ 1.190 2016* 0.095 
4 
i 70 * Test progress. 
\ TABLE 14 EXPANSION TEST ON ENDURO TUBING AT 1500 
i \ DEG. FAHR. (816 DEG. CENT.), AT VARIOUS LOADS 
— 60 1100 Ls. per So. In. 
Diameter, Time, Expansion, 
| © inches hours inch 
* 66 \ 1.255 0 0.000 
wk 1.270 3.5 0.015 
\ \ 1.270 17.5 0.015 
x 1.270 65.5 0.015 
4 \ 1.275 113.5 0.020 
+|+ 40 \ 1.280 162.5 0.025 
1.280 199.5 0.025 
1.280 221.5 0.025 
1.280 235 0.025 
\ 1.280 258 0.025 
| 1.280 306 0.025 
3 1.280 378 0.025 
| 20 1.280 403 0.025 
b 1.290 548 0.035 
zr 1.295 571 0.040 
G 1.300 594 0.045 
1.300 619 0.045 
0 a 1.305 642.5 0.050 
1.305 670.5 0.050 
1.305 721 0.050 
i 1.310 769 0.055 
1.315 817.5 0.060 
a. 70 800 900 1000 1200 1300 1400 1.320 862 0.065 
| : TEMPERATURE , DEGREES FAHR 1.340 1035 0.085 
1.370 1200 0.115 
—— — — 0.38C v— - - — CHROME VA. 1.420 1335.5 0.165 
55 MN w TUNGSTEN 1.470 1403. 5* 0.215 
a 460 WI x CHROME MO. 1500 Ls. PER So. IN. 
Us —— ---— ---SILICON 1.255 0 0 
== 1.270 2 0.015 
1.275 5 0.020 
Fic. 34. Per Cent Decrease IN VaLvuES OF Various SELECTED 1.2 10.5 
STEELS AT ELEVATED TEMPERATURES ON Basis oF 750 Dea. Faur. ; 7 30 5 0 023 
(399 Dea. Cent.) Finpines 1 280 35 0.025 
29% 8.5 04 
TABLE 11 (Continued) : 320 0.063 
1.125 90.5 0.030 1.300 0.5 
4 : = 114.5 0.035 * Tube ruptured. 
35 126.5 0.040 
1.140 139 0.045 1700 Le. peR So. IN 
1.145 163 0.050 1.255 0 
5 55 1.280 4.5 0.025 
Ds 1.150 203 0.055 > 0.145 
1.170 258.5 0.075 1.400 14 5 
1.170 282.5 0.075 
j 1.195 306.5 0.100 9900 La. ran So. In. 
= 1.21 5 1.255 0 0.000 
3 215 355 0.120 : . 
235 1.280 3 0.025 
1.235 379 0.140 
1.240 399 0.145 1.300 4.5 
a 1.250 405* 0.155 1.480 10.25 2 
be * Tube ruptured. * Tube ruptured. 
; ; 4600 La. ran So. In. TABLE 15 EXPANSION TEST ON ENDURO TUBING AT 1250 
oe 0 0.000 DEG. FAHR. (677 DEG. CENT.), AT VARIOUS LOADS 
11250 4775 Le. per So. In. 
*T ; Diameter, Time, Expansion, 
ube ruptured. inches hours inch 
1.220 0.010 
1.230 
é TABLE 12 EXPANSION TEST ON 0.38 CARBON-STEEL TUBING 1.230 197 0.010 
AT 1100 DEG. FAHR. (593 DEG. CENT.), AT VARIOUS LOADS 1.230 431 0.010 
7650 Le. PER So. IN. 1.230 
Diameter, Time, Expansion, 1 0.040 
hours by 1.290 1147* 0.070 
> 0 
= 1.110 0.015 * Tube ruptured 
1.110 34 0.015 5970 Le. PER So. IN 
1.130 102 0.035 1.220 0 0.000 
zi 1.140 149 0.045 1.225 27 0.005 
§ 1.150 205 0.055 1.230 36 0.010 
: —— 1.300 245* 0.205 1.245 104 0.025 
10,735 Ls. PER So. IN. 1.245 265.5 0.035 
1.095 0 0.000 1.245 . 
a ae 15* 0.280 1.305 523.5* 0.085 


* Tube ruptured. * Tube ruptured. 


Fa, 
ts, 
ar 
3 
7% 


TABLE 15 (Continued) 
7650 Le. per So. In. 


1.220 0 0.000 
1.230 0.010 
1.240 32 0.020 
1.260 56.5 0.040 
1.265 69 0.045 
1.295 92.5 0.075 
1.350 97 .5* 0.130 
* Tube ruptured 
9700 Ls. PER Sg. IN 

1.255 0 0. 

1.330 3 0.075 
1.350 5 0.095 
1.360 8 0.105 

* 9 * 


* Tube exploded and final diameter not determinable. 


TABLE 16 EXPANSION TEST ON ENDURO TUBING AT 1100 
DEG. FAHR. (593 DEG. CENT.), AT VARIOUS LOADS 


14,326 Ls. PER So. IN. 


Diameter, Time, Expansion, 
inches hours inch 
1.220 0 0.000 
1.220 359 0.000 
1.220 748 0.000 
1.220 982 0.000 
1.220 1194* 0.000 

* Run discontinued. 
15,000 Ls. per Sg. IN 
1.220 0 0.000 
1.225 135 0.005 
1.225 230 0.005 
1.225 619 0.005 
1.225 653 0.005 
1.225 1065 0.005 
1.225 1425 0.005 
1.225 1977 0.005 
1.225 2152* 0.005 


* Run discontinued. 
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Discussion 


H. J. Frencu.* It is pleasing to note that the authors can 
be added to the list of investigators who are seriously attempting 
to compare the results of tension tests with those of creep tests. 
Contrary to the opinions of some engineers, the creep test is not 
a panacea for all the ills of high-temperature testing, but is 
affected by many of the variables encountered in the older short- 
time, high-temperature tension tests. Careful comparisons of 
creep-test data indicate that wide variations may be expected 
in the results obtained by different laboratories on similar metals, 
just as in the case of short-time tension tests. 

Some of these differences are associated with the metals them- 
selves, while others are due to variations in the methods of test 
employed. On the other hand, the failure of engineers to speak 
in a common language is frequently the cause of appreciable 
differences. Obviously, an engineer whose safe working stresses 
are based on deformations of the order of, say, 5 per cent, with 
a life of one year, can apply higher stresses to a given material 
at a given temperature than one’ whose criterion is, say, 0.01 
per cent total deformation in five years. 

In attempting to satisfy numerous requests for information 
in this field the writer has recently adopted a method’ of plotting 
which shows the stresses producing different rates of deformation 
at different temperatures, for example, the per cent deformation 
per 1000 hours. Such comparisons are not strictly accurate and 
involve the assumption of a uniform creep rate, which is probably 
rarely the case. However, charts of this nature have proved 
useful in giving a more complete picture of the changes in load- 
carrying ability which result from changes in the criterion of 
satisfactory performance involving both deformation and time. 
If such creep charts are compared with different deviations from 
the assumed proportionality between stress and strain in the 
short-time tension tests, highly illuminative information is 0b- 
tained. Such methods might prove helpful to the authors when 
they have the opportunity of carrying their investigations some 


6 Senior Metallurgist, Bureau of Standards, Washington, D. C- 
7 See “Creep in Five Steels at Different Temperatures,” Bureau o 
Standards Technologic Papers, No. 362. 
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what further, and can assist in clarifying the relations which 
may exist between long-time and short-time high-temperature 
tests. 

In this, as well as their previous paper before the Society, 
the authors have failed to include the individual stress-strain 
curves upon which their comparisons are based. Such charts 
are really essential for acceptance of conclusions involving com- 
parison of long-time tests and short-time tests. Their value 
at this time is certainly in excess of the added space required for 
inclusion in a paper. 

The writer is likewise inclined to disagree with the statement 
on the second page that ‘‘the other (group of metallurgists) feels 
that an accurately determined proportional limit gives a measure 
of the ability of the material to withstand, for a given time, at 
a given temperature, a given load.” Accurately determined pro- 
portional limits in short-time tension tests of the steels which 
the writer has tested have been within the range of stresses which 
can be sustained for long periods with small amounts of defor- 
mation, but it is not practicable at this time to put this into 
terms of exact times and deformations. Quite probably these 
vary with the materials as well as the temperatures. This point 
deals with small but important differences in terminology. 


F. C. Lea.* The authors suggest, and as the writer gathers, 
following French and Tucker, that the proportional limit is to 
be considered as the upper limit of stress for materials working 
at high temperatures. It is important, however, to consider 
on what basis the authors make this suggestion. It would appear 
that the authors suggest that any stress above the proportional 
limit will eventually lead to fracture. This is, however, the 
writer believes, not true. A steel at ordinary temperatures, as 
is shown in a number of papers published by the writer, can with- 
stand any definite stress far above the limit of proportionality, 
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and particularly is this true at temperatures between 300 and 
450 deg. cent. As an illustration of what is meant a mild steel 
containing 0.14 per cent carbon had a definite yield at ordinary 
temperatures of between 14 and 15 tons per square inch. At 


* Professor, Department of Applied Science, The University, 
Sheffield, England. 
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a stress just above the yield stress the specimen crept for a con- 
siderable number of hours, but eventually ceased to creep. A 
specimen was loaded at 26 tons per square inch reckoned on the 
original area and was allowed to creep for several days, an ex- 
tensometer which was capable of measuring strains of much 
less than one-millionth of an inch being attached to the specimen. 
After the fourth day the specimen apparently ceased to creep; it 
remained loaded for more than 10 days and during that time 
the creep was zero, or at least was certainly much less than the 
one-millionth of an inch per inch which the extensometer was 
capable of measuring. 

In Fig. 35 are shown the results obtained in the writer’s labora- 
tory and by Tapsell and Bradbury at the National Physical 
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Fig. 36 Srress-Strain Curves FoR Armco IRON AT VARIOUS 
TEMPERATURES 


Laboratory on (1) Armco iron and (2) a mild steel containing 
0.14 per cent carbon. The limiting creep-stress curves, which 
we think are the stresses above which the material is bound to 
break at particular temperatures and below which it appears to 
resist loading indefinitely, are very considerably above the limit 
of proportionality. Much other evidence has been gained upon 
this point both at ordinary and high temperatures, and there 
seems no doubt that a material can be overstrained far beyond 
this limit of proportionality and that it will stand stresses above 
the limit of proportionality indefinitely. Furthermore, the 
definition of the limit of proportionality at ordinary temperatures 
and at high temperatures appears to be somewhat artificial, as 
it is itself a function of the time. In a paper published as early 
as 1917, the writer was able to show that normalized steel in 
torsion really gave hysteresis loops within what is generally 
recognized as the elastic range. At high temperatures the 
range of the straight portion of the load-strain curve determined 
depends upon the time, and the determination of the real limit 
of proportionality is a matter of great difficulty and depends to a 
considerable extent upon the time taken in carrying out the 
experiments and the sensitivity of the apparatus employed. 
Fig. 36 shows a number of load-strain curves determined from 
Armco iron which were taken with a fairly sensitive extensometer. 
At temperatures as low as 318 deg. cent. the limit of proportion- 
ality is less than 4 tons per square inch, whereas the safe stress 
is as high as 15 tons per square inch; a very great difference. 
Turning to the paper, it will be seen that in Table 5 permanent 
expansion of a tube took place at 1100 Ib. per sq. in., the 
temperature being 1250 deg. fabr., whereas in Table 4 the limit 
of proportionality is given as 4500 lb. per sq. in. for this 
material. Permanent expansion of the tube evidently took 
place at stresses well below the stress that the authors call the 
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proportional limit. There seems no doubt that if the propor- 
tional limit is accurately determined and it is a true proportional 
limit in the sense that the load-strain diagram to this particular 
stress is a straight line and independent of time, then stresses 
below this proportional limit are perfectly safe, but for very 
many cases of high-temperature work where some initial de- 
formation is allowable the stress will appear to be unnecessarily 
low. 

In certain of the modern alloy steels which withstand corro- 
sion at considerable high temperatures and which resist higher 
stresses than the carbon steels, the limit of proportionality is 
particularly low. The authors’ tests have shown that specimens 
which have withstood 44 tons per square inch at ordinary tempera- 
tures indefinitely have not only shown a limit of proportionality 
but also definite creep, which had ceased at stresses of the order 
of 10 or 12 tons per square inch. 

If no deformation is to be allowed in an element working under 
stresses at high temperatures, the working stress must be kept 
below a real limit of proportionality difficult to determine. If 
slight deformations are possible, then it would appear that a 
higher stress can be used as the material will creep to a new per- 
manent configuration. 

In a brief note like this it is impossible to do justice to the 
paper or to the point of view here dealt with. It is, however, 


in the writer’s view better for the time being to determine if 
possible those stresses at which a material at various temperatures 
will cease creeping, or at least will eventually show a rate of creep 
less than can be measured by a sensitive measuring instrument. 

The writer and his students have given many years’ work to 
the determination of the moduli of elasticity and rigidity at 
high temperatures and the limits of proportionality at these 
temperatures, but as early as 1914 we recognized the fact that 
limits of proportionality were arbitrary and that stresses very 
much greater would not break the specimen at temperatures 
below certain values. Above these temperatures there appears 
to be no real limit of proportionality. 

Furthermore, the writer has measured torsional creeps con- 
tinuing for days which have become less than strains of 0.5 x 
10~¢ radians per 50 hours, and has been quite satisfied that this 
has been a diminishing strain. For very many days no move- 
ment of this order was visible, so that if it were actually contin- 
uing and could continue at this rate, thousands of years would 
have been necessary to break the specimen. 

The writer would like to very sincerely congratulate the authors 
of the paper upon the excellent work they are doing, and would 
particularly like to refer to the apparatus used for testing tubes 
under external pressures. Valuable results should be obtained 
from this apparatus. 
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Constitution and Classification of Coal 


By A. C. FIELDNER,! WASHINGTON, D. C. 


Committee in taking up the classification of North Ameri- 

can coals is bringing into prominence the fundamental im- 
portance of knowledge of the constitution and composition of 
coal. The outstanding problem that faced the sectional com- 
mittee was how to reconcile the different points of view of the 
scientific, engineering, and commercial groups in working toward 
the common goal of a uniform and adequate system of classi- 
fication. The scientist naturally classifies on the basis of his 
particular type of knowledge; for example, the chemist on the 
basis of chemical composition, the paleobotanist on the types 
of plant remains in the coal, and the geologist on the degree of 
metamorphism of the plant remains. 

The user of coal also classifies according to his particular experi- 
ence and the especial qualities that best serve his purpose, such 
as combustion characteristics for steam generation, carbonizing 
properties for gas and coke manufacture, and other factors 
peculiar to the individual use for the coal. In addition to these 
classifications are the endless trade designations as to size, 
appearance, coal bed, geographical location, ete. At first sight 
it seemed a hopeless task to develop an orderly plan of classi- 
fication that would prove useful to the many different interests 
involved. However, closer view of the situation disclosed two 
basic principles at the bottom of all methods; first, the intrinsic 
chemical and physical properties of the coal itself, due to its 
constitution, origin, and degree of metamorphism; and second, 
the purposes for which the coal can be used to good advantage. 

The first principle is scientific and fundamental. The second 
is not, since the uses of coal are subject to change with new de- 
velopments, and vary somewhat according to available supply 
and economic conditions. Nevertheless, the second principle 
may prove useful in formulating a secondary classification of 
practical value especially if correlated with a scientific system. 

The sectional committee therefore organized two technical 
committees to work along the lines of these two principles, 
namely: a committee on scientific classification to formulate a 
system based on the intrinsic properties of the coal itself, i.e., 
on its chemical and physical properties, constitution, and origin; 
and a committee on use classification to make a study of 
the possibilities of developing a system based principally on the 
uses of coal and commercial practice, but correlated with the 
scientific system as far as practicable. Both committees will 
need to give primary consideration to the intrinsic properties of 
various kinds of coal, and these properties in turn depend on the 
composition and constitution of the coal. The author therefore 
has taken the subject of constitution and classification in order 
to give a compact picture of the status of our knowledge of coal 
constitution as it relates to classification on scientific principles. 


Tie recent action of the American Engineering Standards 


Wuat Is Coat? 


Stopes and Wheeler,? the distinguished British authorities on 
the constitution of coal, define ordinary coal as “a compact, 


' Chief Chemist, U. S. Bureau of Mines; chairman, American 

Feinociog Standards Sectional Committee on the Classification of 

Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

? Marie C. Stopes and R. V. Wheeler, ‘“‘The Constitution of Coal,” 
Monograph, Department of Industrial and Scientific Research, 
London, Stationery Office (1918). 

Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 


stratified mass of ‘mummified’ plants (which have in part suffered 
arrested decay to varying degrees of completeness), free from all 
save a very low percentage of other matter. Veins, partings, etc., 
which are found in nearly all coals, are local impurities and are 
not part of the coal itself.’ Campbell,* of the U. S. Geological 
Survey, states that “coal geologists of this country are almost 
unanimously of the opinion that coal has resulted from the 
hardening and compression of an accumulation of swamp vege- 
tation which, largely, if not wholly, grew in the place in which 
it is found today.” 

Thiessen,‘ of the U. S. Bureau of Mines, has shown that the 
peat bog of today is analogous to the larger bogs of the coal age 
and has traced peat constituents through their various changes 
to the constituents of coal. His microscope has revealed plant 
structure in all kinds of coal. Because of this evidence no doubt 
exists in any scientist’s mind today regarding the vegetable 
origin of coal. 

Our present concern relates particularly to the mechanism of 
the transformation of peat to coal of various classes, the relative 
influence of the kind of original plants, and the various products 
formed and preserved in the resultant coal. Briefly this mech- 
anism consists of the following stages: 1 Accumulation of a 
vegetable deposit. 2 Decay due to fungi, bacteria, and chemical 
change. 3 Submergence under sufficient water to arrest decay 
and check reactions. 4 Burial under sediments of earth. 5 Ac- 
tion of pressure and temperature. 

In the first and second stages plant remains accumulated in 
the swamp, with growing plants, shrubs, and trees on the surface, 


and partly decomposed and decomposing vegetable matter under- 
neath. The decay is caused by the action of fungi and bacteria. 
Decay on the surface is rapid and complete, the products being 
water and carbon dioxide; but below the surface, where water 
retards the access of oxygen, decay is much slower and incomplete, 


thus forming humus or peat. Even at considerable depths in the 
bog, biochemical action slowly proceeds in transforming the 
vegetable matter to humic products. However, this decay or 
putrefaction does not proceed at the same rate in all parts of the 
plant. The cellulose decomposes most readily into gaseous prod- 
ucts and probably contributes but little to the final coal. Lig- 
nin, on the other hand, is largely transformed into humic matter 
and forms a large part of the ultimate coal. The waxy and resin- 
ous coverings of leaves, stems, seeds, spores, and pollen grains 
resist. decomposition. They are found largely unchanged in coal, 
and because of their greater stability they form a larger propor- 
tion of coal than they did of the contributing plants. In fact, 
certain coals like the cannels are composed principally of spore 
coatings. 

The third stage of coal formation begins when through sub- 
sidence of the swamp land or elevation of adjoining ground the 
water level rises faster than the plant debris rises, so that all 
plant growth stops and sediment from incoming streams covers 
the peat. The brown coal beds of Germany represent such buried 
peat bogs covered with 50 to 100 feet of unconsolidated 
earth. Therefore brown coal may be considered as the first stage 
of coal formation after the initial peat. 

3M. R. Campbell, ‘‘Our Coal Supply; Its Quantity, Quality, and 
Distribution.’’ International Conference on Bituminous Coal, 
Carnegie Institute of Technology (1926), p. 7. 

4 Reinhardt Thiessen, ‘‘The Origin and Constitution of Coal,” 
Proc. of Wyoming Historical and Geological Society, Wilkes-Barre, 
Pa., vol. XIX (1924), pp. 1-42; Jour. Roy. Soc. of Arts., vol. 74 
(1926), pp. 535-557. 


ot 
7 
4 
1 
. 
. a 


The brown lignites of the Dakotas and Texas represent the 
fourth stage. These were buried deeper, and stratified rock built 
up over the old peat bogs to a sufficient height to produce pressure 
and temperature effects, causing some consolidation of the vege- 
table residues and further chemical change, although lignite re- 
tains 35 to 45 per cent of water and high percentages of volatile 
matter. Nevertheless, the reduction of the water content from 
90 per cent in peat to 40 per cent in lignite was sufficient to harden 
and compact the peaty mass. 

The fifth and final stage of metamorphism is represented by the 
change from lignite to bituminous coal and anthracite. This 
change is due to three factors, namely, pressure, time, and 
temperature. To some extent these factors are interchangeable, 
but according to David White’ pressure due to horizontal thrust 
in the earth’s crust is the predominating factor. These enormous 
pressures produce heat and are capable of raising the temperature 
of the coal to the point where moisture, oxygen, and volatile 
matter are driven out from the coal, thus changing it succes- 
sively from high-volatile to low-volatile coal, and ultimately to 
anthracite where the dynamic action in the earth’s crust was 
unusually severe and long continued. Undoubtedly this action 
also exerted a profound influence on the physical characteristics 
of the coal. Anthracite shows little, if any, stratified structure, 
and its density is much greater than bituminous coal. 

It is seen then that the transformation from peat to coal and to 
anthracite is due to chemical action induced by fungi and bac- 
teria in the peat bog and to the subsequent physical and chem- 
ical effect of pressure and temperature acting over geological 
periods of time. From this conception of the progressive forma- 
tion of various kinds of coal follows the logical deduction of 
classifying coals by “‘rank’’ as has been done by the U. 8. Geo- 
logical Survey; peat or more properly lignite being the first stage 
or lowest rank and superanthracite or graphite being the last 
stage or highest rank. 


CLASSIFICATION OF CoaL BY RANK 


The various ranks assigned to American coals in progressive 
order, beginning with the youngest stage in coal formation, are 
peat, lignite, sub-bituminous, bituminous, semi-bituminous, 
semi-anthracite, anthracite, and superanthracite. The bitumin- 
ous rank is again subdivided into low-, medium-, and high-rank 
bituminous coal, and the semi-bituminous into low- and high- 
rank semi-bituminous coal. 

The criteria for classification are simple chemical tests and phys- 
ical characteristics of the coal; the proximate analysis is sufficient 
to differentiate the ranks from bituminous to anthracite, but 
physical characteristics are essential, in addition to the proximate 
analysis, for identifying sub-bituminous coals and lignite. The 
distinguishing chemical and physical characteristics are given in 
Table 1. A graphic representation of the average ash-free prox- 
imate analysis and the calorific value of the dry, ash-free com- 


TABLE 1 CHEMICAL AND PHYSICAL CHARACTERISTICS OF 
VARIOUS RANKS OF COAL 


Chemical characteristics 


Approximate Fuel ratios 
moisture® Cc 


Rank, ash-free content VM Physical characteristics 
Peat 80-90 
Lignite 30-45 Brown; clay-like or woody in ap- 


pearance; slacks on exposure 
Black; disintegrates on exposure, 
but less rapidly than lignite 
Little or no slacking on exposure to 
weather 


Sub-bituminous 12-30 


Bituminous 3-15 3 or less 
Semi-bituminous 3-6 3-6 Friable; burns with little smoke 
Semi-anthracite 3-6 4-10 Hard; burns with very little smoke 
Anthracite 2-3 over 10 Hard; high 
smokeless 
Resembles graphite 


specific gravity; 


Superanthracite 2-13 over 10 
a Mine sample. 
’ David White, ‘Some Factors in Rock Metamorphism,” Proc. 
National Academy of Sciences, vol. 14 (1928), pp. 5-7. 
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bustible matter is given in Fig. 1. The upper diagram shows 
the progressive increase in the calorific value from peat to 
low-rank semi-bituminous coal. At this rank the calorific value 
attains a maximum, and then decreases with further increase in 
rank due to the elimination of hydrogen that has taken place 
in the anthracitization of the coal by temperature and pressure 
in the earth’s crust. 

It is seen from these diagrams that the percentage of fixed 
carbon is the outstanding factor which shows the relative rank. 
Metamorphism of peat to coal consists of the gradual elimina- 
tion of water and volatile matter. In the early stages water 
elimination predominates and in the later stages volatile matter 
removal is the principal factor. Of course, not all of the volatile 


= 


LA 
Z 
Z 
Z 
Z 

2 ” 605 
E E s 8 
g 3 2 a pe) 
4 287 5 3 <x 2 

3 ° 


Fie. 1 DiaGrams SHOWING THE EFFECTS OF THE PROGRESSIVE 
METAMORPHISM OF VEGETAL MATTER FROM Peat TO SuPERAN- 
THRACITE 
(Diagram b represents the chemical composition, except ash, and diagram 
a the heating values expressed in B.t.u.—after M. R. Campbell.) 
matter is hydrocarbon; part of it, especially in the early stages 
of metamorphism, is carbon dioxide and water. Geologists usually 
term this progressive metamorphism of coal to higher rank “‘car- 
bonization,” since it is indicated by an increase in fixed carbon 

and also of total carbon in the coal. 

The term “fuel ratio,” i.e., the ratio of fixed carbon to volatile 
matter expressed by the symbol FC/VM, is generally used by 
American geologists in setting the boundaries of the ranks of coal. 
This ratio applies very well to coals of medium-bituminous rank 
and higher, but fails in the lower range due to the fact that the 
volatile matter factor decreases with decrease in rank. A glance 
at the lower diagram of Fig. 1 shows that the percentage of fixed 
carbon in the coal as mined but calculated free from ash is 
preferable to the fuel ratio for indicating rank. It may be 
applied throughout the entire range of coals. 
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The upper diagram of Fig. 1 also shows that the calorific value 
of the coal as occurring in the bed but calculated free from ash 
indicates rather definitely the proper position in the scale of rank 
for those coals which rank below semi-bituminous. This change is 
due to the progressive increase of moisture with decrease in rank 
as shown in the lower diagram. 

The system of classification based on the proximate analysis 
and calorific values, as shown in Fig. 1, is supplemented by certain 
physical criteria, especially in differentiating between lignite, 
sub-bituminous, and low-rank bituminous coal. Lignite dis- 
integrates or “slacks” readily on exposure to weather. So does 
sub-bituminous coal, but not as rapidly or as completely as lig- 
nite. Low-rank bituminous coal slacks slowly and not com- 
pletely. This slacking is directly proportional to the bed mois- 
ture in the coal and can be predicted from the moisture content. 

An accelerated test for slacking characteristics has been de- 
veloped by the Bureau of Mines. In this test 1'/; in. to 2 in. 
lumps of coal or lignite of a definite weight are dried 24 hours at 
30 to 35 deg. cent. The coal is then screened on a '/,-in. screen, 
and the percentage of undersize is determined. This promises to 
be a very useful test for aiding in classifying those coals which 
tend to weather. 

The Geological Survey system of classification by rank on 
the basis of proximate analysis and physical characteristics is 
practical and easily applied. It has the disadvantage of any 
system in that the boundary lines between ranks are difficult to 
choose; for there are no sharp boundaries—one rank merges into 
another. The boundaries must be arbitrary to a considerable 
degree. It is also true that not all coals with the same proximate 
characteristics are identical in properties. The volatile matter 
and fixed carbon do not occur in coal as such, but are the re- 
sults of heat treatment. To obtain comparable results these 
determinations must be made under definitely standardized 
conditions. For the last 15 years these determinations have been 
definitely standardized, and results by this standard method are 
strictly comparable; but unfortunately, before this period, stand- 
ardization as to temperature of determination was not definite, 
and therefore all results in the literature are not comparable. 
Also, the composition of the volatile matter varies with the 
composition of the coal. This factor introduces another vari- 
able. Hence we must expect some variation in the qualities 
of coals with the same fixed carbon percentage. For these 
Teasons a more comprehensive differentiation of coals may be 
obtained on the basis of the ultimate analysis which gives the 
composition of the coal substance. The dominating chemical 
elements composing all plant substances are carbon, hydrogen, 
and oxygen. These also are the elements that compose coal; 
ash-forming material, sulphur, and nitrogen may be regarded as 
fortuitous, since their amount in coal has nothing to do with 
the rank or class of coal. Therefore the relative proportions of 
carbon, hydrogen, and oxygen in the coal, calculated free from 
ash, sulphur, and nitrogen, should have an important relationship 
to the composition of the original organic deposit, the degree 
of metamorphism, and the properties of the coal itself. 

This idea was first advanced by Regnault in 1837, and was 
later amplified and applied to European coals by Griiner® and 
by Seyler? and to American coals by Grout* and by Ralston.® 
Ralston’s work is of special interest in the classification of Ameri- 
can coals. In 1915 he published a Bureau of Mines Technical 


‘ BE. Griiner and G. Bousquet, “Atlas générale des houilléres,”’ 
deuxieme partie, texte (1911), p. 16. 
'C. A. Seyler, Proc. S. Wales Inst. Eng., vol. 21 (1900), p. 483, et 


in Fuel in Science and Practice, vol. III (1924), pp. 15-26, 41-49, 
7 


: F. F. Grout, Economic Geology, vol. 2 (1907), pp. 225-241. 
> 0. C. Ralston, “Graphic Studies of Ultimate Analyses of Coals,” 
ureau of Mines Tech. Paper No. 93 (1915). 


Paper on “Graphic Studies of Ultimate Analyses of Coals,” 
in which he showed that the samples of coal represented in Bulle- 
tin 22 of the Bureau of Mines (where the first 10,000 analyses 
made by the Geological Survey and the Bureau of Mines are 
reported) and variously described, according to the classification 
developed by former workers, as anthracite, semi-anthracite, 
semi-bituminous, bituminous, sub-bituminous coal, and lignite, 
when plotted according to their ultimate analyses fall on the 
ternary diagram of carbon, hydrogen, and oxygen into certain defi- 
nite fields that overlap to only a small extent. Fig. 2 shows Ral- 
ston’s diagram of trilinear coordinates. It will be observed that 
all of the analyses lie in a thin, narrow band extending across 
the lower part of the diagram, and that beginning with graphite 
on the extreme left at about 98 per cent carbon the various ranks 
of coal arrange themselves in the order of descending rank with 
decreasing carbon content and increasing oxygen content. 
Carbon and hydrogen are the principal variables in the upper 
ranks down to semi-bituminous coal. From semi-bituminous to 
lignite the hydrogen content is fairly constant and the oxygen 
and carbon vary. Carbon varies continuously throughout the 
range. Cannel coals, which are rich in spore matter, fall dis- 
tinctly above the line of ordinary coals due to their higher 
hydrogen content. Nevertheless, they also fall into progressive 
ranks due to metamorphism. Their difference from the ordinary 
“humic” or “woody” coals is due to a difference in original plant 
material forming the coal. Ralston states that in plotting the 
analyses of coals from the Bureau’s records he used different marks 
to distinguish the different ranks of coal according to the accepted 
classification that was assigned to the coal by the field man send- 
ing in the sample. He found that each rank of coal usually fell 
into its proper group with little overlapping. This fact is 
remarkable in view of the fact that the system of classification 
used was that of the Geological Survey based on proximate 
analysis. In view of this agreement it would appear logical that 
both systems have a scientific basis and that one can be trans- 
lated into the other. 


RELATION BETWEEN CLASSIFICATION BY PrRoxIMATE ANALYSIS 
AND ULTIMATE ANALYSIS 


A very important deduction from Ralston’s trilinear diagram 
is that a definite relation exists between the ultimate analysis 
of coal and its calorific value. Although this fact was pre- 
viously known, since calorific values may be calculated to within 
1 or 2 per cent by Dulong’s formula, the diagram shows this 
relation more definitely and enables one to determine the ul- 
timate analysis directly from the graph if one knows the volatile 
matter and the calorific value. Fig. 3, the relation of the calo- 
rific value and volatile matter of coals to the ultimate analysis, 
shows intersecting “‘isocal”’ and “isovol’’ lines obtained by draw- 
ing them through points representing coals of equal calorific 
values and likewise through points representing coals of equal 
volatile matter. Corrections for sulphur were applied to the 
calorific values before plotting them. This form of graphical 
representation permits of applying either ultimate analyses or 
volatile matter plus calorific values to the identification of a 
given class of coal, or if the classification criteria are given in 
terms of percentage of carbon, hydrogen, and oxygen, the 
equivalent criteria for this class can be determined in terms 
of volatile matter and calorific value. This comparison is 
advantageous since proximate analyses and calorific values are 
more generally available than ultimate analyses. 


Parr’s SysteM OF CLASSIFICATION 
Professor Parr" has utilized this relation in his system of classi- 


108. W. Parr, “The Classification of Coal,” Ind. and Eng. Chem., 
vol. 14 (1922), p. 919, et seq. 
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fication based on volatile matter and calorific value. Fig. 4 
shows Parr’s system in which the calorific values in B.t.u. are 
plotted as ordinates and the percentages of volatile matter as 
abscissas. Both values are given in terms of “unit” coal, i.e., 
calculated free from moisture and ash and corrected for sulphur 
and water of hydration of shaly matter. This system has the 
merit of simplicity as compared to the ultimate analysis system, 
but of course does not give as much differentiation of various 
kinds of coal. Nevertheless, its close relation to the ultimate 
analysis system and its ease of application justify its incorpora- 
tion in any scientific method of classification. 


CoMBINATION OF SYSTEMS 


In the work of the American Engineering Standards Technical 
Committee on the Scientific Classification of Coal the com- 
bination of the three systems which I have described is under 
consideration. It is evident to our committee that the limits of 
each rank of coal can be given in terms of each system. This 
must be done by supplementing Ralston’s diagram with many 
more analyses so as to include all kinds of coal. The proximate 
analyses of these same coals should be plotted also according 
to the Geological Survey method to determine its relation 
to the other two methods. When this is done, the boundary 
limits of the different ranks can be determined in terms of each 
system. The result will be a uniform standard system. 


INFLUENCE OF COMPOSITION OF VEGETABLE Deposit 


My discussion thus far has been limited largely to the influence 
of progressive metamorphism on the properties of the resul- 
tant coal. Although this is perhaps the principal factor 
in classification, the character of the original plant mate- 
rials also exerts an important influence. Reference to Ralston’s 
diagram, Fig. 2, shows that the cannel coals, due to their higher 
hydrogen content, lie in a widely distributed band above the 
ordinary coals. Furthermore, the ordinary type of coals of the 
same degree of metamorphism vary in properties from the bottom 
to the top of the band. This variation is in part due to the 
different materials making up the coal conglomerate. In order 
to properly appreciate the conglomerate nature of coal let us 
consider again the definition of coal. Thiessen"! states: “Coal 


11 Reinhardt Thiessen, Prof. Paper 132-I, U. 8. Geological Survey 
(1925), p. 121. 


(After Ralston, Technical Paper 93, U. S. Bureau of Mines.) 


is composed in the main of the residues of the components of 
plants. The residues of the lignocellulosic components—that is, 
the woody portions—form the larger part. With these are always 
associated in varying amounts the residues of the more resistant 
components and products of plants, of which the resins, resin 
waxes, fats, and oils or their derivatives are the most abundant. 
Besides these, many other resistant plant products, too many 
to enumerate, enter into the formation of coal. The mineral 
content of coal is relatively low.” 


Principat OF Coat Is DEGRADATION 
oF LIGNOCELLULOSE 


The principal part of ordinary coal, then, is the degradation 
product of lignocellulose. This product is called “humin” 
by the soil chemist. The coal chemist calls it “ulmin,”’ or rather 
the plural form of ‘‘ulmins,”’ since it is not a definite chemical 
compound. These ulmins when first formed in the peat bog are 
completely soluble in alkali. Also in the first stages of coali- 
fication, as in the lignites, their solubility is marked. But as 
the metamorphism proceeds to the stage of bituminous coal, 
the ulmin has so changed that it is practically insoluble. How- 
ever, if bituminous coal is subjected to mild oxidation, as by 
heating at low temperatures (150 deg. cent.) in air or by subjecting 
the coal to the action of dilute nitric acid, the ulmins are regen- 
erated, so to speak, and again become soluble in alkali. It is 
this progressive change in the nature of the coal ulmins that 
is most significant in progressive coalification to higher rank. 
The more resistant components of coal, such as the resins, waxes, 
spore coats, and leaf coverings, do not change to the same extent 
as the ulmins. Consequently, we have a considerable variation 
in the properties of coal of the same rank due to the relative 
proportions of ulmic matter and the more resistant spores, cuti- 
cles, and resins. 

Ultimate analysis shows this difference in a general way hecaus 
these resistant materials have a higher hydrogen content, but 
for a more detailed knowledge of the constituent materials 2 
coal, thorough chemical and microscopical investigation is T 
quired. Although much work has been done along these lines 
we are not yet able to write the chemical formulas of the com 
pounds in coal. Some progress has been made in establishing 
the presence of certain classes of compounds, by chemical methods 
of extraction with solvents, reaction with mild oxidizing agen". 
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(After Ralston, Technical Paper 93, U. S. Bureau of Mines.) 


and decomposition by heat, and correlating the results obtained 
with similar studies on plant constituents from which coal is 
formed. Microscopic examination has likewise been of out- 
standing aid in showing the types and distribution of plant con- 
stituents in coal. Practically all our knowledge of the physical 
structure of coal follows from research with the microscope. 


CLASSIFICATION ON Macroscopic aNnpD Microscopic APPEAR- 
ANCE OF COAL 


Stopes in England and White and Thiessen’ in America 
have pioneered in this field of research and developed certain 
classifications for the physical constituents of coal. Most 
bituminous coal shows alternating bright and dull bands. Stopes! 
proposed the names of “‘vitrain,’’ “clarain,’’ and “durain’”’ for 
the bright and dull bands and the name ‘“‘fusain’’ for the powdery 
charcoal-like layers called ‘“‘mother-of-coal”’ or “mineral charcoal” 
by other writers. 

Durain is the name given to the dull bands, and clarain and 
Vitrain to the bright bands. The principal distinction, according 
to Stopes, between clarain and vitrain is that vitrain has a more 
brilliant, glossy luster and is more vitreous in structure than 
clarain. Under the microscope vitrain was said to be of uniformly 
structureless texture; that is, no plant structure was present 
other than perhaps a few isolated spores or strips of durain. 
However, Thiessen and others have since proved without ques- 
tion that all of this vitrain which had been supposed to be 
structureless showed on careful microscopic examination the 
unmistakable plant cell structure of undisintegrated coalified 
wood. Recent comparisons by members of the staffs of the 
U.S. Bureau of Mines and the Safet y in Mines Research Board 
in England show that the British coals differ from the American 
in microscopical structure. The respective dull and bright coals 
of the two countries are not identical. Under the microscope 
American dull coal shows the same structure as the British bright 
coal which Stopes calls clarain. The British vitrain appears 
similar to American bright coal, but no appreciable amounts of 
durain have yet been identified in American coals. 

It is fortunate that American coal investigators did not adopt 


hes M. C. Stopes, “On the Four Visible Ingredients in Banded 
stuninous Coal,”’ Proc. Roy. Soc., vol. 90, series B (1919), pp. 470- 
‘. 
\ — White and Reinhardt Thiessen, Bureau of Mines, Bull. 
). 


the Stopes nomenclature as it would have led to hopeless confusion 
and most unfortunate conclusions. Extended microscopical 
and chemical studies of world coals must be made before definite 
names can be assigned to the different macroscopically distinct 
bands. In the meantime it is preferable to use the names of 
dull coal, bright coal, and fusain for the banded structure of 
American coals. 

In American coal-research circles the terms ‘“anthraxylon” 
and “attritus,” introduced by Thiessen,’ are used to divide the 
plant components of coal into two classes. These terms are 
based on origin rather than appearance, and apply to all ranks 
of coal from peat to anthracite. Anthraxylon is the undisinte- 
grated coalified wood which under the microscope shows typical 
woody cell structure. Bands of bright coal consist of an- 
thraxylon, being the coalified trunks, branches, and twigs of 
trees that were buried in vegetable debris. 

Attritus consists of highly macerated plant debris. Under 
the microscope it shows recognizable remains of leaves, bark, 
cuticle, spore and pollen coats, and bits of plant tissue, all inter- 
mixed with resinous, carbonaceous, and mineral matter. The 
dull bands of American coals are composed of strips of anthrax- 
ylon in a ground mass of attritus. 

Some coals are largely anthraxylon, others such as cannels and 
canneloid are composed entirely of attritus. Therefore micro- 
scopic examination is probably the best method of getting infor- 
mation for classifying coal on the basis of original plant com- 
position. A coal may be anthraxylal or attrital according to 
which type of constituents predominates. Cannel coals being 
composed principally of spores are attrital coals. In the same 
coal bed one part of the seam may be attrital and another mainly 
anthraxylal. 


‘ 


CLASSIFICATION ON THE Basis oF Types oF CHEMICAL 
Compounps 

The microscopist or paleobotanist can mechanically separate 
bands of anthraxylon, individual spore-coats, and cuticles from 
coal and subject them to individual treatment. The chemist 
unfortunately cannot, even with a microscope, see the individual 
chemical compounds in coal. He is obliged to attack the problem 
of coal constitution along other lines, which involve group re- 
actions or separations. Chemical compounds of similar proper- 


14 Reinhardt Thiessen, “Structure in Paleozoic Bituminous Coals,” 
Bureau of Mines, Bull. 117 (1920). 
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ties may be isolated to some degree from coal by the use of appro- TABLE 2 COMPOSITION OF HAMSTEAD COAL 


Per cent by weight 
priate solvents or reagents. The usual methods applied may be Guan Tete 
classified as: Ulmin ized carbons 
com- plant and General character of plant 
1 Extraction with solvents pounds entities resins entities 
arain - uticies and spore exines 
3 Destructive distillation. Durain 83 15 2 Cutten, spore enines, and 
. w tiss' 
Research with solvents has shown that coals contain small per- — Fusain 20 80 nil Woody Soma 


centages of free hydrocarbons and resins and large percentages of 
ulmic matter. Variation in the proportions of these substancesin- _ tion, reaction with mild oxidizing agents, and solvent separation. 
fluences the properties of the coal. The two most promising The bands of vitrain, clarain, durain, and fusain were first sep- 
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methods for separating coal constituents with solvents are extrac- arated mechanically. Each of these was then subjected to the 
tion with boiling pyridine or with benzol under pressure. Theex- successive solvent action of pyridine, chloroform, and petroleum 
tract is then further treated with chloroform, petroleum ether, or ether. The portions soluble in chloroform and petroleum ether 
other solvents. The final extracts are oils, resins, waxes, etc. were the hydrocarbons, resins, and similar products. These 
The residue is usually non-coking. This method of examining coal constituents were found essential to the coking of the coal. 
is valuable in differentiating between coals in a given rank, The extracted residue did not coke. The ulmin compounds 
especially with reference to suitability of the coal for processing | were then removed from the insoluble portions of the extraction 
purposes, such as liquefaction, carbonization, gasification, etc. by mild oxidation which rendered the ulmins soluble in alkali. 
Cockram and Wheeler have determined the composition of | The alkaline ulmic solution was then filtered from the residue 
the four component bands of the Hamstead coal, a markedly of organized plant entities. As yet, these separations must be 
banded coal, as shown in Table 2. regarded as very approximate, but they illustrate the methods 

This type of an analysis was obtained by a combination of of attack for resolving coal into chemical groups which are sig: 
methods involving mechanical separation, microscopic examina- nificant in appraising its properties. The chemical const itutio® 
of the ulmins, which comprise from 70 to 90 per cent of coal, § 
the important objective of research on coal constitution. Enough 
data have been obtained by Bone, Wheeler, and their associat 


18 Charles Cockram and R. V. Wheeler, ‘Studies in the Composi- 
tion of Coal. The Resolution of Coal by Means of Solvents,” 
Jour. of the Chemical Soc. (1927), pp. 700-718. 
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to permit the formulation of tentative theories, at least, on 
the general type of chemical structure of coal compounds. 


DistiLLATION REFERENCE TO CONSTITUTION 
or CoaL 


Destructive distillation of coal and coal constituents separated 
by solvent action, with analysis of the gaseous and liquid prod- 
ucts obtained, has been of considerable use in supplementing 
other methods of studying the constitution of coal. Actually 
the coal is decomposed—carbonized—in the distillation process, 
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and the volatile products of decomposition are distilled. _Never- 
theless, the nature of these products throws some light on the 
probable composition of the material carbonized. 

The most significant data are obtained in carefully conducted 
vacuum distillation at the lowest possible temperatures, thus 
minimizing secondary decomposition of the oils and tars first 
formed. 

The present rapid growth in coking and gasifying coal, with 
recovery of valuable by-products, makes it important to care- 
fully consider various distillation and coking tests in connection 
with classification. The volatile matter and free carbon of the 
proximate analysis are of value in giving a relative proportion 


between coke or char and gas yield. But it gives no information 
on the quality of the coke or gas nor of the amount of tar. In 
America the Steel Corporation" test for relative yield of coke and 
by-products is widely used. In England the Gray-King"’ test and 
in Germany the Fischer'* aluminum retort test are used for low- 
temperature assay of gas and by-products. Davis and Galloway'* 
have recently published results of applying these latter two 
methods to American coals. 

These and other methods no doubt will be investigated by the 
committee with a view to determining their suitability for use in 
coal classification. 


SUMMARY AND CONCLUSIONS 


In summarizing the program of the sectional committee on 
the classification of coal the following important considerations 
are being kept in mind: 

1 Coal should be classified primarily on the basis of its in- 
trinsic chemical and physical properties. These properties in- 
volve the origin, composition, and constitution of the coal. 

2 Use classification should be secondary to scientific classifi- 
cation and should be correlated with the scientific classification 
as far as possible. 

3 Scientific classification depends on two primary factors, 
first, the composition and type of the original coal forming vege- 
tation, and second, the degree of metamorphism or coalification 
of the vegetable residue. 

4 The first factor is described broadly in the type of the coal, 
as xyloid, canneloid, or boghead; the second factor in the pro- 
gressive rank of the coal as expressed in the series from lignite 
to anthracite. 

5 The criteria to be considered for classifying under these 
two general factors are proximate and ultimate analyses, calo- 
rific values, microscopic examination, extraction with solvents, 
reaction with reagents, and destructive distillation. 

To carry out this program the committee will need the co- 
operation of all agencies, especially the U. S. Geological Survey, 
the U. S. Bureau of Mines, and various state, educational, and 
industrial organizations in collecting data on American coals, 
It must be admitted in this connection that we in America 
have been concerned more with collecting the usual ana- 
lytical data of proximate and ultimate analyses and heating 
values than we have on the constitution of the coal itself. 
We have not supported large groups of scientific workers on the 
purely scientific side of coal research such as those headed by 
Wheeler and by Bone in England, and by Fischer, Hoffman, 
Audibert, and others in Germany and France. Now that we are 
faced with the proposition of developing a system of classifi- 
cation which will label the various properties of coal that in- 
fluence its combustion in various forms, its gasification in pro- 
ducers and water-gas machines, its carbonization in ovens and 
retorts, and eventually its conversion to oil and gasoline, we 
must promote a comprehensive research program on our own 
coals in order that this much-needed information may be forth- 
coming. I am sure that I have the support of my committee 
on the classification of coal in asking that the fuels research com- 
mittee of the A.S.M.E. cooperate with us in fostering such 
fundamental research on American coals. 


16“Sampling and Analysis of Coal, Coke and By-Products.” 
Methods of the chemists of the U. 8. Steel Corporation. Pub. by 
Carnegie Steel Co., Bureau of Instruction, Pittsburgh, Pa. (1923), p. 
76 


17 Gray and King, Fuel Research Board, Technical Paper 1 (1921). 

18 Fischer and Schrader, Z. Angew. Chem., 33, 172 (1920); Schrader, 
Brenstoff-Chem., vol. 12, 182 (1921). 

1” J. D. Davis and A. E. Galloway, ‘‘Low-Temperature Carboniza- 
tion of Lignites and Sub-bituminous Coals,” Jnd. and Eng. Chem.., vol. 
20 (1928), pp. 612-617. 
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Discussion 


Georce H. Asutey.” The author has presented the matter 
of classification in such a way that it might be desirable to call 
attention to one matter. In Fig. 1-A the B.t.u. values are given 
for the various classes or “ranks” of coal. Obviously the B.t.u. 
¢s indicated in that chart serves excellently to distinguish the 
lower ranks of coal, but completely fails for the ranks above 
“high rank bituminous.” On the other hand, Fig. 1-B shows that 
the fixed carbon of the several ranks of coal serves excellently to 
distinguish all of the ranks except that of super-anthracite, which 
is found only in Rhode Island. Further on the author says that 
“a glance at the lower diagram of Fig. 1 shows that the percent- 
age of fixed carbon in the coal as mined but calculated free from 
ash is preferable to the fuel ratio for indicating rank. It may be 
applied throughout the entire range of coals.” Having so re- 
marked, the author makes no further reference to the possibility 
of using fixed carbon in the ash-free analysis as a basis for coal 
classification, but proceeds to study the coals from their ultimate 
analysis, finally returning to the B.t.u. and volatile matter on the 
“unit” coal basis, Fig. 4, which he says “does not give as much 
differentiation of various kinds of coal.’’ Comparing Fig. 4 with 
Fig. 1-B, one is led to wish that the author had given further 
space to the possible use of fixed carbon in the coal as a 
basis of classification or had pointed out why the fixed carbon 
for some reason not disclosed in the text is unsuited for the 
purpose. 

On its face, as presented in Fig. 1-B, the fixed carbon in the 
“as received ash-free’’ coal seems to meet the need so simply 
and satisfactorily as to raise the question of its use as a working 
basis of classification until it has been found wanting or something 
better has been developed. 


Georce C. Squier.*! The writer would like to ask what, from 
a technical point of view, is going to come out of this classification. 
We have in the past been familiar with the usual classification of 
coa!'s, but are now finding that coals which we thought were ex- 
cellent coals for certain purposes are not always so considered by 
the purchaser. Further, we are now using coals for certain pur- 
poses which ten years ago would have been considered entirely 
out of line. 

We recognize at all times the chemical constituents of the 
coal as given by analyses, and we have in addition added the 
physical properties of the coal. This in steam production seems 
to bear considerable weight. 

We have branched off into a new method of handling the coal- 
sales end of the coal business and now approach the user for the 
purpose of finding out what use he makes and expects of the coal 
and then prepare a coal to fit that work. 

The writer does not see how a classification could be used in 
his business. We operate four seams of coal. We tried to 
classify for our own purposes the various coals which we mined 
some four years ago, and the more we got into the matter the 
less we seemed to know about it. 

Has there been any definite attempt made to decide what coals 
are or are not good coking coals? 

We came into contact with that matter, and the coals decided 
upon by actual test were a great surprise to us. The selection 
was made by the purchaser, and he is evidently satisfied. 
We had thought that there were certain coals that he would se- 
lect, but we apparently guessed wrong every time. It would be 
interesting to know whether a classification of some kind would 
go into that and give us a new line of thought. 


20 State Geologist, Department of Internal Affairs, Harrisburg, Pa. 
2! Engineer, Rochester & Pittsburgh Coal Company, New York, 
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S. B. Fiace.22 As a member of the Use Classification Com- 
mittee, cooperating on this general subject of coal classification, 
the writer might add a word. He believes that it is the hope of 
the scientific classification proponents or workers that by the 
study of these fundamental characteristics of the fuel we may be 
able to identify certain analytical or physical characteristics 
in the composition of the coal or such characteristics as may 
enable us to tell how it will behave under certain conditions. 
The use classification of coal has natural limitations today, for 
the reason that we described certain coals as suitable for certain 
purposes. Those suitabilities are simply the result of our present 
experience. As we develop and learn more about the charae- 
teristics of different fuels we will probably find that for carboniza- 
tion or for gas making or for other purposes certain fuels that 
have not heretofore been considered suitable will be found by 
certain methods of use to be brought into that use classification 
The writer believes that it is the expectation of the scientific 
classification workers that all of this work that they are doing wil] 
help to coordinate the use with this knowledge obtained from the 
scientific classification. And if so, it certainly will have its value 
to the producer of fuel, because the producer of fuel who keeps in 
touch with this work as it develops possibly will discover that his 
fuel by certain methods of use has a suitability of which he was 
not formerly aware. 


T. G. Ester.** One of the problems in bringing in the use 
classification is the distinction between rank and grade. The 
Pittsburgh seam is an all-embracing seam of coal, and there are 
about as many different grades of coal in the Pittsburgh seam as 
there are holes in the ground; and yet according to the present 
United States Geological Survey classification, most of the Pitts 
burgh seam coals would fall under one classification. If we say 
that the Pittsburgh seam coal is a good steam coal, it might be 
for certain localities. There are other localities where it is al- 
most impossible to burn the coal satisfactorily in boiler furnaces. 
So that when we try to classify coals from a use standpoint, it 
seems to the writer that the grade of coal is going to play the 
important part. The writer does not see how we can well bring 
in grade without making the classification so long and unwieldy 
that it would be worthless. 


Moraan B. Smiru.** The writer wishes to say a word in behali 
of the purchaser of coal. The user of coal is up against even 4 
harder proposition than the coal producer, expecially where the 
producer works in one field and possibly operates from one to hal! 
a dozen seams. After hearing of the coke-oven charts the writer 
is prompted to ask if industry at large has been appealed to, to 
ascertain what classification industry has made for its own pur- 
poses. For the past two years the corporation with which 
the writer is connected has been making an intensive study of 
coal characteristics relative to its use under steam boilers with 
specific firing equipment. The corporation is getting some valu 
able information for its own purposes on the results of actual bur 
ing under practical conditions. 

While scientific study is of immense value and will provic 
data for use classification, the writer thinks that right now we ar 
in need of practical data covering the selection of coals for specifi 
burning equipment. 


Mortimer Sirverman.® When this data is all collected an! 


22 Fuel Expert, Electric Bond and Share Company, New York 
N. Y. Mem. A.S.M.E. 

23 Associate Professor of Mechanical Engineering, Carnegie 1 
stitute of Technology, Pittsburgh, Pa. Mem. A.S.M.E. 

24 Engineer, General Motors Corporation, Detroit, Mich. 
A.S.M.E. 

2% Assistant to President, Boston & Maine Railroad, Boston, Ma* 
Mem. A.S8.M.E. 
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the classifications are defined according to chemical make-up and 
so forth, the writer believes that it is going to be found that within 
reasonable limitations the chemical make-up is secondary to the 
mechanical make-up; in other words, under any particular boiler 
or in any particular furnace the mechanical make-up of the coal 
is of far greater importance within reasonable chemical limita- 
tions than is its chemical make-up. The capacity with which one 
ean run that boiler is naturally dependent upon the amount of 
air which he can get to the coal, and therefore within any grade 
of coal the percentage of fines or the exact mechanical mixture 
of the coal is of greater importance than a small chemical varia- 
tion. In fact, that has been proved in a great many instances. 

The writer has taken coals of practically the same chemical 
analysis, one of hard structure and one of a softer structure, the 
degradation naturally in transit being far different, and the coal 
of the harder structure will give a far greater capacity and in 
general a greater efficiency due to lower stack losses than will 
that of the softer structure. Therefore he feels that classification 
is not going to be a criterion, because the draft conditions, the 
furnace conditions, and the grate conditions of any particular 
boiler installation are going to form the criterion within that 
classification as to which coal can be used to the greatest ad- 
vantage. 


AvUTHOR's CLOSURE 


The object of the committee on coal classification is to bring 
together into a rational system the present great variety of 
methods used in classifying coal. Trade classifications are es- 
pecially diverse; as for example, by name of coal bed, as Pitts- 
burgh or Pocahontas coal; geographically, as New River or Hock- 
ing; by size, as lump, slack, or run-of-mine; by use, as gas coal, 
steam coal, by-product coal; by burning properties, as free-burn- 
ing, caking, smokeless; by proximate analysis and physical 
properties, as used by the U. S.Geological Survey and Bureau of 
Mines; by unit coal, volatile matter, and calorific value, as rec- 
ommended by Professor Parr; or by ultimate analysis, as pro- 
posed by Seyler, ete. 

Through the formulation of a rational scientific and use classi- 
fication of coal we hope to present a system of coal terminology 
that will become the common language of the producer and con- 
sumer of coal. This system must first be constructed on broad 
lines which separate coals into general classes only. Subsequently, 
if found practicable, further subdivision may be made. 

The proposed classification of coal is not intended to replace 
trade names. A producer who has built up a market for his 
coal under a special name is expected to continue this practice. 
Coal from different mines may fall into the same class and yet 
differ markedly in some characteristics. 

A classification so complete as to define every characteristic 


of a coal is impossible. We must be content with certain family 
groupings which are based on major factors of composition and 
use. 

In answer to Mr. Squier’s question on coking coals, the author 
will cite the work of H. J. Rose, assistant director of research of 
the Koppers Company. Rose plotted according to Ralston’s 
triaxial diagram the ultimate analyses of several hundred coals, 
which had been tested in coke ovens. He found that good coking 
coals were grouped in a certain field of this diagram. This fact 
means that coking coals have certain limits of hydrogen-carbon- 
oxygen ratio. Mr. Rose states that he has found this diagram 
very useful in predicting the coking properties of coal from their 
ultimate analyses. It is an experience in the Bureau of Mines 
also that the ultimate analysis and especially the oxygen content 
is of considerable value in judging whether a coal will coke. 

The author agrees with Mr. Squier that from a practical point 
of view the physical properties of a coal are of equal importance 
to the chemical analysis. In fact, they are of more importance 
when dealing with different coals of the same chemical class. 
For example, there are coals of the same proximate analysis which 
are quite different in their fusibility or resistance to breakage or 
which are different in their caking characteristics in a fuel bed. 

The author probably has given the impression that the com- 
mittee is more interested in chemical than physical classification, 
because of his paper on constitution in relation to classification. 
On the contrary, the committee is quite open-minded and aims 
to consider classification from all points of view. The composi- 
tion of the committee, consisting as it does of engineers, chemists, 
geologists, and paleobotanists, insures a broad treatment of 
the subject. Professor Estep, Mr. Smith and Mr. Silverman 
called attention to the variations in performance of different coals 
in the same class or rank as now defined. These are differences 
of grade, due to sulphur or ash; or differences in physical struc- 
ture; or even differences in chemical properties within the same 
class. Certain cross-classifications will be needed ultimately. 
It is hoped that the Technical Committee on Use Classification 
may have the cooperation of Mr. Smith in contributing the valu- 
able data that he has accumulated on the relation of coal charac- 
teristics to performance on different types of stoker. 

In closing the discussion the author wishes to thank Mr. Ashley 
for calling attention to the use of ash-free fixed carbon as a basis 
of coal classification. The paper inadvertently failed to give 
this method of classification the space that it merits. One pos- 
sible objection to a classification based upon a coal analysis that 
is not calculated from moisture is that it necessitates the limita- 
tion of classification to mine samples. High-moisture coals lose 
moisture as soon as removed from the mine. For practical pur- 
poses it is important to classify coal on the basis of any sample 
even though it has lost or gained moisture since mining. 
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Burning Characteristics of Different Coals 


By HENRY KREISINGER! anp B. J. CROSS,2 NEW YORK, N. Y. 


teristics which differ according to the geological age of the 

coal, its chemical composition, physical structure, moisture 
content, and size. The American coals cover a wide range of 
geological age. They include the graphitic coal of Rhode Island, 
the anthracite coal of Pennsylvania, Colorado, and Arkansas, 
the low-volatile coals represented by Pocahontas and New River, 
the high-volatile coals of the Appalachian coal field, the high-vol- 
atile coals of the Illinois coal field, the coals from the bituminous- 
coal fields starting in Arkansas and running through Oklahoma, 
Kansas, and Missouri into Iowa, and the various small Western 
coal fields containing small amounts of high-grade bituminous 
coal as well as sub-bituminous coal, and the Texas and North 
Dakota lignite. This range of coals may be extended to include 
several peat deposits of which the Florida peat may be considered 
representative. There are small deposits of good-grade bitu- 
minous coal and extensive deposits of lignite in Alaska. There are 
also good grades of bituminous coal and large deposits of lignite 
in Canada. Table 1 gives representative analyses of the typical 


V ‘erste American coals have particular burning charac- 


can be driven away as moisture. In Fig. 1 the triangle represents 
the trilinear diagram with each of the three coordinates running 
from 0 to 100. The horizontal distances are the percentages of 
carbon, starting at the right and ending with 100 per cent at the 
left-hand corner. The vertical distances are the percentages of 
hydrogen, beginning at the bottom and ending with 100 per cent 
at the upper corner. The oxygen begins with the slanting side of 
the triangle as zero and runs toward the lower right-hand corner as 
100 per cent. 

Any point within this triangle represents a definite proportion of 
these three variables. The perpendicular distance of such a point 
from each of the three sides will represent the percentage of the 
respective constituent. 

As all of the coals and other fuels fall within the shaded part of 
the triangle, this part is enlarged in order to show more in detail 
the position of the different coals and fuels on the chart. This 
enlarged part does not contain points representing the individual 
coals as given in Ralston’s chart, but outlines the general grouping 
of the coal and fuels. The striking feature of the chart is the 


TABLE 1 ANALYSES OF TYPICAL AMERICAN COALS 


————_——Proximat 
Volatile , Fixed 
Kind of coal Moisture matter carbon Ash 

Rhode Island graphitic coal.... 13.9 2.5 63.2 20.4 

Pennsylvania anthracite....... 2.19 5.67 86.24 9.90 
Pocahontas Coal... 2.8 14.5 77.4 5.33 
Pittsburgh bed coal........... 3.39 31.79 56.46 8.36 
4.83 31.40 52.40 11.37 
36.89 41.80 8.92 
ne, 4.99 32.68 49.36 12.97 
2.91 12.65 66.93 17.51 
ee 4.61 37.0 47.25 11.14 
Colorado anthracite........... 3.0 3.0 86.5 7.5 

Colorado bituminous.......... 4.06 .48 52.84 8.62 
23.07 31.20 35.60 10.13 
Wyoming sub-bituminous...... 22.38 31.85 39.42 6.35 
34.7 32.23 21.87 11.20 
North Dakota lignite.......... 38.92 25.54 30.15 5.39 
17.2 51.01 24.85 6.93 
Alaska bituminous............ 7.77 7.40 75.59 9.24 
23.92 27.80 13.86 


American coals ranged approximately according to the geological 
age. 


GroLocicaL AGE oF FvuELs anp Coat as SHOWN BY CARBON, 
HYDROGEN, AND OXYGEN CONTENTS 


Coals are formed from woody plants by natural processes of 
carbonization. As the process of carbonization progressed the 
percentage of oxygen decreased and that of the carbon increased. 
The oxygen content in the coal is therefore a good indicator of the 
stage of the process of formation of coal. ' 

This relation between the age of coal and the oxygen content is 
shown in Fig. 1, which is a transcription of a chart compiled by 
Ralston and published in Technical Paper 93 of the United 
States Bureau of Mines. In Ralston’s chart thousands of analy- 
ses of coals, lignites, and other fuels are plotted on trilinear co- 
ordinates representing the carbon, hydrogen, and oxygen contents 
of moisture-free, ash-free, nitrogen-free, and sulphur-free coal. 
That is, the coal] is assumed to consist of only carbon, hydrogen, 
and oxygen, containing none of the oxygen and hydrogen which 


‘Research Engineer, Combustion Engineering Corporation. 
Mem. A.S.M.E. 

* Combustion Engineering Corporation. 

Presented at the Second National Meeting of the A.S.M.E. Fuels 


Division, Cleveland, Ohio, September 17 to 20, 1928. 


Ultimate Air- Calorific 
drying value, 

Sulphur Hydrogen Carbon Nitrogen Oxygen loss B.t.u. 
1.34 1.84 62.09 0.19 14.14 11.4 9040 
0.57 2.70 86 . 37 0.91 3.55 1.6 13828 
0.64 4.56 83.39 1.03 5.05 2.2 14550 
1.12 5.04 82.60 1.46 5.93 2.1 14582 
1.05 5.07 74.42 1.39 9.71 2.4 13699 
0.74 5.26 71.61 1.23 9.79 3.9 12780 
3.92 5.85 61.29 * 1.00 19.02 8.4 11399 
6.15 5.52 54.68 0.84 18.8 9.8 10244 
4.28 4.98 67 .34 1.08 9.35 1.3 12242 
3.12 3.60 70.88 1.17 3.72 we 12312 
3.63 4.92 67 . 36 1.48 11.46 1.2 12319 
0.69 2.67 83.20 1.48 4.48 1.1 13500 
0.65 5.34 71.18 1.24 12.97 2.4 12888 
0.21 5.77 47.69 0.64 35. 56 14.5 8030 
1.16 6.32 52.25 1.19 32.73 8.1 9247 
0.79 6.93 39.25 0.72 41.11 24.6 7056 
0.48 6.89 39.34 0.68 47.22 31.7 6739 
0.49 6.14 47.85 2.89 36.19 50.0 11003 
0.66 4.07 73.99 1.41 10.63 6.0 12569 
1.38 6.41 35.46 0.63 42.26 30.3 6300 
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fact that, starting with wood, the oxygen content is about 42 per 
cent. It gradually decreases through the peats, the lignites, sub- 
bituminous, bituminous, semi-bituminous, and anthracite coal to 
less than 2.5 per cent. 


GENERAL APPEARANCE AND BuRNING CHARACTERISTICS OF 
DIFFERENT FUELS 


The Rhode Island graphitic coal is probably geologically the 
oldest coal deposit in America. The coal is hard and heavy and 
has a dark-gray color strongly resembling graphite. The volatile 
content is low and consists largely of inert gases which do not 
support combustion. It contains a rather high percentage of ash 
which is uniformly distributed through the coal. On account 
of this uniform distribution, the ash covers the surface of the 
pieces when the coal is burned on a grate and permits only slow 
access of oxygen to the combustible ingredients of the coal. 
For this reason the coal burns very slowly. In order to facilitate 
the access of oxygen to the combustible ingredients of the coal the 
latter is usually crushed into small size pieces varying from '/, in. 
to 1'/, in. in size. Smaller pieces expose more surface to the ac- 
tion of the oxygen. 

This coal burns better with a thick fuel bed and forced draft. 
The forced draft produces high velocity of air through the bed of 
coal, partially scrubbing the layer of ash from the pieces of coal 
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and thus exposing fresh combustible to the action of oxygen. It 
burns practically without flame. Whatever flame there may be 
is transparent and has a bluish tint characteristic of the burning 
of carbon monoxide. The coal is burned on hand-fired grates and 
forced-draft traveling-grate stokers. Attempts have been made 
to burn it in pulverized form, but with only partial success. The 
coal is difficult to pulverize on account of its hardness. The 
capacity of a pulverizing mill is reduced to !/; or '/; its capacity 
with ordinary bituminous coal. The pulverized coal does not 
burn by itself. Even if a refractory furnace is used and previously 
heated to a bright red heat, the pulverized graphitic coal will not 
sustain fire very long. It will burn very slowly, and the tempera- 
ture of the furnace is rapidly lowered to the point where the fire 
goes out completely. It can be ignited and burned readily in a 
mixture of 50 per cent by weight of New River coal and 50 per 
cent of the graphitic coal. When the furnace is heated, ignition 
can be maintained with a mixture of ?/; graphitic coal and */; 
New River coal. At present the coal is not used as fuel for mak- 
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Fic. 1 CHARACTERISTICS OF FUELS AND THEIR RELATION 
(Shown by their carbon, hydrogen, and oxygen content reduced to a mois- 
ture-free, ash-free, nitrogen-free, and sulphur-free basis, plotted on tri- 
linear coordinates. Shaded area in triangle represents part covered by coals 
and other fuels. Trapezoid below represents this area greatly enlarged, 
showing the fields covered by various grades of coals and other fuels.) 
ing steam under power-plant boilers. It has a very limited mar- 
ket for domestic heating. 

The Pennsylvania anthracite is very hard and has an irregular 
fracture with glossy black surfaces. It is used principally for 
domestic heating and in very small sizes on forced-draft traveling- 
grate stokers under power-plant boilers. The coal has a very low 
volatile content and burns with a very short, nearly transparent 
flame. The flame is due to the burning of carbon monoxide 
which rises from the fuel bed and is burned in the combustion 
space. There are a few installations where anthracite coal is 
burned in pulverized form. All of these installations are near the 
mines or near a supply of small sizes of anthracite coal. Some of 
this coal used in pulverized form is dredged out of streams into 
which the mines run their refuse water. The coal is very hard, 
and therefore the process of pulverization is very slow. The 
capacity of the mill is greatly reduced from what it is with bitu- 
minous coal. The coal dredged out of the river contains a large 
percentage of sand, which is very abrasive and causes rapid wear 
of the pulverizing mill. The mills used for pulverizing anthracite 
coal are usually of the ball or tube type. 

The larger sizes of anthracite are burned usually in hand-fired 
furnaces for heating houses. Any desired rate of combustion can 
be obtained by regulating the flow of air, as the rate of com- 
bustion is directly proportional to the weight of air forced 
through the fuel bed. 

When burned in pulverized form, anthracite coal is usually hard 


to ignite. This difficulty in ignition is due almost entirely to the 
small volatile matter content of the coal. When the coal is 
heated, only a small amount of combustible gas is driven from the 
coal particles, the gas consisting mostly of carbon monoxide, 
A small amount of air must be mixed with the coal in order that 
the temperature may be kept above the ignition point. Intro- 
ducing too much air with the coal would make a very lean mixture, 
and the heat generated by the burning of the distilled combusti}le 
gas would not be sufficient to maintain the mixture above the 
ignition temperature. Better ignition is obtained if the front 
wall of the furnace is made of refractory, which after becoming 
heated helps to keep the incoming mixture of coal and primary 
air above the ignition temperature. 

Most of the combustible in anthracite coal is in the form of 
fixed carbon, which when burned in pulverized form floats as 
tiny particles in the furnace gases. These particles do not 
change their shape when heated, and the surface remains small 
and compact. As all the combustion must take place at the 
surface of these particles, the process of combustion is slow and a 
large furnace volume must be provided so that sufficient time may 
be available for them to remain in the furnace to be completely 
burned. The rate of combustion of the particles can be increased 
by intensive mixing, which brings oxygen rapidly in contact with 
the surface of the particles. The rate of burning of these par- 
ticles depends entirely on the rate of supplying the oxygen to their 
surfaces. Powdered anthracite coal burns with very little visible 
flame. The burning mixture appears as a stream of hot gas 
carrying small pieces of incandescent coal. 

The Arkansas and the Colorado anthracite coal is softer than 
the Pennsylvania anthracite. It is of somewhat granular struc- 
ture, resembling in this respect the Pocahontas and New River 
coal. 

Pocahontas coal has a low volatile matter content and is some- 
times called semi-bituminous or semi-anthracite coal. It is 
of distinct granular structure loosely held together. It frac- 
tures more easily across the layer than with the layer. On 
handling, the grains break off easily and the lumps are reduced to 
a somewhat spherical shape because the grains in the corners 
wear off faster than the grains in the middle of the larger surfaces. 
The coal does not stand handling well, and repeated rough han- 
dling reduces it to slack. Lumps that have gone through rough 
handling without being broken are usually held together by im- 
purities such as slate, limestone, or sandstone. For this reason 
Pocahontas slack will run lower in ash and higher in B.t.u. than 
Pocahontas lumps. 

When burned on a grate Pocahontas coal tends to fuse and 
form a crust at the surface of the fuel bed. This crust is imper- 
vious to the flow of air and must be broken by agitation of the 
fuel bed. For this reason underfeed-type stokers are the best 
type for burning this coal. The traveling-grate type of stoker has 
no means for breaking the crust, and the partially burned coal 
will ride over the end of the stoker into the ashpit. It is there- 
fore unsuitable for burning this type of coal. 

Owing to the fact that Pocahontas coal has a very low volatile- 
matter content, it burns with a comparatively short, clear flame. 
For this reason it is sometimes used as a substitute for anthracite 
for domestic purposes. It can be burned in the house-heating 
furnaces without smoke and is known in the trade as smokeless 
Pocahontas coal. 

On account of the physical structure and its softness Pocahontas 
coal pulverizes very easily. When burned in pulverized form it 
burns with a short, white flame that is clear and comparatively 
free from smoke. This shortness of the flame and the white color 
of the flame are due to the composition and low content of volatile 
matter. The volatile matter is distilled off, mostly as permanent 
gases that do not break down to form soot. The particles of coal 
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pass through a stage of fusion and take a somewhat spherical 
shape. The fixed-carbon residue left after the volatile matter is 
distilled is dense and burns slowly without visible flame, and a 
comparatively large furnace volume is required to burn the coal 
particles to ash. 

The appearance of the fire in the furnace is deceptive owing to 
the clearness and shortness of the flame. It appears that the 
combustion is nearly completed in the combustion space close to 
the burner. However, beyond the tips of the flame there is a con- 
siderable amount of. unburned fixed carbon that burns without 
visible flame. It requires time and space for nearly complete 
combustion. With Pocahontas coal there is usually a greater 
percentage of combustible in the flue dust than with other bitu- 
minous coal. 

New River coal is of the same physical structure as Pocahontas 
coal, but contains a somewhat higher percentage of volatile 
matter. The burning characteristics are very similar to those of 
Pocahontas coal. The seams are comparatively free from part- 
ings, and the coal as marketed has a very low ash content and the 
highest heat value of any American coal. It is used extensively 
for bunkering purposes and is the standard coal of the United 
States Navy. 

There are extensive seams of low-volatile coal in the states of 
Pennsylvania and Maryland resembling in structure and burning 
characteristics Pocahontas and New River coal. 

The Eastern or the Appalachian coal field has large deposits of 
high-grade bituminous coal containing a high percentage of 
volatile matter ranging from 28 to about 35 per cent. The coals 
mined in the Pittsburgh district are representative of this type of 
coal. These coals are of laminar structure, are hard, and stand 
handling well without breaking into slack. They fracture with the 
layers as well as across the layers. The lumps as a result of this 
fracturing have somewhat a cubical shape with sharp edges. 
They are coking coals, and when burned on hand-fired grates or 
stokers the pieces tend to fuse and form a mass of coke. For 
this reason the underfeed type of stoker is better adapted for 
burning these coals because the agitation of the fuel bed breaks 
the coke and allows air to flow through the fuel bed. 

On account of its structure this type of coal does not pulverize 
easily. When it is burned in pulverized form, it burns with a 
rather. long, luminous flame. If the air supply or the mixing in 
the furnace is inadequate, smoke may be produced. A com- 
paratively smaller part of the coal is burned as fixed carbon, and 
there is a smaller percentage of combustible in the flue dust than 
when burning Pocahontas or New River coal under the same con- 
ditions. 

The coals from the Illinois coal fields have a more uniform 
structure and composition than the coals of the Appalachian coal 
fields. The variation is usually in the percentage of ash and 
moisture. The Illinois coal is of distinct laminar structure. It 
breaks across layers as well as with the layers, forming lumps of 
somewhat cubical shape. It is moderately hard and stands 
handling easily. It is known‘as free-burning coal, that is, the 
lumps when heated in the furnace do not stick together, but burn 
4s Separate pieces. For this reason the coal burns well on travel- 
ing-grate stokers. The ash is more fusible than the ash of most of 
the coals from the Appalachian coal fields, and the agitation of the 
fuel bed causes troublesome clinker. The coal burns with a long, 
luminous flame and will produce smoke if sufficient air is not 
supplied over the fuel bed and thoroughly mixed with the volatile 
matter that is distilled from the coal. 

Except when it contains an excessive amount of pyrite, the coal 
pulverizes somewhat more easily than the hard coals from the 
Appalachian coal fields, although not nearly so easily as the Poca- 
hontas type of coal. When burned in pulverized form, it pro- 
duces a rather long, luminous flame. A large part of the coal is 


volatile matter. The fixed-carbon residue left after the volatile 
matter has been distilled is smaller in mass and less compact, so 
that the same size of particle contains less combustible than the 
residue from Pocahontas coal or even the Pittsburgh type of coal 
and will burn more rapidly. Usually the fixed carbon is burned 
out more completely so that the flue dust contains only a small 
percentage of unburned coke. Whereas with Pocahontas coal it 
is difficult to reduce the combustible in flue dust below 20 per cent, 
with Illinois coal it is fairly easy with good combustion conditions 
to reduce it to 5 or even to 3 per cent. 

Iowa coal resembles in structure and chemical composition the 
Illinois coal. Generally it contains somewhat higher percentages 
of moisture and ash. Its heat value, however, is proportionally 
lower. 

The Kansas, Arkansas, and Oklahoma bituminous coals are 
similar to the Illinois coals, but generally contain less ash and less 
moisture. They are considered as free-burning and burn well on 
the traveling-grate type of stoker. 

The Western sub-bituminous coals are geologically between bi- 
tuminous coal and the lignite. They are black and frequently 
have shiny surfaces. Although they are of laminar structure, the 
lamina are not as distinct as they are in the Illinois or Alabama 
coals. When taken out of the mines they resemble more the 
Pennsylvania anthracite than they do the Illinois coal, but when 
exposed to weather they assume a characteristic dead-black color. 
They contain a high percentage of moisture and generally a low 
percentage of ash. When exposed to air they lose the moisture 
rapidly and at times crack with a quite audible sound. If the 
exposure to air is prolonged, the lumps disintegrate into slack. 
They do not coke, but burn freely, showing a decided tendency to 
crumble in the fire. They burn witha long, yellow flame and are 
likely to produce smoke. 

These coals are comparatively soft and pulverize easily. When 
burned in pulverized form, complete combustion is easily ob- 
tained. The flue dust usually contains only 1 or 2 per cent 
combustible. 

The American lignites are brown in color and of distinct woody 
structure. Frequently pieces were found which show the original 
ring structure of the wood from which the lignite was formed. 
Such pieces can be whittled with a knife into curly shavings simi- 
lar to that of wood. When taken out of the mine, lignites usually 
contain 35 to 40 per cent of moisture. When exposed to air they 
lose moisture rapidly and disintegrate into slack. In the fire the 
lumps crumble into small pieces !/s to '/, in. diameter. The 
smaller pieces are light and are carried easily by forced draft out 
of the furnace, thus making rather high cinder losses. They burn 
with a long, yellow flame which is not inclined to smoke as readily 
as the flame from bituminous coal. 

When taken out of the mines the lignite is rather tough and will 
not break readily under a blow, resembling cork in this respect. 
When partly dried it breaks readily and pulverizes easily. Lig- 
nites can be pulverized and burned when the moisture is reduced 
to about 28 per cent. There are two large central stations in this 
country burning Texas lignite in pulverized form exclusively. 
The lignite is dried to about 28 per cent moisture and pulverized 
and burned. Complete combustion can be easily obtained. The 
flue dust usually contains less than 1 per cent combustible. 

Peat is very seldom used as a fuel in the United States. When 
taken out of the peat bog, it contains a very large percentage of 
water and is sun-dried before it is carried any distance from the 
place of harvesting. It is usually compressed into briquets while 
still soft, the briquets being exposed to the sun and dried to about 
20 per cent of moisture. It burns with a long, yellow flame 
similar to that of lignite. The preparation of peat for the market 
is too costly for it to compete with good coals, and for that 
reason peat is used only to a very limited extent as fuel. 
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GrovpinG oF CoaL AccorpING TO BURNING CHARACTERISTICS 
IN THE 


The various coals can be arranged into four groups according to 
their burning characteristics in the fuel bed, as follows: 

1 Coal that retains the original size and shape when heated. 
The process of combustion proceeds on the surface of the indi- 
vidual pieces of coal, and the pieces are gradually reduced in size 


until completely burned. Throughout the process of combustion 
the fuel bed remains fairly homogeneous as to the aggregation of 


Fic. 2 Coat THat Has Been Heatep at 1500 Dec. Faur. UNTIL 
VoLaTILE Matrer Has Been Driven OFF 


(P1 to P4, Pittsburgh coal; AJ to A4, Alaska Bering River coal; /, size of 
pieces P/ and A! before heating; 2, size of pieces P2, P3, A2, and A3 before 
heating; P4 and A4 were slack samples.) 


the coal pieces, and there is but little tendency for the air to chan- 
nel through. The graphitic coal of Rhode Island, the Pennsyl- 
vania, and the Colorado anthracite coals are representative of this 
group. 

2 Coals that soften and become sticky when heated. The 
individual pieces lose their shape and fuse into a mat or masses of 
coke. These masses of coke crack or are broken by the agitation 
of fuel bed when burned on the underfeed type of stoker. The 
cracks burn out into fissures or channels, allowing the air to flow 
freely, while no air may pass through the mass of coke. The 
Pocahontas, the New River, and most of the bituminous coals in 
the Appalachian coal field belong to this group. 

3 Coals that do not soften and become pasty to a sufficient 
extent to stick together to form mass of coke, but tend to burn 
as individual pieces, retaining more or less their original shape. 
The fuel bed retains nearly uniform aggregation of the pieces, 
and air passes through the fuel bed without marked channeling, 


and combustion is nearly uniform over the grate. Illinois coal 
and most of the Western bituminous coals belong to this group. 

4 Coals that do not fuse but change their shape and size 
when heated. The individual coal pieces first expand and crack, 
and then small pieces break off. The lumps are gradually dis- 
integrated into small flakes '/; to '/,in. across. If the pressure of 
air under the grate is too high, the smaller pieces may be blown 
out of the fuel bed and may be carried out of the furnace. Most of 
the Western sub-bituminous coals and lignite belong to this group. 

Some of the coals show a peculiar behavior when heated. The 
individual pieces become soft under the surface without the sur- 
face becoming sticky. The gases generated inside the pieces 
produce sufficient pressure to expand the pieces into fantastic 
shapes; they frequently resemble the bodies of large insects. The 
surface of the pieces is greatly enlarged and when the expansion 
ceases, the resulting shapes become brittle and break into small 
pieces even with the slightest agitation of the fuel bed. Alaska 
Bering River coal behaves in this manner. Fig. 2, which is 
reproduced from Technical Paper 137 of the United States 
Bureau of Mines, illustrates this behavior. Pieces marked P are 
Pittsburgh coal, and pieces marked A are Alaska Bering River 
coal. Both coals were cut to perfect cubes before heating. 


REACTIONS IN FvEL 


When air is passed through a uniform bed of burning coal, the 
oxygen combines with the carbon. At the temperature existing 
in the fuel bed, the combination of oxygen and carbon takes place 
as fast as the oxygen can be supplied; in other words, the oxygen 
and carbon combine as fast as they are brought into contact. 
The velocity of the chemical reaction is very much higher than the 
rate at which the two reacting elements can be brought together, 
so that the rate of combination depends solely on the rate of 
bringing the two elements together. 

With a fuel bed of uniform density practically all of the free 


Gas Analysis at Entrance 


Gas Analysis Over Fuel Bed 
to First Pass 
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Fic. Anatysis oF Gases Over Bep or 
STOKER 
(Coal, Illinois screenings; fuel-bed thickness, 6 in.; grate speed, 41 [t. pe 
hr.; furnace draft, 0.25 in.; fire, 1'/2 ft. short. The small circles over grate 
and at entrance to first pass indicate points of sampling.) 
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oxygen enters into combination with the carbon in a compara- 
tively thin layer of fuel near the grate. The product of combina- 
tion is largely CO,. As the CO, passes through the upper layers of 
the fuel bed part of the CO, combines with more carbon and 
is reduced to CO. 

The top layer in case of an overfeed furnace consists mostly of 
coal from which volatile matter is being distilled. The gases 
rising from the fuel bed contain no free oxygen, a small percentage 
of CO., and a large percentage of combustible in the form of 
carbon monoxide, methane, hydrogen, unsaturated hydrocarbons, 
and tar. The percentage of the various constituents of the com- 
bustible matter depends to some extent on the uniformity of the 
fuel bed and to a greater extent on the nature of the coal. With 
coking coals the individual pieces tend to fuse into masses of coke 
which erack and form fissures or holes through which CO, or some 
free oxygen may pass. It is this fusion and fissuring property 
which provides some free oxygen over the fuel bed for the com- 
pletion of combustion of the combustible gases. This air coming 
through the fissures, however, is uncontrollable and is usually in- 
sufficient in quantity and poorly distributed for the complete com- 
bustion of the combustible rising from the fuel bed. In most of 
the stoker-fired furnaces free oxygen also enters the furnace 
through the layer of ash near the end of the stoker and around 
the end of the stoker. 

Fig. 3 gives the results of a test on a traveling-grate type of 
stoker and shows the composition of gases over the fuel bed and at 
the entrance to the first pass of the boiler. The composition of 
gases is similar to that obtained in a hand-fired furnace. The 
gases rising from the fuel bed contain a large percentage of com- 
bustible with no free oxygen to burn them. Oxygen enters only 
through the layer of ash near the end of the stoker and around the 
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Fig. 4 CuHart or Gases From ANTHRACITE 


(Composition and temperature of gases in 6-in. fuel bed of anthracite coal. 
ates of combustion, 20, 60, and 100 Ib. per sq. ft. of grate per hr.) 
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Distance from Grate in Inches 


Fig. 5 Cuart or Gases From Coke 
(Composition and temperature of gases in 6-in. fuel bed of coke from Pitts- 
burgh coal. Rates of combustion, 20, 5l1,and 106 Ib. per sq. ft. of 
grate per hr.) 
end of the stoker. Some oxygen also passes through the fuel bed 
near the gate where the fuel has not been thoroughly ignited. 

Part of the combustible gases pass through the furnace un- 
burned as shown by the composition of gases at the entrance to 
the first pass, because the air entering the furnace around the end 
of the stoker has not been thoroughly mixed with them. 

With free-burning coals the fuel bed remains in uniform con- 
dition, no fissures are formed, and there is therefore less chance for 
accidental air to flow into the furnace. Other means must be 
provided for supplying air over the fuel bed to complete the com- 
bustion of the combustible rising from the fuel bed. 

The sub-bituminous coals and lignite are not only free-burning 
but the pieces disintegrate into flakes that tend to fill up the 
spaces between the pieces of coal, thus reducing the width of the 
small channels through which the air and gases pass. These 
narrow and tortuous channels bring the air and gases into more 
intimate contact with the surface of the fuel, and the oxygen 
combines with all the carbon it can hold; that is, it rises from the 
fuel bed as CO. 


Srupy or REACTIONS IN FuEt Bep By UNITED States BuREAU 
oF MINES 


The reactivity of the carbon in the fuel bed of a hand-fired fur- 
nace has been studied by the United States Bureau of Mines, and 
the results of the study are published in Technical Papers 137 and 
139. Figs. 4 to 8 are reproduced from Technical Papers 137 and 
139. These curves show the composition of gases flowing through 
a 6-in. fuel bed of anthracite, coke from Pittsburgh coal, Pitts- 
burgh coal, North Dakota lignite, and char from this lignite. 
The various coals with the exception of lignite char were uni- 
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even to the surface of the fuel bed. 
condition. 
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takes place above that level. 


both of these factors. 


Cuart oF Gases From PitrsspurGH CoaL 


rature of gases in 6-in. fuel bed of Pittsburgh bitu- 
Rates of combustion, 20.5, 79, and 124 Ib. per sq. ft. of grate 


Fahr. 
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Deg. 


Temperature 


formly sized and the tests were carried on under as nearly as 


In general the reactions indicated by the various gases present 
are the same for all of these fuels. The difference is chiefly in 
With anthracite the curves are uniform. The combina- 
tion of oxygen and the formation of CO, occur in the lower 3 in. 
In the upper 3 in. this CO, is partially reduced to 


The curves for Pittsburgh coke are very similar to those for 
The oxidation zone is slightly thicker and the reduc- 
tion zone thinner, resulting in a higher percentage of CO, at the 


With Pittsburgh coal the curves are somewhat irregular due to 
the coking and fusion of the coal with subsequent cracking and 
Air passed through these cracks and some oxygen got 
This occurred even though 
the fuel bed was carefully tended and kept in the best possible 


The curves for lignite and lignite char show much more com- 
plete reduction of CO, to CO than is obtained with any other coal 
The oxygen disappears within the first 1'/2 in. of the fuel 
bed, and both the oxidation and reduction are completed 4 in. 
Very little change in the composition of gases 
This may be due to a greater 
reactivity of carbon in lignite and lignite char, and to a more com- 
pact fuel bed resulting from the disintegration of the lignite, or to 


A piece of lignite has about one-half the heat value as the same 
size of high-grade bituminous coal; that is, approximately about 
one-half of the bulk of the lignite is combustible, the other half 
being water and other inert matter, most of which passes away in 


gaseous form during the process of heating. The remaining 
combustible does not shrink in bulk, but rather expands and 
becomes porous. Thus the pieces of lignite with one-half of the 
combustible have a greater surface on which the oxygen can 
react than a piece of high-grade coal of equal size. 

The disintegration of the lignite further increases the surface 
manyfold. The flakes resulting from the disintegration are ! 
1/,in. across and '/;,to!/,in. thick. A 1-in. cube may disintegrate 
into 64 smaller pieces with a surface about four times as great as the 
original cube. Furthermore, the voids between these small pieces 
are very small, and the gases can flow but a short distance through 
these small voids before every molecule of the gases has come in 
contact with the surface. 


to 


CHARACTERISTICS OF THE FLAME 


The characteristics of the flame are affected by the composition 
of gases rising from the fuel bed and the manner in which oxygen 
is supplied for their combustion. The gases consist not only of 
those formed by the interaction of oxygen and the carbon, but 
also of products of distillation of the volatile matter. These 
products of distillation vary greatly in composition according to 
the nature of the coal. 
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The volatile matter of anthracite consists chiefly of carbon mon- 
oxide and hydrogen. These are often called permanent or stable 
gases because they do not break down into other forms but burn 
directly. The flame from burning anthracite is short as these 
gases combine readily with oxygen, one molecule of oxygen satis- 
fying two of either CO or H;. Hydrogen burns with a colorless 
flame and carbon monoxide with a bluish flame. 

The high-volatile bituminous coals contain a large amount of 
bitumen or substances that when heated liberate not only hydro- 
gen and carbon monoxide but also gaseous hydrocarbons and 
heavy tar vapors. These hydrocarbons and tar vapors are 
readily broken up by heat into permanent gases and soot. Even 
the lighter hydrocarbons are unstable at the furnace temperature 
and break down readily into hydrogen and soot if heated without 
a sufficient supply of air for their combustion. Because of this 
complexity of the products of distillation these coals burn with 
a long and luminous flame that is very likely to be smoky. The 
luminosity is caused by the particles of carbon heated to incan- 


descence. 
HyprOcARBONS UNSTABLE AT FURNACE TEMPERATURE 


Iiydrocarbons either in gaseous form or as tar vapors are found 
only at the surface of the fuel bed in any measurable quantity. 
At a distance of a foot or two from the fuel bed only a trace can be 
found. This fact is shown in Fig. 9, which is taken from Bulletin 
135 of the United States Bureau of Mines. This shows the soot 
and the tar contents in the gases rising from the fuel bed on a 
large number of tests which are arranged into ten groups accord- 
ing to rate of combustion and excess air. In most of the groups 
the tar contents are high at the surface of the fuel bed and drop to 
a mere trace 1 ft. from the fuel bed; the soot content is the highest 
1 ft. from the fuel bed, indicating rapid breaking down of the tars 
into soot and permanent gases. 

All hydrocarbons are unstable at the furnace temperature, and 
unless enough air to insure complete combustion is quickly mixed 
with them at the time they are distilled, they are quickly decom- 
posed, the ultimate results of the decomposition consisting of soot, 
hydrogen, and carbon monoxide. Methane, which is perhaps the 
most stable hydrocarbon, is found in traces at a distance of 2 
ft. above the fuel bed. 

Soot is formed at the surface of the fuel bed by heating the 
hydrocarbons in deficient air supply. It is not formed by the 
hydrocarbon gases striking the cooling surfaces of the boilers. As 
a matter of fact only a very small trace of the hydrocarbons ever 
reaches the surface of the boiler; hydrocarbons that do so are pre- 
vented from decomposition by the cooling effect of the contact. 
The cooling surfaces do not cause the formation of soot; they 
merely collect it. 

The soot particles are burned with difficulty because the carbon 
molecule is made up of a large number of atoms, probably 12, and 
therefore would require 12 oxygen molecules for complete com- 
bustion. When burning high-volatile-matter bituminous coals, 
air should be supplied as close to the surface of the fuel bed as 
possible so the heavy hydrocarbons may be burned directly 
without the formation of soot. 

The Western sub-bituminous coals and lignites produce on 
heating more inert gases such as CO, and water vapor and cor- 
respondingly smaller amounts of combustible gases than the 
Eastern coals. The combustible gas consists chiefly of CO, 
hydrogen, and the lighter hydrocarbons. Although they burn 
with a long, luminous flame they do not produce smoke to the 
Same extent as the higher-grade high-volatile bituminous coals. 
Fig. 10, taken from Technical Paper 207 of the United States 
Bureau of Mines, shows comparatively the amounts of volatile 
matter distilled in a hand-fired furnace during successive firing 
cycles when burning several greatly different coals. The curves 
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Fic. 8 Composition oF Gases From LIGNITE CHAR 


(Combustion of gases in 6-in. fuel bed of carbonized residue of lignite. 
Rates of combustion, 10, 20, 40, and 60 Ib. per sq. ft. of grate per hr.) 


show the variation of CO, content in the furnace gases during the 
firing cycles. The CO, is high shortly after firing and is gradually 
lowered as the process of distillation of the volatile matter from 
the freshly charged coal is approaching completion. The peaks 
are the highest with the high-volatile Pittsburgh coal and lowest 
with the anthracite coal. The peaks with lignite are not much 
higher, if any, than with the low-volatile Pocahontas coal. Al- 
though the lignites contain a high percentage of volatile matter, a 
large part of it is inert gases which do not take part in the process 
of combustion. 


High Rates or Comspustion Cavusep BY RELATIVE 
VELOCITY 


When coals are burned in fuel beds on a grate, high rates of 
combustion or gasification are obtained by bringing oxygen 
rapidly in contact with the coal. The rapid contact is caused by 
the high relative velocity between the coal pieces and the air or 
gases flowing through the fuel bed. The high velocity also re- 
moves the products of combustion and gasification from the sur- « 
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faces of the coal pieces. The approximate relative velocity is 
given in Table 2, line 6, and the time available for the air and gases 
to come in contact with the surface is given in line 7. For the 
various rates of combustion in a 6-in. fuel bed this relative velocity 
is from 10 to 40 ft. per see., and the time available for contact is 
from 1/2» to '/s sec. The foregoing figures are obtained on the 
basis of the following data and assumptions: 


= 80 lb. per cu. ft. 
= 50 Ib. per cu. ft. 


Weight of solid coal 
Weight of crushed coal 
Difference = 30 Ib. 


30 
Percentage of voids = 30 X 100 = 37 


Average area of voids per sq. ft. = 0.37 sq. ft. 
There is 7 lb. of air per lb. of coal supplied through the fuel 


bed. 


Average temperature of gases while passing through fuel bed 
= 2300 deg. fahr. 

Specific volume of air at 2300 deg. fahr. = 72 cu. ft. 

Allowing 10 per cent increase for CO and distilled gases, the 
specific volume of gases passing through fuel bed at 
2300 deg. fahr. = 79 cu. ft. 


RELATIVE VELOCITY AND TIME AVAILABLE FOR 


TABLE 2 
CONTACT WHEN BURNING COAL IN A 6-IN. FUEL BED 
1 Rate of combustion, Ib. per sq. ft. _—s hr.. 25 50 100 
2 Weight of air per Ib. of coal, lb as 7 7 7 
3 Weight of air per sq. ft. of grate, ‘Ib. 175 350 700 
4 Volume of gas at 2300 deg. fahr.,cu. ft. per ‘hr. 13750 27500 55000 
5 Volume of gas at 2300 deg. fahr., cu.ft. persec. 3.8: 7.64 15.28 
6 Average velocity of “ flow through fuel 
bed, ft. per sec.. . 10.3 20.6 41.2 
Time gas is in contact with ‘coal, "sec... 0.048 0.024 0.012 
1/20 


zs oF CoMBUSTION IN FuEL-BED AND IN 
/2RED-CoAL FURNACES 


CoMPARISON OF Proc: 
Po 

The processes of combustion in a hand-fired furnace lend them- 
selves well to study. The composition and temperature of gases 
at any stage of the process may easily be determined. Such a 
study has been made by the United States Bureau of Mines, the 
results of which appear in Technical Paper 207. A similar ex- 
haustive study of combustion of coal burned in powdered form is 
more difficult and has not yet been made. It is, however, possible 
to draw some inferences and to apply some of the results of the 
study of the experimental hand-fired furnace to combustion in a 
powdered-coal furnace. 

For purposes of comparison we may assume that the atmos- 
phere in a powdered-coal furnace is a fuel bed of very open struc- 
ture. Instead of voids of about one-third the fuel volume that 
we have in the hand-fired fuel bed, we have a void space of about 
60,000 times the size of the coal particles. Also instead of the 
high relative velocity between the stationary coal and the moving 
air we have a very low relative velocity as the coal particle and the 
air are moving at almost the same speed and in the same direction. 
These differences in densities of fuel and relative velocity should 
have a very marked effect on the processes of combustion. 

In the hand-fired furnace the limit of the amount of air that 
could be passed through the fuel bed was between 6 and 7 Ib. per 
pound of coal burned. Any attempts to increase this amount 
simply gasified more coal and the ratio of coal to air remained the 
same. The balance of the air required had to be supplied over 
the fuel bed. In the powdered coal there is no such limit. Any 
amount of air can be introduced with the coal. There is a slight 
advantage in favor of powdered coal burning in this respect as the 
coal particle can be surrounded with enough air for its complete 
combustion. 

When coal is burned on grates the rate of combustion varies 
directly with the rate of passing air through the fuel bed; that is, 

* it varies directly with the velocity of the air past the fuel or the 
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relative velocity. This analogy must also hold for the combus- 
tion of powdered coal. To get higher rates of combustion we 
must get higher relative velocity between the coal particle and the 
air. Increasing the amount of air supply will accelerate com- 
bustion. A large excess of air in the furnace, however, is a poor 
substitute for mixing and is undesirable as it increases the dry gas 
losses usually at a higher rate than it reduces the losses due t» 
unburned carbon. 

In the case of burning coal in a fuel bed it is easy to get high 
relative velocity as the coal remains stationary on the grate unti! 
burned or gasified while the air to be used in combustion is moving. 


When burning powdered coal the conditions are different. The 
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age of 5 ft. from it. Tests made with Pittsburgh screenings. Tests at ‘« 
are grouped according to rate of combustion regardless of air supply; ‘5o* 
at right are grouped according to air supply regardless of rate of combustios. 


particles of powdered coal as well as the air are moving ver’ 
nearly with the same velocity and in the same direction. Ret 
tive velocity is obtained by suddenly changing the direction of "e 
stream or by the sudden slowing down of the mixture. In either 
case the particles of coal by virtue of their greater momenta 
tend to continue to move with the same speed without change 
direction, while the air has either changed the direction or “2 
velocity of motion or both. The relative velocity tears from “ 
surface of the coal particles the products of combustion, wi" 
may be either CO, or CO, and brings in contact with them uncom 
bined oxygen. The process of producing relative velocity * 
known as mixing, and is the most important factor for obta:mm# 
rapid combustion. 

Although the particles of powdered coal are very small ‘e’ 
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contain combustible in very concentrated form which at the fur- 
nace temperature requires a volume of air about 60,000 times as 
large as their own for their complete combustion. If this air 
forms spheres around the coal particles, the diameter of the 
spheres is about 40 times as large as the diameter of the coal 
particles. The bulk of the air has to come from the outer part of 
these spheres to combine with the coal at the center. If there 
were no relative velocity, the oxygen would have to reach the sur- 
face of the coal particle by natural diffusion, which is a com- 
paratively slow process, and a long time would be required for 
complete burning or gasification of the solid combustible. Rela- 
tive velocity or mixing greatly speeds up the process of combus- 
tion by bringing the oxygen in contact with the coal particles. 
Whenever high rates of combustion were obtained, they were 
accomplished by intensive mixing. 

In the case of combustion in the 6-in. fuel bed the time avail- 
able for the combination of oxygen with the carbon is from 4/2 to 
‘ » see. When burning powdered coal the time available for the 
oxygen and the coal particles to come into contact varies from 
5 to 1.7 see. for rates of heat liberation of 10,000 to 30,000 B.t.u. 
per cu. ft. of combustion space per hour. This is about 100 times 
as long as the time available in a 6-in. fuel bed. This would seem 
to indicate that in burning powdered coal the relative velocity of 
the coal particles and the air is very low, even with the intensive 
mixing giving the highest rates of combustion today. 

The velocity of gas flow through the 6-in. fuel bed shown in 
Table 2 would represent normally a pressure of less than '/, in. of 
water even at the maximum rate of combustion. Actually the 
pressure required is several inches of water. The difference in the 
pressure required to force the gases through the fuel bed and 
that required to obtain the velocity represents the energy ex- 
pended in friction and eddies while the gases flow through the fuel 
bed. This expended energy performs a useful work in tearing 
products of combustion from the surface of the coal and bringing 
oxygen in contact with it. 

In case of burning powdered coal such forcible scrubbing is 
impossible because the force of friction drags the particles of coal 
along with the gas stream. Such scrubbing could be obtained 
only if there were some means of holding the particle of coal sta- 
uonary and sweeping the gases past it. 

As before stated, the volume of air required for the complete 
combustion at the furnace temperature is about 60,000 times the 
volume of the coal particles. That is, if the size of the coal par- 
ticles were */,9 in. in diameter the particles of coal would be !/jo in. 
apart if the mixture were uniform. However, the mixture is 
never uniform; in some parts of the furnace the particles are 
much closer together and in other parts much farther apart. In 
the dense mixture there may be frequent collision of the coal 
particles. If the particles are soft and sticky when they collide, 
they may stick and fuse and form larger pieces. 


ComBusTION oF VoLaTILE Matrer IN PowpErRED 


When coal is burned in pulverized form, the coal particles are 
surrounded with air and the distillation of volatile matter takes 
place, at least partly, in presence of oxygen, and some of the dis- 
tilled tar vapors are burned directly, while others are first broken 
into soot and permanent gases and then burned. The proportion 
of tar vapors burning directly depends on the amount of air sup- 
plied with the coal and the initial intensity of mixing. When all 
the air needed for the combustion of volatile matter is supplied 
with the coal and the mixing is intensive, the volatile matter burns 
quickly and the visible flame is short. If only a small amount of 
“ir is supplied with the coal and the mixing is slow, most of the 
distilled tars break into soot and permanent gases, and the visible 
flame is long. 

During the process of combustion of the volatile matter the 
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distilled tars and gases diffuse into the surrounding air, as well as 
the air diffusing to the surface of the coal particle. For this 
reason the combustion of volatile matter takes place faster than 
the combustion of the fixed carbon. Therefore, coal having a 
high percentage of volatile matter will burn faster than coals with 
high fixed carbon. Although the high-fixed-carbon coals may 
have a short, visible flame a large part of the fixed carbon must be 
burned beyond the tips of the visible flame, and space must 
be provided for its combustion. A short visible flame is not 
always an indication of good combustion, especially if the coal 
burned has a low volatile-matter content. 


BurninG CoxkINnG CoaLs IN PULVERIZED Form 


The coking coals of the Appalachian field become soft when 
heated and the pieces fuse and form a crust or a mass of coke. 
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This characteristic is commonly observed when the coal is burned 
in hand- or stoker-fired furnaces. Such fusion of particles un- 
doubtedly takes place with these coals when burned in pulverized 
form, especially when the mixture is dense. The particles collide 
while in the plastic stage and fuse into larger particles having less 
surface for the action of oxygen. These large particles may pass 
through the furnace only partly burned. Frequently particles of 
coke are found in the flue dust that are considerably larger in 
mass than the particles of coal originally fed to the furnace, 
When these coking coals are burned in powdered form, the flue 
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dust invariably contains a larger percentage of carbon than the 
flue dust from free-burning coals. 

Another cause of this higher combustible in flue dust may be a 
lower reactivity of the fixed carbon with oxygen. When oxygen 
comes in contact with fixed carbon, the products of combustion 
may be largely CO», whereas with the free-burning non-coking 
eoals a greater part of the products of combustion may be CO, 
which diffuses into the furnace atmosphere and easily finds the 
small amount of oxygen that it needs to burn to CO,. Thus, the 
process of reducing the fixed carbon to gas in the Eastern coking 
coals may be slower than with the free-burning coals. These coals 
may also make smoke if enough air is not supplied with the coal to 
burn the volatile matter and when the mixing during the process 


of distillation is slow. 
BurNING FREE-BURNING CoAL IN PULVERIZED 


The free-burning bituminous coal such as the Illinois coal when 
heated under ordinary furnace conditions does not become sticky 
and fuse. The coal burns as individual pieces both on the grate 
and in pulverized form.” The coal has a high volatile-matter con- 
tent which is driven off mostly as gas, leaving a comparatively 
small amount of the combustible to be burned as fixed carbon. 
The length of the visible flame depends on the amount of air 
supplied with the coal and the intensity of mixing. Generally 
speaking, it is about the same length as with the Eastern high-vola- 
tile coals and longer than with the low-volatile Eastern coals. 

When burning sub-bituminous coals and lignites in pulverized 
form, the particles of coal not only do not fuse into larger pieces, 
but may actually be disintegrated into small pieces as they do on 
grates. The rapid heating of the pulverized-coal particles greatly 
favors such disintegration. Thus, the average-size particle of 
'/@o in. may be split into a large number of much smaller particles 
with several times the surface of the original particle. The flue 
dust resulting from burning pulverized lignites usually contains 
less than 2 per cent combustible, and never contains large pieces of 
carbon such as the flue dust from burning coking coals contains. 
The flame is somewhat shorter than with Illinois coal and not in- 


clined to smoke. 
Fustsiuity or AsH 


The fusibility of the ash affects the combustion, but there is no 
relation with the composition of the coal or with its geological age. 
The fusibility of the ash varies with the different beds, and even 
with different locations of the same bed. 

The burned-out ash from coal is a non-homogeneous mixture 
which does not have a definite melting point. It is composed 
chiefly of compounds of silica, alumina, iron; and lime. The 
fusion temperature of the mixture is always lower than the melting 
point of the individual constituents and cannot be predicted from 


the analysis of the ash. 


Discussion 


JosrepH Harrineton.* The writer wishes that the authors 
could have brought the presentation down to specific cases and 
have shown the application of these principles to actual furnace 
designs. It is known that furnaces vary greatly in size and that 
they vary in shape still more and that the shape and size of the 
furnace have a material influence on the efficiency of the com- 
bustion. The writer has in mind particularly the matter of 
flame travel as distinguished from furnace volume. If you 
take a furnace design based on mere volume, you can have a 
furnace that is perhaps wider than it is high; it might be repre- 
sented by a rectangle laid on its side. If you judge purely by 


8 President, Joseph Harrington Company, Harvey, Il. Mem. 
A.S.M.E. 
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volume in cubic feet per unit of combustible burned, you have a 
perfectly good furnace, but it may be all wrong in its results. If 
you take that same furnace volume and arrange it differently, 
as could be illustrated by standing the rectangle up on the small 
end, you have a vastly increased length of flame travel and a 
completeness of combustion that is satisfactory. This has led 
in many cases to the elevation of boilers to unusual heights and 
has resulted in ability to handle these hydrocarbons in a satisfac- 
tory manner. 

The introduction of excessive air over the fire in order to take 
care of these hydrocarbons has now become quite an accepted 
practice, especially in certain types of traveling-grate stokers 
where there is a distinct deficiency of oxygen at the front end and 
a considerable difficulty in bringing together the two extremes 
of gases—the one from the front with a deficiency and the one 
from the rear with an excess of oxygen. It is a difficult thing to 
combine these two extremes and mix them intimately within the 
confines of a practically sized furnace by mere arch effect or 
turbulence produced by swinging the gases around the corner. 
The introduction of air jets over the fuel bed at the front of 
considerable velocity and pointed toward the rear has a very 
marked effect in bringing these gases together, and the authors 
could tell us of some very remarkable increases in furnace effi- 
ciency in this way. 

Again, the proper burning of the tars and soot which they have 
so well illustrated has an influence on boiler efficiency almost 
equal to if not greater than its influence on combustion efficiency. 
Soot is the best insulator that is known with but one exception, 
and a thin layer of greasy, sticky, soft soot on a boiler surface 
puts that surface out of commission very promptly, so that the 
production of soot has the double effect of the actual loss of 
combustible and the insulation of the boiler surface. 

The study of the production of the tarry vapors and the neces- 
sary time element in which to consume them is a fundamental 
principle of furnace design. It also affects the stoker designer 
in that he must proportion his fuel bed and his air application in 
such a manner that the necessary combination of oxygen and 

combustible will take place. He is distinctly out of luck if he 
produces a stoker which automatically stratifies the gases, be- 
cause then he is dependent upon other means than his own 
proper stoker design for bringing them together. 


L. R. Srowe.‘ The slides that were shown suggest two things 
that are very closely associated with the burning characteristics 
of different coals with forced-draft chain-grate stokers. One is 
the scattered or thin fire over the rear end of a chain grate. The 
other is the air leakage that occurs below the grate line around 
the rear end of the stoker. 

These two inherent defects ef the forced-draft chain-grate 
stoker, serious at all times, are most noticeable with low-ash, 
low-volatile, high-heat-value coals, such as the semi-bituminous 
coals from the Pocahontas and New River districts. Hence it 
has long been held that semi-bituminous coals are not well 
adapted to chain grates. 

If, however, the fire can be crowded together and thickened 
up so that higher wind-box pressures are carried at the rear end 
of the stoker and the stoker is positively sealed against air 
leakage at these higher wind-box pressures with these two im- 
provements, the burning characteristics of semi-bituminous coals 
are better suited to forced-draft chain grates than to amy other 
type of equipment. 

Of course when the Stowe stoker was brought out to thicken 
the fire over the rear end of the stoker and to put an end to air 
leaks, the company had to depart from the old conventional lines 
of the chain-grate stoker. 

4 Johnston & Jennings Co., Cleveland, Ohio. Mem, A.S.M.E. 
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The entire rear end of the stoker is housed in an airtight con- 
struction. No moving parts pass through it, and hence it is 
easy to make the structure airtight. This is a most interesting 
departure from old conventional lines and is shown in Fig. 11. 

In the last stages of combustion, coal of course diminishes 


ay 


Fic. 12 


rapidly in volume. In the old forms of chain grate there is 
nothing to compensate for this diminution in volume, so the 
nearly spent fuel bed is scattered over the grate and presents 
a very open, thin fire. 

The mechanism of the Stowe stoker moves coal very slowly 
over the rear end, but continually feeds coal at the front end at 
4 rapid rate into these rear end areas to compensate for the coal 
burned away. This compensated feed maintains the good 


fuel bed over the rear end of the stoker and allows of a higher 
wind-box pressure being carried. The main point in this feature 
of the Stowe stoker is that part of the mechanism that causes 
the full bed to lose its speed as the rear end of the stoker is 
approached. Briefly, there is just enough stationary surface, 
about 30 per cent, occurring everywhere in the Stowe stoker to 
make it necessary to depend upon the density of the fuel bed as 
well as upon the traveling parts to keep the fuel bed moving. 

The moment the fire starts to lose volume through burning, 
its density is less and its movement is stopped until down-coming 
coal restores its density or original compactness. The fuel 
bed therefore loses speed toward the rear end in proportion to 
the amount of combustible in the coal. The retardation is 
marked in very low ash coal and less pronounced in high ash coal. 
The grate surface (aside from the rear end) has the exact appear- 
ance of a conventional chain grate, as shown in Fig. 11, but Fig. 
12 shows the stoker dissected into its component parts—on one 
side is shown only the wide traveling parts and on the other side 
only the stationary and narrower parts. 

The burning characteristics of semi-bituminous coals are 
particularly well suited to this newer stoker mechanism, and 
enough of the old chain grate is preserved in it to make it as well 
adapted to low-grade coals. 


W.S. Masor.® The authors have led us to believe that the 
feeding of air over the fire is essential to attain complete com- 
bustion. The writer appreciates that they are referring to 
the chain-grate type of stoker. He does not believe that the 
authors are familiar with modern underfeed-stoker installations. 
On a recent test on a multiple-retort underfeed type of stoker, 
15 per cent CO, was maintained for a period of 48 hours. This 
was accomplished without overfire feeding of air. 


Ouutson Craia.® All the discussion has been concerned with 
the effect of either a deficiency of air or an improper mixture 
of air through a fuel bed, the result apparently being a loss of 
combustible. From experience with powdered coal it has al- 
ways seemed that a deficiency of air, instead of resulting in a 
loss of combustible gases, has resulted in a loss of fixed carbon. 
As a matter of fact, one can run the CO, rather high in the pow- 
dered-coal-fired furnace and very rarely find any evidence of 
either hydrocarbon bases or of carbon monoxide, but if one runs 
the CO, very high, as he increases that CO, he will invariably find 
for a given furnace a corresponding increase in carbon in the 
ash leaving the boiler. The writer would like to ask if, in com- 
paring two methods of firing, one in which all of the air is ad- 
mitted with the coal under pressure and the other in which part 
of the air is admitted with the coal and the remainder through 
furnace walls, the authors would indicate any preference of one 
over the other; that is, as to whether one would give any better 
results than the other. 


Joun Hunter.’? I am much interested in the authors’ paper in 
its application to the work of smoke abatement, particularly 
the reference to the necessity of an adequate supply of secondary 
or overfire air, properly distributed, to obtain complete com- 
bustion. While this problem exists in the large central stations 
and industrial plants where stokers are used, it is doubly im- 
portant in plants using small low-set boilers, hand-fired. The 
writer’s experience in handling the smoke-abatement work in 
some of the medium-sized cities in the South has been that 
about 80 per cent of the steam in these cities is generated in 


* Taylor Stoker Company, Philadelphia, Pa. 

6 Consulting Engineer, Riley Stoker Corporation, Worcester, Mass. 
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small, hand-fired, horizontal return tubular boilers, burning high- 
volatile coal, no consideration whatever being given to the ad- 
mission of overfire air. The result of course is incomplete com- 
bustion and tremendous quantities of smoke. 

While the writer agrees with Mr. Harrington in the desirability 
of raising these boilers to increase furnace volume, this can be 
expected in the majority of cases only on new installations. On 
the old low-set jobs already in place, the proper admission of 
overfire air at high velocity will in most instances definitely solve 


the problem. 


JouNn Buizarp.* If one could construct a furnace so that he 
had the gas going through a very small channel and consequently 
at a high velocity, he would get such intense mixing that he would 
be able to have a much smaller furnace than now. That has 
been proved not only by the authors, but by tests on a Scotch 
marine boiler, where there is a bridge wall, which is a very old 
device, materially reducing the combustible content of the 
furnace gases and reducing it very suddenly. If someone wants 
to bring out a radically new furnace he can design it on these 
lines. How they will get rid of the slag and perhaps get the 
tubes to stand up the writer does not know; nevertheless, some 
of the younger combustion engineers may proceed along that 
line and will produce a very small furnace and a very efficient 


one. 


E. P. Roperts.? The writer would like to emphasize the 
importance of the time element and the meeting of the atoms. 
An atom of carbon has to meet with two atoms of oxygen in a 
very short period of time. It has to be broken down to atoms, 
practically. It is a big question whether, if the air is merely 
admitted along or through the sides or in a haphazard way, 
one is going to get that air and the gaseous products of com- 
bustion sufficiently mixed to obtain complete combustion be- 
fore passing out of the combustion zone. 


8S. B. Firaee.” The authors tell of the behavior of different 
fuels and show the change of size of these particles or blocks of 
coal. The same thing takes place more or less in fuel fired in 
powdered-fuel furnaces. The coal of the Illinois type, for in- 
stance, will give off its volatile matter very rapidly and leave 
a porous mass of coke, whereas, as the authors point out, a 
Pocahontas type will distill off its volatile, a relatively dense 
mass of fixed carbon remaining. The percentages of fixed carbon 
vary as well as the volume of the mass after the volatile is driven 
off, and when this thing is carried a little farther and one under- 
takes to burn the anthracite coals in pulverized form he gets an 
even more pronounced condition in that he has practically no 
volatile to drive off; it is all fixed carbon, and consequently the 
burning must all take place at the surface of this particle, which 
does not increase its size as does, for instance, the Illinois coal, 
but has to meet the necessary amount of oxygen and get this 
through turbulence. All of this of course has a marked bearing 
on the necessary fineness of pulverization. 


H. P. Reip.'"! Most of the references have been to steam 
formation. Some are interested in combustion from another 
standpoint than the direct use of the resulting heat in the 
formation of steam. Portland-cement plants with few excep- 
tions burn pulverized coal. The writer would like to ask the 


* Head of Research Department, Foster Wheeler Corporation, 
New York, N. Y. Mem. A.S.M.E. 
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authors if this process of combustion where CO, is broken down 
to CO, recombined in CO,, and so forth, goes on very far back 
in the pulverized-coa] flame. In the cement process we cannot 
use turbulence in the flame to any great extent on account of the 
nature of the kilns, the furnaces with which we have to work. 
Consequently, if this process goes on very far back in the flame it 
may account for the troubles of high stratification in the back 
end of kilns, where are found in the different layers of the gases 
extreme variations in the CO,, CO, and oxygen contents. 

What would be the effect in a furnace, whether it be boiler or 
industrial furnace of any kind, of changing the coals, using 
approximately the same types of coal or using wide ranges of 
coal, all in pulverized form? Suppose there were an industrial 
plant or a power plant so located that on account of strike con- 
ditions, mining conditions, or transportation conditions it be- 
came necessary from time to time to change from Indiana coal 
to Illinois, to Iowa, to Kentucky, to West Virginia, or to Pitts- 
burgh vein; would it be wise, where it would be impossible to 
change a furnace type, to characterize these coals in such a way 
that one could change the proportion of turbulence, where tur- 
bulence were possible, or if not, to change the proportion of 
primary combustion air in order to effect a better overall econ- 
omy? 

In some cases where an effort is made to state efficiency in 
pounds of coal per barrel of clinker it is found that with the 
different coals used this efficiency will vary widely—beyond 
what can be accounted for by the B.t.u. content of the coal, by 
the raw mixed condition, or the general temperature of burning. 
There are extreme variations sometimes in the same kilns, where 
there is produced a barrel of clinker from the same raw mixture 
using 98 to 100 lb. of coal per barrel at one time, while at another 
time it may require up to 120 and 125 lb. of coal per barrel. 


Rosert Jory.'? It will be generally accepted that, when 
comparing pulverized-fuel firing with stoker firing, two differences 
obtain. In the case of pulverized-fuel firing there is a small 
percentage of excess air, high CO, in the furnace, and of course 
high furnace temperatures; whereas with the ordinarily accepted 
type of stoker firing there is a higher percentage of excess air, 
less CO, in the furnace, and lower furnace temperatures. 

Apparently, the authors’ objective is to bring the excess-air 
requirements usually associated with stokers more into line 
with those that are customary with pul verized-fuel firing; that is 
to say, to reduce the total amount of excess air by introducing 
on the top of the stoker some of that air which usually is ad- 
mitted under the stoker. Is it not the case that stoker manu- 
facturers depend on the full volume flow of cold air through the 
links of the stoker to keep the stoker cool? This new proposition 
would, it is believed, result in less excess air and higher furnace 
temperatures, but owing to the reduction of air flow through the 
stoker links, there would be the added danger of burning out these 
links, especially when using preheated air. 


Avutuors’ CLOSURE 


Mr. Major states that modern underfeed stokers can maintain 
high percentage of CO, without feeding air over the fire and he 
intimates that complete combustion can be obtained. There 
may not be any special air inlets to supply air over the fire. The 
air finds its way over the fuel bed along the side wall, around the 
rear end of the stoker, and particularly through holes or craters 
in the fuel bed. These craters form with all coals and are par- 
ticularly apt to occur with the Eastern coking coals. They occur 
anywhere in the fuel bed, but are usually more numerous toward 
the rear end of the stoker. They can be easily observed by look- 


12 Mechanical Engineer, Stevens & Wood, New York, N.Y. Mem. 
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ing into the furnace with a blue glass. Since the air is supplied 
under comparatively high pressure it does not take very much of a 
hole or a large number of them to supply a sufficient quantity of air 
to complete the combustion of the gases rising from the part of the 
fuel bed where no craters have occurred. It is certain that there 
are many streams of gas rising from such parts of the fuel bed 
containing 15 to 25 per cent combustible gas. This combustible 
gas must be mixed with the air coming over the fuel bed through 
the craters and along the side walls and the rear end of the 
stoker in order that they may be burned. The very fact that 
there is always a dense flame for some distance above the fuel 
bed positively indicates the presence of combustible gas hunting 
for oxygen needed for its combustion. In some cases it does not 
get this oxygen until it passes through part of the boiler. It is 
not uncommon to see flames at the stop of the first pass or even 
at the bottom of the second pass of a three-pass vertically baffled 
boiler. The fact remains that combustion is never completed 
in the fuel bed and that a large part of the combustion process 
takes place in the combustion space above the fuel bed. Com- 
bustion space is required to bring the gaseous combustible rising 
from the fuel bed in contact with the air passing into the furnace 
through the craters in the fuel bed, along the side walls and rear 
end of the stoker. 

The underfeed stoker has certain advantages over the chain- 
grate type in burning the coking Eastern coals. The chain- 
grate stoker is better adapted for burning the free-burning high- 
ash Middle West coals. 

Mr. Ollison Craig calls attention to the fact that losses from 
unburned combustible gases occur in stoker or hand-fired fur- 
naces, but only to a very small extent in pulverized-coal furnaces. 
In pulverized-coal furnaces the CO, content in the furnace gases 
can be run very high before a measurable quantity of CO can 
be found in the gases. The incomplete combustion losses in 
pulverized-coal furnaces are due almost entirely to unburned 
fixed carbon or pieces of coke passing out of the furnace with the 
gases. 

In the hand-fired and stoker-fired furnaces the fixed carbon 
stays on the grate until completely burned or gasified, excepting 
the small pieces that may be lifted by the high velocity of the 
gases and carried out of the furnace as cinders. The com- 
bustible gases rising from the fuel bed must be mixed with air 
if they are to be burned. Usually this air enters the furnace 
along the side walls around the rear end of the stoker through the 
coal hopper and through holes in the fuel bed. This flow of air 
over the fuel bed can be controlled only to a small degree by the 
thickness of the fuel bed. The air does not always enter the 
combustion space near the stream of combustible gas rising from 
the fuel bed, and considerable length of the gas travel may be 
required to mix the two together and bring about nearly com- 
plete combustion. One may therefore find combustible gas 
beyond the furnace. 

In the powdered-coal furnace there is much more turbu- 
lence, and the combustible gases distilled from the coal are 
quickly mixed with air and burned. Some of the particles of 
fixed carbon left after the distillation of volatile matter may not 
Stay in the furnace long enough to make contact with sufficient 
amount of oxygen for their complete combustion and may leave 
the furnace only partially burned. The greater the turbulence 
or mixing of the furnace gases the more complete the combustion 
of the fixed carbon and the less combustible is found in the flue 
dust. 

Coals high in fixed carbon give better results if only part of the 
air needed for combustion is mixed with the coal, the remainder 
of the air being admitted after ignition has taken place. These 
coals are low in volatile matter, and a smaller percentage of 
primary air forms a richer mixture with the volatile matter 
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and causes a quicker ignition and steadier flame. If too much 
air is mixed with such coal as primary air, the mixture is lean 
and ignition starts too far from the burner and the flame is 
unsteady and may go out. The secondary air should be ad- 
mitted at high velocities and in such directions as to cause 
intensive mixing of the fixed carbon and the air so that the fixed 
carbon can be burned nearly completely. 

Coals high in volatile matter and low in fixed carbon need more 
primary air. A large part of the coal has to be burned in the 
form of gas or tar vapors, and the combustion will be more 
direct and quicker if there is enough air mixed with the coal for 
the complete combustion of this volatile matter. If only a 
small amount of primary air is used there is not sufficient oxygen 
to burn the volatile matter completely, and the tar vapors will 
break down into soot and permanent gases. The permanent 
gases will burn first, leaving the soot suspended in the furnace 
gases, and produce long and smoky flame. With high-volatile 
coals good results may be obtained if all the air is supplied with 
the coal. 

Mr. Hunter emphasizes the necessity of bringing an adequate 
supply of air over the fire and mixing it intensively with the 
combustible gases rising from the fuel bed in his work on smoke 
abatement. He refers especially to small and medium size old 
installations in which the boilers are set low over the grates. 
In such installations the combustion space available for the 
burning of the gases is small, and intensive mixing must be em- 
ployed if the gases are to be burned completely and objectionable 
smoke avoided. It is comparatively easy in such installations 
to admit air over the fuel bed, but more difficult to mix it with 
the distilled volatile matter. The air is usually drawn into the 
furnace by natural draft and the velocity is too low to produce 
intensive mixing. In many such cases steam jets are used to 
produce intensive mixing with good results. In cases where 
compressed air is available the compressed air can be used with 
similar results. Steam, however, is used much more frequently 
for this purpose because of its availability in practically all cases. 

In stoker installations of more modern type good mixing can 
be obtained by introducing air over the fuel bed at the same 
pressure as it is supplied under the grate. Such pressure makes 
it possible to supply the air at a velocity of 100 to 150 ft. per 
second, which is in most cases sufficient to produce the necessary 
mixing. 

Mr. Flagg brings up an interesting point about the necessary 
fineness when the different coals are burned in pulverized form. 
The volatile part of the coal is easy to burn because it leaves 
the coal particle and diffuses as gas into the surrounding atmos- 
phere and thus finds easily the necessary oxygen needed for its 
combustion. The fixed carbon, on the other hand, stays in 
the residue of the coal particle as coke and must be burned by 
the oxygen coming in contact with its surface. When high- 
fixed-carbon coals are burned in pulverized form, after the vola- 
tile matter has been distilled off and burned, the particles of the 
fixed-carbon residue contain more combustible and therefore 
require longer time to burn than the residue from low-fixed-car- 
bon coals. To offset this disadvantage Mr. Flagg suggests 
pulverizing the high-fixed-carbon coals to a higher fineness than 
the low-fixed-carbon coals. There is no doubt that higher 
fineness would cause the high-fixed-carbon coals to burn quicker 
and result in lower combustible loss in the flue dust. It seems 
that not enough attention is paid to the fineness of the different 
kinds of coals. The high-fixed-carbon Eastern coals, such as 
Pocahontas and New River, are usually pulverized to the same 
fineness as the high-volatile Pittsburgh and Illinois coals. In 
addition to this the same size of furnace is used for the high- 
fixed-carbon coal as for the high-volatile-matter coals. The 
high-fixed-carbon coals should be either pulverized to a higher 
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degree of fineness or a larger furnace should be used if the same 
completeness of combustion is to be obtained as with the high- 
volatile coals. Thus it may be necessary to pulverize Poca- 
hontas coal to a fineness of 75 or 80 per cent through a 200-mesh 
screen to get the same good combustion in the same size of furnace 
as with Illinois coal when the latter is pulverized to a fineness of 
65 per cent through a 200-mesh screen. For the same reason 
the anthracite coal may have to be pulverized to 80 or 85 per 
cent through a 200-mesh screen. On the other hand lignites and 
peats may give the same good results when pulverized to 40 or 
50 per cent through a 200-mesh screen. 

Recent experiments in marine boilers have shown that the 
Eastern high-fixed-carbon coals can be burned with satisfactory 
results in small furnaces provided they are pulverized to a very 
high degree of fineness. 

There is but little direct data relating to the stages of com- 
bustion in a powdered-coal furnace. One may surmise what 
takes place by analogy from the results of studies that have been 
made with burning coal in grates. The active reduction area in 
a powdered-coal flame, corresponding to the fuel bed on the 
grate, does not exceed the volume of the visible flame of the 
burning volatile matter and is probably smaller. Little or no CO 
has been found outside the visible flame even though consider- 
able incandescent carbon may exist in the gases outside this flame. 

Aside from leakage which can occur only at the seal ring of the 
kiln, any stratification which occurs in the gases can result only 
from imperfect mixing of the fuel and air. It is possible that 
some of the mixing burners that have been developed for boiler 
furnaces can be applied with advantage to rotary cement kilns. 
There is a possibility that stratification in CO, may be due to 
gases given up by the charge. As these gases are given up outside 
the active combustion zone it should not affect the combustion. 
It may, however, affect the heat absorption. 

With boiler furnaces using powdered coal, the type of coal 
seems to have a small effect on efficiency. Slight changes in 
operating adjustments may be necessary in changing from one 


type of coal to another. Eastern low-volatile coals, for example, 
are more difficult to burn out completely than the Western coals. 
A higher degree of mixing may be necessary. Better mixing can 
be obtained by reducing the primary air and increasing the 
velocity of the secondary air. 

It is difficult to say offhand just why there should be such a 
difference in efficiency in the burning of coals of different 
types ina cement kiln. A 25 per cent increase in the fuel 
necessary to burn one barrel of cement clinker should, however, 
manifest itself in some easily discernible form such as higher 
exit-gas temperatures or higher excess air. When the source 
of the loss is determined the cause may be found and possible 
remedies may be suggested. 

In regard to Mr. Jory’s discussion it should be said that supply- 
ing air over the fuel bed is not a matter of choice but a matter of 
necessity in order to obtain complete combustion. If the fuel 
bed remained of uniform thickness and consistency all over the 
grate, all the free oxygen would be consumed before it reached 
the top of the fuel bed. This would occur no matter how fast 
the air was supplied under the fuel bed. Increasing the air 
supply through the fuel bed merely increases the rate of com- 
bustion, but generally has no effect on the completeness of com- 
bustion. Air is supplied over the fuel bed in order that the gases 
rising from the fuel bed may be completely burned. The air is 
supplied in some cases through special air ports; in other cases 
it finds its way into the furnace accidentally along the side walls 
or rear end of the stoker or through the holes in the fuel bed. 
The air passing through the holes serves the same purpose as 
the air introduced over the fuel bed through special air ports. 

So far as burning coal on stokers with the same low excess of 
air as burning coal in pulverized form is concerned, that is a 
question of the size of combustion space and the intensity of 
mixing that can be obtained in the combustion space above the 
stoker. If the furnace is large and means are available for pro- 
ducing intensive mixing, complete combustion can be obtained 
with very small excess air. 
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Washing and Preparation of Coal 


By H. D. SMITH,' BLUEFIELD, W. VA. 


HE washing and preparation of coal covers a wide scope, 

and the author will only briefly describe the processes 

in common use and give some idea of costs from the coal 
operator’s standpoint. As there are few data from consumers on 
the extra value of clean coal, it is impossible to give a commercial 
value to the cleaning of it to an economical point or to define 
what is that economical point. 

The practice of preparing bituminous coal is to build a tipple 
and to have main screens for separating the lump and egg sizes 
from the finer sizes and to place them on the hand-picking tables 
to remove slate and other impurities. 

These two sizes can be hand-picked successfully, although some 
plants havé been built for wet-washing the egg size where the 
impurities are many and where the tonnage is large so as to cut 
expense. 

The sizes above 2 or 2'/, in. are usually for domestic purposes, 
and sold more on appearance than on a low-ash basis. There may 
be pieces that have a laminated appearance which spoils the looks 
from a sales standpoint, although the low ash content would make 
it satisfactory for the domestic trade. 

The sizes below 2 or 2'/, in. are the hardest to clean, and as a 
rule the hand-picked method is impossible. The sizes below 2'/, 
in. are often sold as metallurgical fuel, or with the 2'/2 & !/2-in. 
size taken out, sold as domestic stove and nut and the less than 
‘in. size sold as metallurgical fuel. This metallurgical fuel 
is sold on an ash basis, and appearance does not count. Where 
a seam contains impurities in the minus 2!'/;-in. size which must 
be removed for a competitive market, it is necessary to use some 
form of mechanical cleaning. 

The methods are the wet-washing and dry-cleaning processes, 
and the principle of separating the impurities is based on the 
difference between the specific gravities of the coal and the 
refuse. 

Some coals are cleaned not only to lower the ash, but also to 
lower the sulphur when it is in a pyritic form. Some engineers 
believe that organic sulphur can be removed by washing, which 
was believed impossible years ago. 

Reference has been made thus far to bituminous coals. While 
anthracite is practically all prepared by the wet-washing proc- 
esses, very little is hand-picked, and then only the large sizes 
before going to the crushers and joining with the washed coals 
before final sizing. 

There are launder washers, the latest being the Rheolaveur, 
and jig washers of the basket and the overflow type, the latter 
being single- or multiple-compartment. The Pittsburgh washing 
jig is a basket type, and the Pittsburgh Special, the Elmore, and 
the Foust are of the compartment type. Both the launder and the 
jigs can handle an unclassified feed from 3'/: in. down. The 
washing of fine coal in jigs has been difficult, and this has caused 
the development of wet concentrating tables, the chief ones being 
the Deister-Overstrom, the Deister machine “Plato,” the Over- 
Strom, and the Campbell bumping table. Where most jigs 
handle 50 to 100 tons per hour, the wet concentrating table on 
fine s has a low capacity, from 5 to 10 tons per hour. Efforts are 
being made to increase their capacity and efficiency. Some wet 
Pian's use a combination of jigs and concentrating tables to good 
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effect, and where fine crushing is necessary, plants have used the 
concentrating tables alone. 

Another form of wet washer is the tub or cone, the Robinson- 
Ramsay tub used in some districts giving satisfactory perform- 
ance. The Chance cone, using sand with water as a medium 
of flotation, has been used chiefly in the anthracite districts and 
with one plant operating on bituminous coal. 

Hydraulic classifiers such as the Menzies hydro-separator are 
being used in the anthracite and in some bituminous fields, in the 
latter to wash sizes from egg down to slack, or to about '/2 in. 
The Hydrotator classifier is a development of the Trent tank 
primarily for treating fine coal. In many plants where fine coal 
is washed, Dorr machines are used with the previously mentioned 
types to make a complete installation. 

The “dry cleaning’ processes include hand-picking of the 
larger sizes, mechanical pickers and spirals for the smaller sizes, 
the Bradford breaker, and pneumatic or dry concentrating tables. 

The main types of dry-cleaning concentrating tables have been 
marketed by the American Coal Cleaning Corporation, Welch, 
W. Va., Roberts & Schaefer Company, Chicago, Ill., Heyl & 
Patterson, Inc., Pittsburgh, Pa., and Peale, Peacock & Kerr, St. 
Benedict, Pa. 

The original tables brought out by Sutton, Steele & Steele, 
Dallas, Texas, and later acquired by the American Coal Cleaning 
Corporation, known as their “‘S-J’’ tables, were installed in the first 
dry-cleaning plants, and after this type they developed the “‘Y”’ 
type, which has a rated capacity greater than the ‘‘S-J” table. 
The approximate rated capacities on the different size coals using 
the “‘Y”’ table are: 3 X 1 in., 70 tons per hour; 1 X 3/s in., 50 
tons per hour; */; X '/s in., 35 tons per hour; '/s; in. down, 20 
tons per hour. The original ‘‘S-J” tables have half the capacity 
of the ““Y” tables. 

The only radical change from the “‘S-J” and “Y”’ types is the 
table brought out by Peale, Peacock & Kerr, it being larger and 
taking an unclassified feed from 3 in. down, while with the others 
it was necessary to screen the coal into more or less uniform sizes 
in certain ranges to obtain good results. The Peale table has a 
capacity up to 150 tons per hour. 

The method of grading and cleaning coal depends upon the 
characteristics of the coal, the impurities, and on the market to 
which the coal is best adapted. 

Before any method of mechanical cleaning is undertaken a wash- 
ability test must be run. Complete screen analyses and sink- 
and-float tests should be run on the raw coal of each size and an 
ash determination be made so as to have a guide for the operator 
as to what his raw coal contains in coal, bone, and slate. 

The indeterminate factors are the extent the coal must be 
washed or cleaned to meet the market requirement and what the 
consumer will pay for efficient cleaning. 

As an example, a raw coal of 10 per cent down to 7 per cent in 
ash may be cleaned at 20 cents per ton, only cleaning sizes down 
to 1/,in. In order to clean this coal down to 6 per cent in ash 
10 to 20 cents more may be added, making it cost from 30 to 40 
cents per ton for cleaning down to 48 mesh. 

If the consumer understood the value of an efficiently cleaned 
coal, better returns from cleaning plants could be obtained. 
There are no data that will give the coal operator a knowledge of 
the effect of coal cleaning on marketability. 

Preparation of coal starts at the face in the mine and continues 
until the coal is consumed. It is an important factor in trans- 
portation, it affects the burning, it bears directly on domestic 
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heating costs, and with public utility and industrial users af- ton per hour through the plant, or on another basis from 25 to 
fects production costs. There is no question that cleancoal hasa 50 cents per ton of annual output. 
greater value than dirty coal, and should command higher returns In a plant running 1500 tons per day, of which 40 per cent is 
in price and a greater volume of sales or greater marketability. washed, being 600 tons per day on a 6-hour-run basis, or 100 tons 
From an operating standpoint the cost of cleaning is made up of _ per hour, a washer for 100 tons per hour would cost $40,000 to 
the four factors of power, labor, maintenance, and overhead, which $100,000, depending on the size of coal to be treated, type of refuse 
latter includes depreciation and investment costs. An indirect to be removed, ete. 
cost in cleaning coal is the loss due to rejecting the waste and the The author so far has covered the washing and cleaning of 
“bank’’ loss in good coal which goes with the rejects through not _ coal after it has been mined and brought to the tipple and washery 
being able to obtain a 100 per cent efficient cleaning plant. These building. In many mines a large part of preparing the coal is 
are sometimes called conversion costs. As an example, a mine done at the working face. In seams that contain a parting of 
may be running 2000 net tons per day with a cost of $1.75 per slate, shale, or bone some companies use a cutting machine on 
ton in the railroad car. Should that mine put in a cleaning — trucks, and either cut out this parting or cut the coal above the 
plant and remove 10 per cent by weight of rejects, the cost of parting, load out the cuttings and the coal above, and then shoot 
mining would be $3500 and only 1800 net tons would be shipped, up the parting, and either load it out or place it in the gob and 
making the cost $1.95 per ton, or 20 cents per ton conversion then shoot up the bottom coal after the parting has been 


If the operating cost for power, labor, maintenance, cleaned up. ‘This method insures all the impurity in one streak 
being removed separately. This method works out satisfactorily 


in what is termed ‘‘fresh mined coal,’’ which takes in the so- 
called room and entry coal. When the coal pillars between the 
rooms and entries are extracted, this method will work out only 
when the robbing of the pillars is kept up very close on the live 
room and entry work, so that the overburden will not crush the 
pillars, making it impossible to cut out the parting or even cut in 
the coal. When pillars do have to carry extra weight, very little 
cleaning can be done at the face, and practically all of it must be 
done at the tipple and washery. 

Where there is a soft shale or rash directly over the coal, if 
undercutting machines are used and the coal shot down this 
rash will fall with the coal and mix through the fine sizes. This 
has been overcome partly by using top-cutting machines, either 
cutting in the rash or cutting in the coal and leaving up a few 
inches of coal to hold the rash during the cutting operation, then 
before shooting the main bench of coal the procedure is to pull 
down this rash, rake it all out over the coal, load it up or gob 
it, and after the face has been cleaned up, then to shoot the coal, 
thus allowing a clean coal to be loaded at the face. 

In these cases where full extraction of the coal is necessary, 


cost. 
and overhead is 20 cents, a low figure for a large washing plant, 


this would give a total cost of 40 cents for the cleaning process. 
This cost will vary with different types of plants, also according to 
size and capacity, type of coal being treated, and whether the coal 
has to be dried after washing. The washing costs on bituminous 
coals will run from 20 to 40 cents per ton, but if the “last pound 
of flesh” is required these costs may jump to 40 to 80 cents per 
ton on some coals, the bank loss and conversion costs being the 
largest factors. 

There is no question that the majority of coals going on the 
market are better prepared and cleaned than ever in the history 
of the coal industry in this country, but it is also true in the past 
few years that, owing to the overproduction of the industry, 
coal buyers and consumers have not shown a willingness to pay 
for the extra preparation they have been obtaining. 

In fixing the value of washing we find from the blast-furnace 
man that the value of each 1 per cent ash reduction in the coke 
ranges from 10 to 25 cents per ton of pig iron. 

Some figures compiled on the basis of Sweetser’s figures and 
on long freight hauls show that a 4 per cent reduction of ash in the 
coal is worth $1 per ton to the consumer. Another blast-furnace 
man shows that 1 per cent ash reduction in coke is worth 40 cents _a tipple and washery plant must be provided, as with the average 
per ton on pig iron. mine where the pillar work is kept up with the live workings 

Some customers demand practically dry coal, and where wet there is about 667/; per cent of the output coming from pillars 
washers are used there must be some form of mechanical or heat and only 33'/; per cent from rooms and entries. Even if 50 per 
drying or a combination of both. This brings an added expense, cent or better of the pillar workings could be satisfactorily mine< 
and the operator or producer cannot absorb this unless he can and cut without having the streak of impurities crushed up i 
get it back from the consumer. the coal, there would be part of these pillars where it would be 

Engineers differ as to the effect of moisture in the coal from impossible to mine without having the impurities mixed up with 

the consumer's standpoint, some claiming that 1 per cent mois- _ the coal when loaded at the working face. 
ture is as much of a dilutant to the product as 1 per cent ash. This condition would call for the same size of preparation plan: 
We who are engaged in coal preparation are anxious for datafrom as if all the coal coming out of the mine contained the impurity. 
blast-furnace men, by-product coke men, and other consumers it usually is impossible to segregate inside the mine the cars 
on the actual value of ash and moisture reduction to certain dirty coal from the cars having clean coal, so all the coal would 
classes of consumers, so that we can figure to what expense we have to be run through the washery. Under most conditions 
are justified in going to put the coal in proper shape and what we _ hand loading a large part of the impurities in the lump and ezz 
can reasonably expect in added return for performing this sizes can be picked out by the hand-loader, but not so where me- 
chanical loading is being used. Then the impurities must be 


service. 
When coal is sold on quality alone and a premium is paid for removed before the machine starts loading. 


each 1 per cent in ash reduction, it will be possible to figure 
how far any plant can go economically in the cleaning and prepa- 
ration of its coal. 

Owing to present methods in buying and selling coal it has 
about resulted in a plant’s doing only what it must do in order to 
move its coal into an oversold market and be able to sell evenly 
over the year to insure a good average run for economical plant 


Preparation at the face not only means cleaning so far as pos 
sible, but it takes in the proper shooting of the coal, to give = 
the case of a commercial mine shipping domestic sizes a larg* 
proportion of the top sizes and a minimum of the finer size. 
which usually bring the least on the market. 

A coal properly shot at the face will also handle through ‘5 
tipple and washery with less degradation, insure a domestic = 


Coal-preparation plants require a large investment in machin- 
ery, equipment, and structure. ranging from $400 to $1000 per 


operation. that will carry better in transit and in unloading, and will con's2 
less fines when placed in the consumer’s bin. This has bee* 
accomplished by the use of slower-acting explosives which do ><% 
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shatter the coal, and also by shearing machines whereby the coal 
face has three open sides, instead of the usual two after under- 
cutting or overcutting. Some mines using shearing machines 
have increased their top sizes from 3 per cent to 10 per cent, with 
a corresponding decrease in their fines. 

In selecting a cleaning plant it is important to know the quality 
of the final product desired and also the use to which it will be put. 
If only the heavy rock is desired to be removed it is very easy to 
obtain a unit which will separate the heavy rock from the light 
coals, but if it is necessary to remove light bones which have a 
gravity very close to the clean coal, then the difficulties in making 
such a close separation arise, and more care must be used in the 
selection of a plant. In some cases retreatment plants must be 
put in, and often a second-grade product can be made for local 
consumption which will contain most of the bones and laminated 
products with some coal, and will allow the shipment of a high- 
grade product and the rejection of a high-ash refuse with very 
little loss of good coal in the refuse. 

It has also been found in washing some coals that the better the 
coal is washed, producing a low-ash product, the lower becomes 
the fusing point of ash; in other words, a raw coal running 7.5 
per cent ash may have a fusing point around 2700 deg., while after 
being cleaned down to 6 per cent ash the fusing point will drop to 
2500 deg., due to the refuse having a high fusing point. The re- 
verse may be the case for other coals, and in some coals there is 
no noticeable change in the fusing point after washing. Therefore 
the use to which the coal will be put should enter into the design 
of a cleaning plant. 

It is possible on a certain coal to make a complete study of the 
cleaning possibilities, the effect on the coal of ash reduction, 
to determine what it would cost per ton to clean from a feed ash 
of, say, 10 per cent to a clean product having 6, 6'/2, 7, and 71/2 per 
cent ash and so on, and what effect the cleaning would have on the 
quality. If the use of the coal and the price that could be ob- 
tained after cleaning were learned, then it could be determined 
if it would pay to clean to 6 or 7 per cent or to just where the 
economic point would be. It would be very difficult to so con- 
struct a plant whereby the ash content in the cleaned coal could 
be varied with the price received, and although this could be done, 
it would not work out commercially, for after it was found that 
a certain plant could turn out a 6 per cent ash coal on a fair 
market price, that plant would still be required to furnish a 6 
per cent ash coal by its consumers even on a market price which 
was below its cost of production and preparation. 


Discussion 


Howarp W. Morcan.? The author brings out one of the 
most worrisome factors in the whole problem of cleaning coal, 
and that is the difficulty of arriving at the increased value of the 
cleaned coal to the consumer. The Pittsburgh Coal Company 
has been operating for the past 18 months a dry-cleaning plant 
using Roberts Schaefer Company Arms tables and treating 
approximately 2200 tons per day of the coal passing through a 
2' round hole. 

The average results obtained for the month of August (which 
is typical of all recent months) were as follows: The output of the 
plant is in three sizes—pulverized fuel, 0 to 5/\s in.; stoker fuel, 
* «to 1!/s in. square; stove coal 1'/, in. square to 2'/; in. round. 
The raw coal shows 10 per cent ash; the 0 to 5/, in. size, 7.7 per 
cent; the 5/i6 to 1'/, in., 7.1 per cent; the 1'/s to 2"/2 in., 7.1 per 
cent; the refuse, 56.3 per cent. The refuse calculated from 
analysis is 5.5 per cent; the coal lost in refuse from analysis, 3 per 
cent. 

* Combustion Engineer, Pittsburgh Coal Company, Pittsburgh, 
Ps. Mem. A.S.M.E. 


All of this coal has been sold at a price sufficiently above the 
average market price of 2'/:-in. nut slack coal to more than pay 
for the cost of cleaning. It is, however, doubtful that this could 
have been done had the coal been sold as nut slack. It has been 
separated into three sizes known as stove, stoker, and pulverized 
fuel. 

There is a comparatively small demand for the cleaned stove 
coal, and the larger portion of this grade has been put back with 
the larger hand-picked lump coal, thereby making a low-ash 
3/-in. lump coal. This */;-in. lump has been in good demand 
and has brought good prices, but it is difficult to say what part 
of the price can be credited to cleaning the stove-coal portion of 
the mixture. 

On the comparatively small tonnage sold as stove coal (1'/s in. 
square to 2'/, in. round) an average premium of approximately 
25 cents per ton over the prices of stove coal from other mines 
has been obtained. The uncleaned stove size is usually heavily 
contaminated with slate, as hand picking has little effect on this 
grade. 

The air-cleaned stoker coal has been sold almost entirely for 
use in mechanical stokers and has brought good prices compared 
to the prices that have ruled for slack, which it usually replaces. 
The price, however, cannot be directly compared to that of 
slack as it takes more than two cars of slack to make one of stoker 
coal. Nor can all of the extra value of this coal be attributed to 
its lower ash content. Part of it is due to the removal of the 
fine coal and dust, which has a marked effect on fuel-bed condition 
and clinker trouble. 

Each plant has to be individually studied to determine the 
relative value of this coal. An increased efficiency almost 
always results, but the amount of the increase varies with the 
equipment and operating conditions. An increase of from 7 to 
8 per cent is not unusual. 

Maintenance costs on stokers are reduced through the elimina- 
tion of clinker trouble at high loads. The relative value of this 
coal cannot be obtained by a straight comparison of heat values. 

The pulverized coal has been sold entirely for use in pulverized- 
fuel-burning plants. Here the efficiency of the plant is not 
appreciably affected by the ash content or heat value. If a 
plant operates at 80 per cent overall efficiency on a 10 per cent 
ash coal containing 3 per cent moisture and 13,000 B.t.u. as 
fired, it will obtain 80 per cent efficiency on a coal with 7 per 
cent ash, 3 per cent moisture, and 13,450 B.t.u. as fired. The 
values of the two coals are then approximately in direct propor- 
tion to the heat values. The delivered cost of the coal must be 
used as the basis of figuring and not the mine cost. 

If the 10 per cent ash coal cost $1.25 at the mine and $3.50 
delivered at the plant, then the 7 per cent ash coal would be 
worth 13,450 + 13,000 X 3.50 = $3.62, or a premium of 12 cents. 

It will thus be seen that the freight rate of the particular plant 
is an important factor in determining the premium value of 
lowered ash. The higher the freight rate the larger is the in- 
creased value. In pulverized-fuel plants there is a small addi- 
tional value of low ash based on the cost of pulverizing and han- 
dling the coal at the plant. If this is 40 cents per ton, it would be 
0.4 cent for each 1 per cent of ash. 

If cleaning raised the fusing temperature of the ash, it would 
further increase the value in some plants; that is, in those plants 
which have solid brick furnace walls or inadequate air cooling 
and which are therefore required to burn fairly high-ash fusion 
coals to avoid excessive slag. On the other hand, should cleaning 
lower the ash-fusion temperature the value of cleaning might be 
entirely offset. 

Our experience to date with cleaned coals has been almost en- 
tirely in steam plants and in the burning of ceramic wares. In 
the latter field there is an increased value for cleaned coal, but 
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we have no definite data as to the amount. In steam plants it 
varies with the plant equipment and operating conditions, the 
freight rate, and the prevailing market prices at the mine. 

On this subject of additional values it will be interesting to see 
what happens when the efficiency of a stoker is improved through 
elimination of clinker trouble and improved fuel-bed condition 
resulting in a lower ash-pit loss and a reduced dry flue-gas loss. 
If these combined losses are reduced by 7 per cent, raising the 
efficiency from 65 to 72 per cent, we no longer have a straight 
B.t.u. relationship; such as, 13,900 + 13,450 X 3.50 = $3.62, or 
an additional value of 12 cents. The increased value is now 
found by the formula: 13,900 X 0.72 + 13,450 < 0.65 X 3.50 =$4, 
or an additional value of 50 cents. 

Premium values over and above current slack prices exceeding 
this figure have been obtained during the past year from a 
number of consumers; but, as pointed out, a comparison with 
slack is not a fair one as the minus °/;-in material has been 
removed from the slack to make this stoker coal and the fine 
material has to be sold for pulverized-fuel plants where the 
value relationship is almost a straight heat relationship. 

Dry cleaning is applicable only to comparatively dry coal. 
This is one of the reasons why the Rheolaveur process has been 
selected for the new cleaning plants under construction by the 
Pittsburgh Coal Company. One of these soon will be producing 
washed coal. It will treat all of the coal from 4 in. down in size 
coming from five mines on the Montour Railroad. It will have 
a capacity of 650 tons per hour. The fine sizes will be dried 
by filters and hot air. The output of this plant will go princi- 
pally to domestic users, steam plants, and ceramics plants. 

Two more Rheolaveur plants are under construction to take 
the 4in.-minus material from four, mines in the low-sulphur 
gas-coal fields. Their output will be almost entirely for metal- 
lurgical coal and coke and domestic coke. In order to make a 
very low ash metallurgical coal it will be necessary to make an 
intermediate product suitable for steam coal. 

The author mentions the removal of organic sulphur by wash- 
ing. Our tests have definitely shown that this can be done and 
that a certain removal is naturally affected along with the re- 
duction of pyrite. Typical results on a high-sulphur coal are as 
follows: Percentage of sulphur in raw coal, pyritic 2.76, organic 
1.01; in 1.30 specific gravity float, pyritic 1.61, organic 0.76; 
in 1.60 specific gravity float, pyritic 6.35, organic 1.16; in 1.60 
specific gravity sink, 10.23 pyritic, 0.21 organic. 

As to the picking of anthracite, the writer understands that 
a certain amount is necessary after washing for the sake of 
appearance, which is a big factor in domestic coal sales. A 
certain amount of low-gravity anthracite that is as low ash and 
high heat as the other washed product has to be picked out on 
account of a dull, slaty look. 

Concerning the reference to dry coal, it is a fact that the fine 
sizes of many coals as they come from the mines are as wet as 
those coming from a washing plant. Some form of drying equip- 
ment is necessary, however, to satisfy consumers’ demands. A 
moisture content of 1 per cent affects the heat value per ton 
fully as much as 1 per cent of ash, as it simply means that much 
less coal, but it is not as harmful in the furnace. It does not 
cause clinker, it does not erode furnace linings or stoker parts, 
and there is no cost attached to its removal. Above a certain 
percentage increased moisture increases the cost of pulverizing, 
principally by reducing the capacity of the mills, in the case 
of unit mills, and in the additional drying cost, in the case of 
storage systems. 

In none of the coals studied from the eleven mines of the Pitts- 
burgh Coal Company, the product of which is to be mechanically 
cleaned, was the fusion temperature of the ash lowered. On 
the steam coals cleaning had no effect on ash-fusion temperature. 
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On the gas (or metallurgical) coals the fusion temperature was 
raised in some instances from 2500 to 2700 deg. by cleaning. 
Regardless of the ash-fusion temperature clinker trouble is 
reduced by cleaning; first, the quantity of clinker is reduced with 
the quantity of ash, and, second, there are large pieces of rock 
to soften and spread and act as a nucleus for a clinker. 

The statement is made that it would be very difficult to so 
construct a plant that the ash content in the cleaned coal could 
be varied at will. The new cleaning plants are being built to do 
just this, and the additional expense involved over a plant to 
produce one grade is comparatively small. The objection that 
has been made that consumers who once know that a plant can 
turn out a 5 or 6 per cent ash product will always demand it 
regardless of price will have to be met by a complete under- 
standing between buyer and seller and a graduated scale of 
prices depending upon ash content. 

Our experience has shown that underground mechanical loading 
of the coals of the Pittsburgh district practically necessitates 
mechanical cleaning-on the surface to produce a marketable 
product in the small sizes. In marketing some 2200 tons per 
day during the past 18 months we have proved that a certain 
class of consumers can afford and will pay an additional price 
for cleaned coal; further, that the increased value is greater 
than would be indicated by the increased heat value and is 
brought about by lower labor costs, increased efficiency, lower 
maintenance costs, and sometimes lower capital costs due to the 
ability to carry a larger load in the plant. 


H. W. Newton.’ The author touched lightly on the bene- 
ficiation of the very fine materials in the water, but did mention 
scmething of the moistures that are retained by washed coals 
and the desirability of reducing these moistures. Most trough 
concentrators, jigs, and tables in wet work do very good work 
down to around 65 mesh, but the coal below that point, along 
with the ash, is almost entirely included in the product. The 
general practices with which the writer is familiar include the 
use of sloughing-off cones, Dorr thickeners or other devices by 
which an overflow is returned and circulated through the plant 
as dressing water. These settling devices are almost always 
inadequate, so you have a return liquid of high viscosity, causing 
considerable trouble in jigs and on tables and contaminating 
products. 

Where drag products or the underflow from thickeners an¢ 
other machines of this type enter the coal, these contribute con- 


siderable slime, which may have a high carbon value, but which 
are always of a colloidal nature and tend to create a higher 
moisture in the residual coal; whether this is loaded in cars an¢ 
allowed to drain, or centrifugal machines are used, or other means 
of dewatering employed. Nearly always the material that = 
minus 100 mesh—that is, in the coal-washing proportions with 
which the writer is familiar—is high in ash and in sulphur 
especially the slimy portions. The writer would like to ask the 
author how closely he has followed the recent practices in conne 
tion with the elimination of these fines through classification. 
The writer also would like to ask if, in case of an intermediate 
material of intermediate specific gravity, it is not a question 
sizing closer. We find great latitude in sizes fed to coal-com 
centrating devices. We think that this is rather radical, viewe* 
from a metallurgical standpoint, for when we have three materiss 
of three specific gravities to separate, we believe it is necessary 
to size closely to do this, and the writer wonders if they are net 
a little too slipshod in the preparation of feeds to coal-concentr 


tion devices. 


Construction Engineer, Portland Cement Association, Chica” 
Ill. 
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W. W. Perrisone.‘ Speaking from the standpoint of the 
intermediary between the producer and the consumer, the greater 
amount of the Alabama coals today, 80 per cent of them possibly, 
are washed. A condition exists in this district that possibly 
does not exist in any other section of the country, where a major 
percentage of the coal is prepared by washing either through 
jigs or over tables. 

There are coals there of 57 varieties, running from 3'/, per 
cent ash coals up to 16 or 18 per cent ash coals, and fusion points 
running from 1800 to 2800. One of the mines is air-cleaning 
the smaller size of coal, from '/:;in. down. They are guaranteeing 
on the '/, in. and down size to produce a coal with 3'/2 per 
cent ash. 

The Alabama coal region is not generally well known. There 
are few Government reports on that section. They are producing 
20,000,000 tons of coal a year in that district and possibly giving 
a better preparation than any other section in the country. 

Mr. Newton mentioned the moisture on the finer size of coal. 
One Southern manufacturer has put in a machine for drying that 
coal. He uses a centrifugal drier and is getting very good results. 
The whole practice of the mine loading, washing coal of the 
fine sizes, and shipping possibly 10 per cent of moisture to the 
customer is eliminated through the use of that machine. The 
coal is quite dry as it leaves the machine, although the fine 
size coming from the washer is almost muddy. The machine 
does not remove all of the moisture, but it does give a much lower 
moisture material as loaded into the car. 


T. G. Esrer.’ Upon looking over tables of specific gravities 
of coal, the writer finds it will vary from about 1.2 to 1.6. Coal 
high in specific gravity is supposed to be high in ash, but there 
is no relation between the specific gravity and ash content. 

In the case of air cleaning, the writer wonders if we know at 
present the limits of specific gravities of coal that can be handled 
on an air-cleaning process. That is, can a raw coal of 1.5 to 
1.6 specific gravity be air-cleaned. 


Morean B. Smirx.* An economic question is of interest 
owing to a recent situation in Detroit, when slack of 1'/2 to 
2 in. sizes sold from 35 cents to $1.10 a ton, and one could have 
his pick from anywhere in the Kanawha district and also from 
the Fairmont field. Certain portions of eastern Kentucky also 
stepped in and attempted to compete. Now the majority of 
those coals do not require washing, if the operation in the mine 
and the work on the picking tables are carefully done. 

The writer wonders if we can expect very much preparation in 
the face of a price situation such as quoted. The writer does 
not know whether the coal man believes that prices will get back 
to a decent level. He uses that word because he realizes that 
prices have been abnormally low, even foolishly low—not that 
the coal men have wanted such a situation, but as a result of 
economic conditions—and also because he happens to be con- 
nected with a corperation which burns a large tonnage of coal a 
year. Part of the writer’s work consists in keeping the pur- 
chasing agents and the engineering force informed as to the con- 
ditions in the industry, and the question arises, what is the por- 
tent connected with the installation of apparatus which must be 
expensive for preparing coal when coals are available nearby at 
lower freight rates and presumably of equal quality, at least 
equal in the sense of B.t.u. per cent or per dollar. 


= Vice-President and Chief Engineer, Fuel Efficiency Engineering 
Corporation, Birmingham, Ala. Mem. A.S8.M.E. 

_* Associate Professor of Mechanical Engineering, Carnegie In- 
stitute of Technology, Pittsburgh, Pa. Mem. A.S.M.E. 
General Motors Corporation, Detroit, Mich. Mem. 


Mr. George C. Squier’? says that he does not know why the 
coal men are in the slack business. He states that they put out 
last year about 6,000,000 tons of coal and the only slack they have 
to sell was where it was demanded, and in that case they had to 
meet the demand and make it; the rest of it was sized coal. 
Mr. Squier says that they sold last year 600,000 tons of one 
size coal, which they call powdered fuel; they change it from 
slack into powdered fuel and stoker. With reference to Mr. 
Squier’s remarks, it might be of interest to know that lately our 
corporation has received inquiries from several large producers 
askirfg if we would be interested in modified mine-run coal, the 
modification being to crush it at the mines, and in that way in- 
terest us in the purchase of mine-run coal. They have offered 
to do it for 5 cents at the mines. Now the lowest that we can 
do it for is something like 15 cents a ton, with our existing equip- 
ment. The mine should be able to do it cheaper, where they 
can crush possibly from 500 to 2000 tons a day, and at the indi- 
vidual plants we might be crushing only one to ten carloads a 
day. 

The argument given by the coal man is that the market for 
prepared sizes is disappearing. That may not apply in all sec- 
tions of the country. The amount of slack available on the 
market will become less and less as the market for prepared 
sizes declines, and they are apparently seeking an outlet for a 
run-of-mine coal in a form suitable in use on stokers or for pul- 
verizing. 


Mortimer SILVERMAN.’ The writer would like to ask the 
author how he would qualify his statement as to the reduction of 
the fusing temperature of the ash by washing coal. It has always 
been the writer's understanding that a mixture, whether it be of 
coals or of coals and impurities, takes the lowest fusing tem- 
perature. In other words, one can mix a 3000 fusing and 2000 
fusing coal, and the result will be a 2000 fusing coal. The 
writer cannot conceive how because of washing one can arrive 
at a lower fusing point. 

Like Mr. Squier, the writer has been associated on the con- 
sumers’ side instead of on the producers’. He came to the 
conclusion some time ago that the mine operator is greatly to 
blame for the condition of the business. In fact, in consul- 
tation with the operators of one of the biggest coal companies 
in the country at the time that the writer went after a sized coal 
for locomotives, which was unheard of then, and had received 
word back that it could not be done, the president of that com- 
pany turned to his general manager, his mine superintendent, 
and his mechanical engineer and said, ‘I want you to go down 
to the mine and report back to me in ten days how we can do 
what Mr. Silverman asks and not why we cannot do it.” The 
result of experience and experiments in the use of sized coal not 
only in locomotive practice but also in stationary practice has 
been gains of 1 to 5 per cent in efficiency due to lesser stack losses, 
lesser losses in grates, greater capacity in the furnace, and the 
things which in general go to make up boiler efficiency. 

If the gentleman from Detroit (Mr. Morgan B. Smith) who 
was talking about being able to get the very cheap coals will 
make some experiments along the lines of sized coal for his 
particular type of furnace, whether it be for pulverized, for stoker, 
or even hand-fires, he will find that he will be able to shut down 
some boilers. 

Recent experiments on our railroad with sized coal, both in 
stoker and hand-fired locomotives, show that one can get a 
greater capacity with increased efficiency of a boiler when using 
a sized coal as against a run-of-mine such as had been furnished. 


7 Rochester & Pittsburgh Coal Company, New York, N. Y. 
§ Assistant to the President, Boston & Maine Railroad, Boston, 
Mass. Mem. A.S.M.E. 
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In reply to Mr. Newton's question concerning the very fine 
coal in wet-washing processes, the author is familiar mostly 
with the wet-washing of coals in the Pocahontas fields in West 
Virginia and the New River and Winding Gulf fields, and with 
practically all the wet washers in that section they have found 
that they did not improve that minus-48-mesh material or coal 
by washing. Where they put in the entire product there has 
been some attempt to try to pick up the fine coal through sludge 
tanks, slow-moving drag conveyors, dewatering buckets, and 
elevators, but it has been found in the Pocahontas field that 
better results are obtained by passing the minus-'/s; or minus-!/i¢ 
material around the wet washer. It also has been found in 
recovering these fines in dewatering the sludge that with the 
best method in use there the moisture can be reduced in that 
type of coal to only 25 or 30 per cent. Of course that is mixed 
back with the other coal and is the best way to get rid of it 
without throwing it away as a total loss. But it has been found 


‘in our fields with the wet plants that the best thing to do is to 


by-pass the very fine coal when you can. Where the very fines 
are dirty, as in certain sections of our field, the minus-48-mesh 
coal will run as high as 8'/, per cent ash in the raw coal, while 
the inherent ash in the clean coal would only be about 3'/: per 
cent; in other words, the minus-48-mesh material would have 
practically 5 per cent free ash. It has been found that the 
best thing to do is to use the dry-cleaning process, with the dry 
tables. There now are four or five dry-cleaning plants in the 
Pocahontas field. 

The author was connected with the Crane Creek plant of the 
American Coal Company, which had the first large commercial 
dry-cleaning plant of any size in the United States. We treated 
approximately 200 tons of coal per hour in that plant. We 
started aspirating our minus-48-mesh with air aspirators, and the 
finest product tabled was from '/,; in. to 48 mesh; and since that 
time this company has put in what they call retreatment tables; 
they are running their minus-'/; coal without aspirating over 
one of the “Y” type tables, taking off at the upper end of the 
table the clean fine coal, the table acting as a screen or concen- 
trator, retreating it over another table, using less air pressure, 
and getting a retreatment of the very fine. On the first table 
they use a higher air pressure, cleaning from '/; in. to 20 mesh, 
and on the lower table, using a lower air pressure and getting some 
refuse out of the minus-20-mesh; and by doing that, they have 
been able to decrease their ash in that fine size another 1 per 
eent. That is on dry work only. 

Replying to Mr. Estep, if the raw coal had clean coal running 
1.25 gravity and a refuse of slate running between 2 and 2.25 
gravity, one could take out all of the high-gravity slate, but if 
the low-ash coal ran around 1.25 and there was 1.45 to 1.50 
gravity bone coal, with also a 2 to 2.25 gravity slate or hard 
rock, it would be questionable just how much of that inter- 
mediate refuse or bone around 1.5 gravity could be taken out. 
Some of it could be taken out, but whether there would be 100 
per cent separation would be questionable. 

In the Pocahontas field we had four different bones. The 
majority of the coal, 75 per cent of it, would float on 1.25 per 
eent gravity with an ash which would run about 3'/; per cent; 
we had a float on 1.40 that would run about 6 to 8 per cent in 
ash; then another float around 1.45 would run 13 per cent in 
ash, another float at 150 gravity 18 per cent, and another at 
160 gravity ran about 32 per cent in ash. These were all classed 
as light and heavy bones, and on the tables there was not much 
trouble taking out the bones above 1.50 gravity. We did do a 
very good job on the light gravity bones, running from 6 to 18 
per cent in ash, but they were so small in proportion to the total 
coal cleaned that they did not affect the final ash content much. 
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Answering Mr. Newton, there is no question that in the Sutton, 
Steele & Steele type of table of the American Goal Cleaning Com- 
pany and also the Arms tables of the Roberts & Schaefer Co. 
the closer the sizing that can be given the better cleaning will be 
done on an intermediate bone content, although it is claimed 
with the present Peale Davis table of the Pennsylvania Mining 
Machinery Co., where they handle an unclassified coal, they can 
clean from 5 in. to zero on one table and tonnage up to 300 tons 
per hour. They do not need coal sizing at all; they use a 
system of zoning the air to certain parts of the table, and the 
proper size coal will finally get to its proper zone for cleaning. 

Mr. Newton has had some experience in connection with the 
interference of fines in basket type or centrifugal machines, for 
drying fine coal, more particularly with the Elmore drier, but 
thinks it is true of any machine that is used as a drier which 
works on the filtration principle. The filtration plays through a 
bed of coal thrown against a screen. He says there is always a 
circulation of an effluent, the centrifugal machines carrying 
colloids, and if they are not eliminated, they circulate around 
and cannot get away. It seems to him to be more important to 
remove the fines, especially colloidal materials, with that type of 
drier than anything else. 

Mr. Pettibone adds that the effluent from this does contain 
some of the very small fines, but this is not the old basket type: 
it is a continuous type machine with an inverted cone with a 
capacity running 20 to 40 tons an hour, depending on the sizes 
and the screens on the machines. 

At our Ashland plant, where there is a wet washer, we have on: 
of the Carpenter driers which has been in operation for severa! 
months, and we are putting in this Carpenter drier, which they 
term normally a 40- to 50-ton machine size, a coal supposedly 
from half to a quarter, but it includes some fines below a quarter, 
due to the inefficient screening of the minus-'/,-in. size; and we 
are washing from 2'/; down to '/,. After washing we have « 
wet shaker screen over which the 2'/, X '/, in. coal passes before 
we go into the centrifugal drier, which screen is supposed * 
put minus-'/,-in. size into the drier. So far on Pocahontas cos. 
there is a result of bringing the moisture of the coal coming out 
of the drier down to about 5'/, per cent, and it also has been 
found that the moisture content of the coal going into the drier 
does not make much difference in the moisture content of the cvs. 
going out. There could be put in from 40 to 45 per cent in mois 
ture, and it would still come out around 5'/: per cent. 

Mr. Newton asks if we consider that an easily dewatere¢ 
product. We do not think so; we think our coal is very soft an¢ 
breaks up so easily that it makes a harder dewatering cos 
We run back the fines from the drier to a sludge tank, where ¥° 
have a slow-moving sludge elevator and save the very fines “= 
that way. 

Mr. Morgan says that on their coals they found there was © 
difference on the fusing point of the ash through washing, >" 
on the metallurgical coals they had an increase of about ~' 
deg.; it jumped from 2500 to 2700 on the small sizes. Replying 
to Mr. Silverman, what the author meant was that there is one 
mine very close to the mines operated where they had some 
complaint on the coal that they are now shipping after clean 
which they did not have before they cleaned; their crude cow 
before they started cleaning ran 7'/; to 8 per cent in ash, and ‘ae’ 
had word back from a by-product plant that they were furnishin¢ 
this coal before cleaning and that their fusing point ran 2800 ° 
2900, but after cleaning, when they reduced their ash content “ 
the coal as shipped to around 6 per cent, the fusing point droppe« 
to around 2600. They lost about 200 deg. due to the taking ou! 
of the refuse. That is where that statement came from. * 
though it is not a criterion for all coals under all conditwo* 
The reverse is the case on most coals. 
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Mr. Silverman asked if they investigated that to find whether 
it was a fact or the result of someone’s mind as an excuse for 
something that may have happened. They investigated this 
point and found that they had quite a few different types of bone 
coals in the crude coal, and they had some fusion tests run on the 
bone coal itself, and it is the recollection that their bone coal 
fused over 3000 deg. They were taking out more of the bone 


coal, and they felt that this was responsible for the drop in the 
fusion point. 

It is not known whether they actually tried the two coals, 
the raw and the clean, to determine this further; it was only at 
this one plant from where they shipped the coal prior te and 
after the cleaning that the author obtained this information as 


given. 
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Progress Toward Direct Firing of Boilers 
With Producer Gas 


This Fuel Is Claimed to Have All the Advantages of Pulverized Coal and Atomized Oil With- 
out Any of the Disadvantages—The Merit Possessed by Oil or Pulverized Coal Is 
That They Float and Burn in Suspension as an “Imitation Gas” 
By WILLIAM B. CHAPMAN,' NEW YORK, N. Y. 


The purpose of this paper is to awaken interest in the subject of 
heating boilers with producer gas. While there are no large in- 
stallations in existence, nevertheless enough experimental work has 
been done on which to base grounds for further experimentation in 
the belief that there can be worked out a really commercial appli- 
cation of producer gas for boiler firing, obtaining all of the advantages 
of firing fuel in suspension and without the attendant disadvantages 
of ash in suspension. It can be done, the author believes, without 
any greater cost for the installation, without any greater amount of 
attendance, and with at least an equally good facility for adapting 
to changes in load. There are real possibilities, at least in all the 
medium-sized boilers, to justify the expectation that it will not be 
many years before boilers will be generally heated with producer 
gas and more efficiently than they are now heated in the average- 
sized units. 


OILERS will some day be fired with producer gas, for pro- 
B ducer gas possesses practically all of the advantages of 
both pulverized coal and atomized oil without having their 
disadvantages. The special merit of pulverized coal and of atom- 
ized oil for boiler firing lies in the fact that they both float and 
burn in suspension—“‘like gas.” In fact, they frequently have 
been called “imitation gas.”’ The finer a solid or liquid fuel is 
subdivided the nearer it acts like gas and consequently the better 
the results that are obtainable. 

Gas will always be the standard of excellence for heating pur- 
poses, for the size of a molecule of gas as compared with the aver- 
age-sized particle of pulverized coal is as a mustard seed compared 
with a sphere 500 ft. in diameter. Molecules can be burned with 
greater facility than particles. 

At present the only gases available for large boiler firing are 
natural gas and blast-furnace gas. One has an exceptionally 
high thermal value and the other an exceptionally low thermal 
value. Neither possesses much luminosity. Producer gas on 
the other hand has an intermediate thermal value, and because of 
its tar vapor and carbon content is highly luminous. 

Producer gas can be controlled in quantity as easily as pul- 
verized coal or oil; it merely requires the movement of a valve, 
which can be made automatic. The rate of combustion in an 
ordinary stoker-fed fire bed can be increased only as rapidly as 
additional fuel can be delivered to the point where it is to be 
consumed, but with a gas producer it is merely necessary to 
maintain the fire bed at the proper thickness for maximum opera- 
tion —viz., 3ft. to 4 ft. This is very easy to do, for if the fire bed 
is thick enough to operate at the rate of 100 Ib. per square foot 
per hour it will make even better gas when operating at 10 lb. 
per square foot per hour. Although a high rate of operation 
increases the thickness of the hot zone in a producer fire bed, it 
does not necessarily increase the temperature of the hot zone, 
as the temperature of the hot zone depends upon the proportion 


_* Consulting Engineer. Formerly president, Chapman-Stein 
Furnace Company, Mt. Vernon, Ohio. Mem. A.S.M.E. 

P resented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 


of steam or spent gases used with the blast. Hence if the total 
thickness of the fire bed is kept at maximum, it is merely neces- 
sary to turn on more air in order to obtain more heat. The 
amount of air required for making producer gas plus the air 
needed for burning it is the same as the amount of air required 
for burning pulverized coal, except that producer gas requires 
only half as much excess air. The CO, in the burnt “stack” 
gases from producer gas made from coke breeze averages about 
18 per cent and from producer gas made from bituminous coal 
about 17 per cent. This compares very favorably with pul- 
verized coal, where the CO, seldom exceeds 14 per cent. 

The difficulties of using pulverized coal for boiler firing are 
largely due to the fact that the ashes are left in suspension after 
the fuel is consumed. With producer gas the ashes are left on 
the grate, and cumbersome, expensive water-cooled walls would 
not be required under a boiler any more than they are now re- 
quired in a forge furnace, a glass tank, or an open-hearth furnace, 
all of which operate at about the same temperature as a boiler 
furnace. 

The small boilers (75 to 150 hp.) now using producer gas can 
be brought up to full load in 15 minutes on Monday morning 
after the week-end shutdown. The combined efficiency of pro- 
ducer and boiler when using wet coke breeze, which is the chief 
fuel now used, is 80 per cent. The efficiency when using good 
coke is 90 per cent. This would be a high efficiency for such low- 
grade fuel even in large central power stations and is remarkably 
high for boilers under 200 hp. 

Large boilers have never been heated efficiently with producer 
gas. This is owing to the fact that no gas producer adapted to 
meet the peculiar needs for boiler firing has ever been built. The 
author does not even know of any attempt that has ever been 
made to devise a mechanical gas producer especially adapted to 
meet the requirements of firing large boilers. 

The conventional mechanical producer is not suited to boiler 
firing, although occasionally there are exceptional conditions 
that make the use of producer gas desirable. For example, there 
are three installations of Chapman producers in this country 
that supply gas successfully for boiler firing. From 25 to 35 per 
cent of the coal formerly required is saved and practically no 
labor is needed, except for cleaning, and that is only half as 
frequent as it was formerly. The boilers at these plants range 
from 100 to 200 hp. Hence their original efficiency before in- 
stalling producer gas was very poor, as it always is with small 
boilers fired in the old way. In each case the original purpose 
of the producer-gas installation was to supply heat for a number 
of large industrial furnaces and the boiler heating was quite sec- 
ondary. The boilers required 10 to 20 per cent of the total fuel 
and the producers absorbed the extra load. The boiler fireman 
was transferred and the gashouse boss was given the extra work 
of looking after the boilers, which took very little of his time. 

Two of the foregoing installations have been in continuous oper- 
ation for eight years and one for three years. An extensive test 
and report was made by the Commercial Testing and Engineering 
Co. of one of the installations showing a combined efficiency of 
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76.1 per cent for the 150-hp. boiler and furnace using producer 
gas and an efficiency of 44.5 per cent when fired in the old way. 
The fuel saved was 34 per cent. 

In England a little more progress has been made than in the 
United States. There are several small installations in England 
of Wollaston producers built beneath and integral with boilers 
designed especially for producer-gas firing. All of the producers 
are hand-operated, and consequently they are limited in size to 
less than 200 hp. An efficiency of 80 per cent is readily obtained 
with low-grade fuels that formerly gave about 55 per cent effi- 
ciency in small boilers and 90 per cent combined efficiency is 


Fic. 1 CHAPMAN EXPERIMENTAL UNDERFEED GAS PRODUCER 


obtained with good coke. The British government has recently 
become interested in the project and further developments are 
expected. The foregoing illustrations have but little bearing 
upon the suitability of producer gas for large central power 
stations. They, however, indicate that a beginning has been 
made and that remarkable efficiencies have been obtained. 

Before gas producers can be made suitable for firing large 
boilers they will have to be radically changed. Considerable 
progress has already been made toward that end. The following 
are the principal improvements that must be made: 

1 Producer capacities must be increased to 100 Ib. per sq. 
ft. per hr. 

2 Producers must be suitable for location under or within 
the boiler 

3 Producers must handle slack coal 

4 Producer fire beds must require no hand poking 

5 The present proportion of steam required in the air 
blast must be greatly reduced. 

The present capacity of boiler stokers is about 50 lb. per sq. ft. 
of grate area per hour. If cylindrical producers are located under 
a boiler the total area would not be occupied by the fire bed. 
Hence the producer capacity will have to be increased to 100 lb. 
per sq. ft. The author has obtained 100 lb. per sq. ft. in testing 
three different experimental producers during the past three 
years and believes that this requirement can be met. In pro- 
ducer-gas practice less than half the air required for complete 
combustion passes through the fire bed; the remainder is admitted 
over the fire bed—thus making two-stage combustion. Hence 
a gas producer can operate at 100 Jb. per square foot per hour 
and at the same time the blast velocity through the fire bed will 
be less than the blast velocity through a stoker-fed fire bed 
operating at 50 lb. per square foot per hour. 


If producer gas is to be used efficiently the heat radiated from 
the producer, which usually amounts to 5 per cent of the total 
energy of the fuel used, should be conserved. This can be ac- 
complished by locating the producer under the boiler, which has 
the added advantage of saving floor space. However, none of 
the mechanical producers now on the market is suitable for loca- 
tion under a boiler, for they all have agitating and feeding means 
attached to the producer top and some have revolving walls which 
render them unsuited to such service. An underfeed producer 
meets these requirements nicely, and the author believes that a 
modified form of underfeed producer suitable for boiler firing 
and making use of modern means of mechanical agitation will 
be brought out before long. 

There are no underfeed gas producers on the market today; 
but 20 years ago a dozen or more were built and experimented 
with in the hope of obtaining a suitable gas for gas engines. A 
few of these experimental producers made gas sufficiently clean, 
but none made a sufficiently reliable gas for power purposes. 
Blowholes along the walls caused the gas to vary too much: in 
quality. The author believes that if the mechanical agitating 
means that have been developed in recent years had been known 
to those early experimenters they would have succeeded in solving 
their problem, and today we would have gas producers for making 
a clean and uniform gas from bituminous coal suitable both for 
use in gas engines and for boiler firing. 

In regard to the third requirement, that of utilizing slack coal, 
the underfeed producer is especially adapted to using fine fuel, 
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Fig. 2 Gray EXPERIMENTAL UNDERFEED Gas PRODUCER 


and if a capacity of 100 lb. per sq. ft. can be maintained it should 
solve the problem. Slack coal cannot be used advantageously 
in the ordinary type of gas producers, as too large a proportion 
is carried out while it is falling through the space above the 
fire bed. Furthermore, the manipulation of the fire bed in ow 
present mechanical gas producers is not designed for slack coal. 

Heretofore one of the chief difficulties in the underfeed type of 
producer has been the lack of “horizontal uniformity” in the 
density and temperature of the fire bed. The author has recently 
built an experimental underfeed producer which seems to over 
come these shortcomings by providing a horizontally disposed 
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agitating member which strokes the fuel outwardly and packs it 
against the walls and at the same time breaks up and removes the 
clinkers. More definite information about this type of producer 
is reserved until the completion of the experiments now under 
way. 

The complete elimination of hand poking has recently been 
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accomplished in producers that provide water-cooled walls in 
addition to separate agitation at the top and bottom of the fire 
bed. The fuel is of course fed in continuously and the ashes re- 
moved continuously. 

During the past year the author has been able to handle washer 
refuse under !/s in. satisfactorily in a rapidly agitated experi- 
mental gas producer. The fuel contained 56 per cent ash and 
7'/; per cent sulphur. It could not be burned as pulverized coal 
coal or in any other conventional way, but it burned with a CO, 
content of 17 per cent and produced a heat of about 2000 deg. 
fahr. when handled in a special gas producer. 

If a circular fire bed were provided under a boiler it would be 
possible to agitate the fire bed after the manner of a mechanical 
gas producer. It would then be possible to reduce the excess air 
to about 5 per cent. The author has experimented with a fire 
bed of this kind handling a hundred tons of low-grade fuel per 
day and has obtained 16 to 18 per cent of CO, in the stack gases. 
It is believed that a suitably agitated circular fire bed possesses 
commercial possibilities for boiler firing when handling otherwise 
impossible fuels. 

The author has been able to meet the final requirement for the 
efficient utilization of producer gas for boiler firing—that the 
Steam in the air blast be greatly reduced—by operating a pro- 
ducer with water-cooled walls and very thorough agitation. This 
producer was run without using any steam at all in the air blast, 
and no serious difficulty was experienced. It was also operated 
with but half the conventional amount of steam, and the results 
were better than when more steam was used. Also, if desired, 
spent gases may be substituted for steam in the blast. This saves 
the slight loss of 1 to 3 per cent due to the latent heat of steam. 
A net gain of about 2 per cent will be made in efficiency as com- 
pared with pulverized coal, for the loss of carbon in the ashes 
will not exceed 1/2, per cent, the excess air will be less than 10 
per cent, and the carbon carried out the stack will be practically 
nothing. Moreover, a saving of from 5 to 10 per cent of the 


cost of the coal would be made by not having to pulverize the 
fuel. The cost of a producer-gas furnace all installed will be 
about $6 per horsepower developed or $18 per rated horsepower. 

From the foregoing it is concluded that the efficient generation 
of steam in large-size units by means of producer gas made in a 
specially modified type of producer is a practical possibility’ and 
before many years will be an accomplished reality. The author 
submits this discussion in the hopes that it will stimulate research 
along the lines suggested and ultimately result in a cheaper and 
better way of producing steam. 


Appendix 
DeEscripTION OF THREE TYPES OF PRODUCERS 


The Chapman experimental underfeed gas producer (Fig. 1), 
built by the Chapman Engineering Company in 1912, was prob- 
ably the first completely automatic underfeed producer ever 
constructed. No poking whatever was required. The grate 
was stationary and was provided with an eccentrically located 
opening through which the fuel was forced upwardly. Two 
horizontal wall sections were provided, and they revolved at 
different speeds. The ashes were discharged over the top. It 
was found impossible to gasify all of the carbon in the ash without 
burning a portion of the gas. There was also difficulty due to the 
finer particles of ashes lagging behind the larger pieces as they 
moved upwardly. A positive blast pressure was maintained 
beneath the grate. After several months of moderately successful 
operation the experiment was finally abandoned. 

The Gray experimental underfeed gas producer (Fig. 2) was 
built by the Ford Motor Company in 1914. The lower section 
revolved and caused a shearing or twisting action in the fire bed 
which helped to move the fuel out toward the wall and prevent 
blow holes. The gas made was fairly uniform in quality and 
sufficiently free from tar to be used without difficulty in a large 
gas engine. Considerable trouble was experienced with clinkers 
that adhered to the sloping portion of the refractory wall. This 
necessitated an objectionable amount of hand-poking, and the 
experiment was finally abandoned. Very satisfactory results 
were obtained for a few days at a time, but could not be main- 
tained continuously. 

The Wollaston gas producer for boiler firing and Cochran 
boiler is shown in Fig. 3. Several of these producers are operat- 
ing successfully, using coke breeze. The fuel is fed in by hand 
and the ashes removed by hand. A portion of the blast is de- 
livered around the conical grate and the balance discharges 
into the passageway between the producer and the combustion 
chamber. The producer is operated at low rates of gasification in 
order to obviate the necessity of mechanical agitation. Excellent 
results are uniformly obtained despite the poor quality of fuel 
used. 


Discussion 


Water De Fries.? I am enthusiastic about firing boilers 
by producer gas, because it would seem to me to be not only a 
temporary but rather the ultimate solution of economic steam- 
generating practice, and I believe that the part which will con- 
tribute more than anything else to the success of such a combina- 
tion will be the application of the fuel to the boiler rather than 
the means for preparing or gasifying it in a producer. 

On the slides shown, the predominating tendency appears to 
be a substitution of the gas producer for the firebox, and it is 
doubtful whether that is a correct start. In modern continuous- 
heating furnace design we have discovered the possibility of doing 


2 Wellman-Seaver-Morgan Company, Cleveland, Ohio. 
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away with the combustion chamber entirely and of applying fuel 
in stages to suit the requirements of the heating process. Some- 
thing along identical lines will ultimately be done in a gas-fired 
boiler, and with the adoption of such methods, what in technical 
language is known as “explosive” combustion will be substituted 
for the non-explosive type now employed and still adhered to in 
the illustrations shown. 

But while the well-known characteristics of explosive combus- 
tion methods may contribute their share to the success of the 
scheme, the principal reason for the ultimate success of producer 
gas lies in the possibility of operating boilers continuously for 
periods two or three times as long as it is now possible to do with 
solid fuels in their powdered form particularly. 

Those of us who have gone through the experience of operating 
a boiler house know that we have to have a certain number of 
standby units, in order to carry the load at all times, because the 
periods of productive usefulness of a boiler are limited to about 
60 to 70 per cent of a year’s time in may instances, particularly 
in those where powdered coal is employed. In other words, 30 
to 40 per cent of a year’s time is now required for “reconditioning” 
a boiler unit and putting it in shape for service, and such periods of 
unproductive idleness require in turn larger initial investments 
for the carrying and amortization charges on which higher ‘‘effi- 
ciency”’ would have to be required from a boiler with long standby 
losses than from one whose active operating periods extend 
throughout 85 to 95 per cént of a year’s time. 

We have mastered the handling of the “heat carrier,”’ water or 
steam, to a point where little besides the inevitable is lost of this 
fluid on its circuit from boiler to generator and back to the steam 
generator again. If we apply the same principle to the “heat 
generator,” fuel, we will before long find ourselves circulating 
gases from a producer to the boiler and back to the producer 
again and thus separate the fuel preparation or “‘firing’”’ problem 
entirely from that of the “heat exchanger” design, which latter, 
freed from all encumbrances now wished on it on account of 
“firing problems,” will be designed for proper functioning at its 
only and really legitimate task, that of exchange of heat from the 
source of energy to the carrier of it. 


Gro. W. Watuace.* Has any work been done on underfeed 
producers, down-draft? A producer of that type might fall in 
line with the thought that is being stressed so much—namely, 
the recovery of low-temperature oils from the coal in conjunction 
with the manufacture of producer gas. In a producer of such 
type well worked out, it seems that the production of low-tem- 
perature oils might be an added advantage in the manufacture of 
producer gas in conjunction with firing boilers. 


Vicror J. Azpe.‘ Is it important to locate the gas producer 
directly under the boiler? A gas producer of a good type would 
be in operation for probably a year’s time without taking it off. 
On the other hand, a boiler may have to be taken off anywhere 
between every two to every six months. By proper internal 
insulation of the gas mains, could not the producers that are avail- 
able on the market today be also used for this purpose? 


3 Hillman Coal & Coke Company, Pittsburgh, Pa. 


4 Consulting Engineer, St. Louis, Mo. Mem. A.S.M.E. 


AvutuHor’s CLOSURE 


Mr. De Fries suggests that if boilers were fired with producer 
gas, it would be possible to admit the gas in different stages or 
steps instead of all at once. This would have an advantage if 
there was danger of overheating when admitting all the gas and 
air at once, otherwise it would only mean a higher stack tempers- 
ture. It, however, might be cheaper than installing water-cooled 
walls, should special walls be required for abnormal conditions. 
He is entirely right about keeping boilers in continuous service 
at least twice as long when producer gas is used. Both the origi- 
nal investment and the repair bills will be less. 

In regard to the question by Mr. Hebberd® concerning the use 
of Illinois coal in producers for heating 100-hp. boilers and smaller 
sizes used for apartment-building heating, I do not believe that 
the saving will justify the cost of the proposed equipment in such 
small sizes. Any kind of bituminous coal requires considera!)le 
mechanical manipulation to maintain dependable gas-making 
conditions in the fire bed, and this equipment has to be fairly 
heavy. It is quite possible that later on something less expensive 
might be developed for this field; in fact, I have something quite 
definite in mind, but this paper is concerned chiefly with sizes 
above 100 hp. 

In reply to Mr. Wallace’s question concerning the possibility 
of devising a down-draft type of underfeed producer provided 
with low-temperature oil recovery, I do not know of anything of 
that nature having been tried. Even if something of the sort 
could be perfected I doubt if many would want to bother with the 
making and selling of a by-product in connection with the opera- 
tion of their power plant. It might become a considerable bur- 
den, if not indeed a nuisance. 

In regard to the question brought up by Mr. Gladden® con- 
cerning possible variation in the proportion of air required for 
primary combustion and for secondary combustion at times when 
a sudden change has been made in the load carried; a thick pro- 
ducer fire bed will respond as completely in 5 minutes to a 500 per 
cent increase in load as a large stoker-fed fire bed will respond in 
30 minutes. In fact, practical results can be obtained instantane- 
ously. A 500 per cent overload will make poorer producer gas 
for about 5 minutes even if the fire bed is thick, but the poorer the 
gas the hotter it is and the less air it requires to complete com- 
bustion. Conversely, if the load was suddenly reduced 500 per 
cent, the gas would be somewhat richer for about 5 minutes and 
require a slightly greater proportion of secondary air, which would 
not be difficult to supply. 

In reply to Mr. Azbe, regarding the necessity of locating the 
producer directly under the boiler, there may be some advantage 
in locating the producers elsewhere and having a large hot-gas 
main extending through the-boiler house, but it would cost more 
and would be about 5 per cent less efficient. Such an installation 
is all we have had to offer in the past, and we have not made 
much progress. If our present producers would answer the pur- 
pose, we would have gone ahead with them and solved the prob- 
lem long ago, but if a new producer is required, why not make it as 
good as we know how? 

6 L. L. Hebberd, Heiber Stoker Company, Chicago, Ill. Mem. 
A.S.M.E. 

®C. $8. Gladden, Director, Power and Construction Section, 
General Motors Corporation, Detroit, Mich. Mem. A.S.M.E. 
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Industrial-Furnace Efficiency, Economic 
Consideration 


By JAMES H. HERRON,' CLEVELAND, OHIO 


The determination of accurate costs of furnace operation is an 
intricate problem. Some of these are intangible, and therefore 
difficult to determine. The different factors that are evident in 
furnace operation are brought out, so that possible furnace users may 
properly evaluate them and be able to apply them to their particular 
need and problem. 


NY paper dealing with furnace efficiency must of necessity 
be general in character, since to be otherwise definite 
conditions must be assumed which would fit a single case 

and would not apply directly to other conditions. 

The determination of accurate costs of furnace operation is an 
intricate problem which involves many factors, some of which 
are necessarily intangible and therefore difficult to determine. 

It is felt by the author that it would be wise to discuss the 
different factors that are evident in furnace efficiency and in so 
doing to bring these factors to the attention of possible furnace 
users in order to enable them to properly evaluate the factors as 
applied to their particular need or problem. 

Since the cost of operating any equipment is a measure of its 
efficiency, such a study must of necessity be taken up on the loss 


basis. 
CHARACTER OF LOSSES 


The principal factors affecting furnace operating costs may be 
considered as losses and be designated as follows: 


(a) Loss of heat in the waste gases 

(b) Loss of effective heat due to excess air for combustion 

(c) Loss of heat around door openings and due to opening 
doors for charging and removal of materials to be heated 

(d) Conduction of heat through the sides, ends, top, and 
bottom of the furnace, with subsequent radiation from 
these surfaces 

(¢) Storage of unavailable heat. 


Loss oF Heat IN WasTE GASES 


The principal loss of heat in a fuel-fired furnace is due to the 
comparatively high temperature of the waste gases. The losses 
are greater the higher the temperature, with a corresponding de- 
creased efficiency. This high temperature of the waste gases is 
necessary due to the fact that the gases must be higher in tem- 
perature than that at which the material is to-be heated, and as 
the air required for combustion is usually at a low tempera- 
ture when it enters the furnace, much heat is required to heat it 
to the full furnace temperature. Such loss is also materially in- 
fluenced by the amount of excess air used in the combustion of 
the fuel. Since these losses are unavoidable, care should be 
taken to limit the amount of air used for combustion to as near 
the theoretical amount as possible. 

In Fig. 1 is indicated the percentage loss of heat in the fuel for 
different temperatures and different air ratios. 

Unless some means is adopted for utilizing the heat in the ex- 
haust gases it is a total loss. There are two methods for such 
utilitization: 


’ President, James H. Herron Company. Mem. A.S.M.E. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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(1) Regeneration 
(2) Recuperation. 


REGENERATION 


The principle of regeneration is applied largely to large ingot- 
heating and melting furnaces. This system of heat recovery 
depends upon so many variables that detailed consideration of it 
is not warranted in application to the so-called industrial furnace. 
Should any one be interested in a development of this character 
it is comparatively easy to obtain the general principles involved 
in any good work on furnace design. 


RECUPERATION 


In this type of furnace, heat recovery is accomplished by the 
installation of some form of heat-exchange apparatus in which 
the air required for the combustion of the fuel is heated to 
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Fig. 1 Losses PercentTaGe oF Heat in Exnaust Gases 


a higher temperature without a reversal of direction of flow of 
the gases or other manipulation; i.e., continuously by the waste 
gases from the furnace. The amount of heat recovery will 
depend upon the temperature of the waste gases, the amount of 
heating surface available, and the material of which the recuper- 
ator is composed. 

Whether or not a recuperator should be applied to any particu- 
lar furnace depends upon the conditions under which the furnace 
is to operate and the cost of the recuperator. This latter may 
be such that the saving in fuel realized may not offset its cost. 
In intermittent operation, such as annealing, where the charge 
is allowed to cool down in the furnace, the cost of installation of 
the recuperator is seldom justified, while on the other hand a 
heating or treating furnace continuously operated may show a 
saving of from 10 to 30 per cent, dependent upon the temperature 
of operation and nature of the recuperator. 

Great care should be taken in selecting the proper recuperator, 
since one high in cost may involve a capital expenditure the 
carrying charge on which will more than offset the saving real- 
ized; and one which is poorly designed may not realize the antici- 
pated heat recovery, and therefore becomes a liability rather 
than an asset. Each installation must be individually studied to 
determine what can be best used to effect the desired economy. 

Heat saving may be effected directly in the furnace, as in the 
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continuous automatic furnace, designed to meet certain specific 
conditions. In this case the hot waste gases originating in the 
high-temperature zone of the furnace may be used in heating the 
incoming materials. This is accomplished by carrying the waste 
gases from the final heating or high-temperature zone at the dis- 
charge end of the furnace toward the charging end for exit. 
The saving effected in an installation of this character may be 
from 15 to 20 per cent of the fuel used. Further saving in such a 
case may be secured by passing the waste gases through a re- 
cuperator, this only where the cost of fuel justifies such an instal- 
lation. 

There is also a method of recuperation which is being utilized 
somewhat in carburizing furnaces; viz., the so-called counterflow, 
where the outgoing and incoming carburizing boxes and their 
charges are placed in parallel rows operating in opposite directions. 
The outgoing heated boxes give up their heat to the incoming 
cold boxes. 


Heat Losses THrovuGH FurRNACE OPENINGS 


Heat losses through furnace openings are unavoidable, but 
such losses can be somewhat reduced by proper design. Where a 
furnace is constantly used, with the door opening and closing for 
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the removal or introduction of materials, it can become an ele- 
ment of considerable loss. There are a number of ways in which 
this loss may be reduced: 


(1) In continuous heat-treating furnaces by using an en- 
closed quenching chute submerged at its lower end in 
the quenching medium 

(2) By using some means of sealing the doors so that there is 
no loss when the doors are closed. 


There is the question when the door is closed whether there is 
an appreciable loss in the fuel-fired furnace owing to the fact that 
it is under partial pressure. The waste gases which must be 
vented might find a partial outlet around the door opening. On 
the other hand, if a negative pressure condition exists in the 
furnace, the infiltration of air around the opening will result in a 
chilling of the interior gases, resulting in considerable loss. In 
some furnaces this condition may prevail because of the circula- 
tion of the gases in the heating chamber, where negative zones 
may be created. The design of the furnace will have a material 
effect upon the losses from this cause. 


A possible way to overcome such loss is to cause the waste 
gases to flow from the discharge end of the furnace and discharge 
through flues or through the door opening at the charging end; 
this will serve to preheat the incoming stock. In such a furnace 
the mechanical movement of the stock would be counterflow tv 
the gases. 


Loss or Heat BY CONDUCTION AND RADIATION 


The source of considerable loss of heat is that of conduction 
through the furnace walls. This can be materially lessened by 
the proper insulation of the walls. The extent and character 
of the insulation used must of necessity be governed by economic 
considerations. The expense involved should be based on the 
losses through the particular insulation and the value of this 
loss translated into dollars and cents. Where fuel is high in cost, 
manifestly a greater expense is justified in preventing such losses, 
while on the other hand where fuel is low in cost it may justify 
very little if any insulation. 

The customary method is to line the interior with a refractory, 
backing this up with insulation of the required thickness. The 
rate of heat loss through the two materials will have different 
values. No general rule can be given to determine what thie 
insulation must be; it becomes a matter of capital charge 
against saving. 

Fig. 2, taken from “Trinks,’’ shows the characteristic heat 
gradient through a combination wall. 

All makers of insulating materials have developed the rate 
of heat conductivity through their materials, and this information 
should be used in determining the character and extent of the 
insulation desired. Some semi-refractories have insulating value 
in themselves, and such materials should receive consideration 
especially where low temperatures prevail. 

The losses of heat through the floor or bottom of the furnace 
may be a considerable item, and insulation should be provided 
beneath the hearth as in the case of the side walls and top. 

The heat radiated from the sides of a furnace depends upon 
the position in which the furnace is placed. Very seldom does 
the designer have the opportunity to study this condition, and it 
is generally not taken into consideration. The study of heat 
conduction involves the final temperature of the outside of the 
wall, but very little consideration is given to the rapidity with 
which the heat may be radiated from the surface of the furnace 
to the surrounding atmosphere. Should the furnace be placed 
in a cold, drafty place, heat may be dissipated rapidly, with the 
result of an appreciable and continued loss. It is customary to use 
selective painting of industrial furnaces, since some colors stimu- 
late while others retard the radiation of heat. The condition of 
the outside of a furnace may be likened to the ordinary house- 
heating radiator, which will lose its heat at different rates under 
different conditions. 


SToRAGE OF UNAVAILABLE HEAT 


The storage of unavailable heat may be a source of much loss. 
This loss occurs principally in furnaces of the annealing type 
where the charge is allowed to cool in the furnace. In such 3 
case the heat required in heating up the furnace walls and parts 
may become a large proportion of the total heat required, thereby 
resulting in low efficiency. On the other hand, in continuous 
furnaces, where the heat required is a small part of the total heat 
required, it may become a matter of small moment and does not 
materially effect the economy. 


Loss Dus To INCOMPLETE COMBUSTION 


A considerable loss may be due to poor combustion conditions, 
as shown in Fig. 1. It is the general practice to operate an 10- 
dustrial furnace with some excess of air in order to insure complete 
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combustion of the fuel. Unfortunately at times the operator 
seems to have the idea that the more air supplied to the furnace 
the hotter the resulting gases. The fallacy of this is readily seen 
in the diagram. Usually 25 per cent excess air is sufficient for 
gas or oil fuel. 

The foregoing are the principal sources of loss in the industrial 
furnace, and the elimination of these losses naturally contributes 
to the efficiency of the equipment. Efficiencies are in general 
quite low, and in the type of furnace where no recuperation or 
other heat recovery is used, especially where the temperatures are 
high, as in forging operations, the efficiency may be as low as 5 
per cent. In heat-treating furnaces where there is greater re- 
finement, such as closed quenching chutes, well-insulated walls, 
and discharge of the gases counterflow to the incoming materials, 
gross efficiencies may be as high as 40 per cent. Asa rule in these 
furnaces material is handled on carriers or pans, and the net 
efficiency is thereby reduced to perhaps one-third to one-half of 
the foregoing figure. 

The author recalls one oil-fired heat-treating furnace where the 
efficiency was as low as 7 per cent. This was not an uncommon 
installation. 

Evecrric FuRNACES 

Owing to the increased interest in the use of electricity in sup- 
plying heat for industrial purposes, this paper would not be com- 
plete without some reference to electric furnaces for heat treating 
and other industrial purposes, together with a consideration of 
their efficiencies. 

Klectrie furnaces have been used for laboratory work for 20 
years or more. The early furnaces were of the muffle type, the 
element being of platinum ribbon wound upon the muffle. With 
the intoduction of the nickel-chromium alloys, either a nickel- 
chromium wire or ribbon was used as a substitute for the plati- 
num. 

The early industrial furnaces utilized the resistance offered by 
a quantity of granular carbon usually contained in a refractory 
trough. These furnaces, while expensive both in construction 
cost and operation, became popular owing to their greater effi- 
ciency of operation, not only in the heat treating of materials but 
in the annealing of steel castings and the melting of non-ferrous 
metals. 

Applying the laboratory form of resistor to the industrial 
furnace, and improving this resistor, has resulted in a compara- 
tively low-cost, high-efficiency electric furnace which is rapidly 
succeeding the granular-carbon resistor type, until at the present 
time the application of electric heating in industrial furnaces has 
become a matter of such general interest that in all cases where 
electric current is available at a reasonable figure such installation 
should be seriously considered. 

As in the fuel-fired furnace there are certain factors which affect 
the economy of operation of the electric furnace and which there- 
fore must be taken into consideration. These are as follows: 


(1) The loss of heat around the door opening and to opening 
doors for charging and removal of materials to be heated 

(2) The loss of heat through the sides, ends, top, and bottom 
of the furnace, with subsequent radiation from these 
surfaces 

(3) The storage of unavailable heat. 


The principal source of loss common to the fuel-fired furnace— 
namely, the loss of heat in the waste gases—is entirely eliminated 
in the electric furnace. In the electric furnace there is no air 
required for combustion; therefore there is no need of introduc- 
ing into the furnace a large amount of air which must be heated to 
the temperature of the furnace and discharged at a high tempera- 
ture. In view of this one item and the loss due to excess air used 


for combustion, the cost of operation of the electric furnace com- 
pares very favorably with the fuel-fired furnace, and in some cases 
the cost of operation is less. This is especially true where it is 
possible by the use of an electric furnace to correct a low power 
factor. The saving in penalty may offset the cost of the required 
current. 

The nicety of regulation of the electric furnace and the clean- 
liness of operation appeal to many, and these are points decidedly 
initsfavor. In considering the electric furnace, the efficiency will 
vary between 60 and 80 per cent, depending on the condition of 
operation. The gross efficiency extending back through the 
generating station may be and frequently is as high as in the fuel- 
fired furnace. The electric furnace has the same drawback 
as the fuel-fired furnace where the operation is intermittent; 
namely, the heat to bring the furnace to the required tempera- 
ture of operation, known as unavailable heat. 

In view of the progress made in such design it is therefore de- 
sirable for the prospective purchaser of an industrial furnace to 
give careful consideration to the electric furnace, since it may be 
the most economical for his particular application. 

In view of the important position as a fuel-consuming medium 
now taken by industrial furnaces, it is to be hoped that the future 
may see a continued interest in the subject by the members of 
this Society and that this contribution may produce a discussion 
on the subject which will add materially to the literature on the 
subject. 


Discussion 


W. B. Cuapman.? Ten years ago I decided that there was an 
opportunity in this country to go into the business of building 
large industrial furnaces, made more efficient by preheating the 
air to a higher degree than at that time was possible. I went 
over to Europe to see what was being done where the cost of fuel 
was high and found four furnace builders, each of whom said 
his product was the best. Each wanted to have us build his 
furnaces in this country, and each showed me the best installa- 
tions he had in Europe. I spent eight months there and brought 
back 2000 blueprints and two engineers to start the new business. 
The largest steel companies in this country looked over what 
we had and said that maybe we had a good thing, but there was 
no chance of doing business with the larger companies because 
they already had their furnace organization and their combustion 
engincers, and a company in the furnace business would have to 
devote itself to serving the smaller companies that had no expert 
furnace designer. 

The reverse has proved true; the larger companies are the ones 
that are decidedly doing most by way of employing outside en- 
gineers to design and build their furnaces. It did not take long 
for the situation to change. 

We first built a recuperator which preheated the air to within 
200 deg. of the spent gases going to the recuperator; that is, 
the spent gases were 2000 deg. when they reached the recu- 
perator, and the air leaving the recuperator was raised to 1800 deg. 
That was the first successful refractory recuperator in this 
country—about nine years ago. At that time recuperators 
were being made of cast iron, and the air was being preheated to 
only 400 deg. or 500 deg. The cast-iron recuperators would 
crack, and every week some of the cast-iron tubes would have to 
be replaced. 

To obtain a difference of only 200 deg. fahr. between the in- 
coming spent gases and the outgoing air was found to be possible 
but not practical commercially. It required too large a re- 
cuperator; 350 deg. difference between ingoing and outgoing 
gases is about right. Most of the refractory recuperators used 


? President, Chapman-Stein Furnace Company, Mount Vernon, 
Ohio. Mem. A.S.M.E. 
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today bring the heat to within 400 deg. or less of the incoming 
spent gases. 

Then we found another departure we had to make from the 
European designs. In this country it is necessary to operate at 
a very much larger capacity. The furnace has to be forced, and 
this requires pressure. Recently we have devised a burner 
whereby a small amount of cold air under a pressure of 6 in. or 
more of water is used to aspirate the hot air, and the two together 
passing through the hot gas from the producer will mix with it 
and aspirate the complete mixture. In this manner it is possible 
to obtain both hot air and hot gas under a pressure of an inch, 
which is all that is necessary to direct the flame wherever desired 
and force the capacity to any extent desired. 

In some types of furnaces, such as a long, continuous-push 
furnace, it has always been the custom to burn the gases at the 
discharge end and have the spent gases pass straight on down 
through the furnace. It is now possible with this greater pres- 
sure to have a combustion chamber at the hot end of the furnace 
considerably higher than ever before—7 ft. or more above the 
billets; and as the gases go in under pressure they impinge on a 
vertical back wall and a portion turns around and comes back 
again in the form of an eddy underneath the point where the gas 
entered. The combustion chamber is thus maintained more 
nearly at a uniform temperature throughout. Ina long, continu- 
ous furnace it is desired to bring up the steel to the required tem- 
perature and then hold it there and soak it for a certain length of 
time. The thorough soaking produced by this eddy current is 
possible only with the greater velocity of the entering gases. 
Hence the value of a pressure burner for preheated air. It has 
been found equally advantageous for recuperative soaking 
pits using the horseshoe type of flame. More progress has been 
made in the past 10 years with the recuperative furnace than in 
the previous 50 years, but it has only just begun. 


Water W. Oaktey.* My experience is connected with fur- 
naces running at a much higher temperature than those Mr. Her- 
ron mentioned. I have recently had two experiences which 
might be of interest. 

The first of these involved the effect of furnace pressure. We 
have a number of glass-tank furnaces, some of them regenerative 
and some recuperative. The development of these furnaces is 
going ahead with the general development of the glass industry, 
so that they are seldom rebuilt without making changes. We 
recently had a glass-tank furnace running at an optical tempera- 
ture of 2850 deg. fahr. The fuel consumption was 28 tons of coal 
per day burned in the form of hot producer gas. Owing to the 
fact that the air valve used for reversing the regenerators was of 
the butterfly type with its inherent high resistance this furnace 
had a pressure in it of more than 0.22 in. water column. The 
valve gear was changed to eliminate the resistance of the air-re- 
versing valve, and this decreased the furnace pressure to 0.04 in. 
Simultaneously the fuel consumption dropped to 22 tons per day. 

Undoubtedly our gas-producer operation may have improved, 
but output was higher in the latter case; the chances are that the 
temperature was a little higher. That is the first tangible in- 
stance I have run across where furnace pressure was a great factor 
in fuel consumption. 

Second, Mr. Herron referred to excess air. I misled myself on 
this question for six years by not definitely taking my samples 
at a point where I got the average flue gas of the furnace. Ona 
regenerative furnace it is possible to find 1'/; per cent CO, in the 
bottom of the air-inlet flue. The only way I know of to get a 
representative sample is to take it at a bend, where the turbulence 
will eliminate stratification. 


3In charge of Fuel and Refractory Materials, Corning Glass 
Works, Corning, N. Y. Assoc-Mem. A.S.M.E. 


In our industry the question of material for recuperators and 
regenerators is very important. The fumes from a glass-tank 
furnace may contain soda and borax, either as gases or dust. 
Under certain conditions these will bore through an ordinary 
clay tile in three months. After the tile leaks, draft troubles im- 
mediately occur, unless the stack is very much larger than might 
be considered necessary. 

In considering insulation there are two factors. First, on high- 
temperature furnaces, refractories have not been sufficiently devel- 
oped to enable them to stand much insulation; and second, in 
insulating such a material as silica brick before the furnace is 
lighted the silica brick will expand in heating up, opening up the 
joints. The temperature for which the insulation may be de- 
signed matters very little if these open joints are a source of direct 
heating on it. Being on the inside they cannot be observed. 
They will cause the failure of any insulation. Again, if you try to 
put the insulation on after such a material as silica brick has been 
heated up the heat will travel farther through the brick, cause 
more expansion, and again give trouble due to open joints. We 
have stripped the threads off tie rods when silica brick that had 
been in service for four months was insulated. 

Referring to Mr. Chapman’s remarks on European furnaces 
and the difficulties encountered with them in this country, it is 
to be noted that fuel is much more of an item in Europe than it is 
in this country and skilled labor is much less. I have recently 
had an experience with a glass-annealing lehr imported from 
France and built in Tennessee. This lehr was designed for 
minimum fuel consumption. The result was that on a Monday 
morning with a cold lehr it would be almost impossible to get 
sufficient heat into it tostart up. It is possible that two or three 
skilled fuel engineers could heat this lehr up, but the firebox was 
so small that the ordinary help available could not. 


Henry O. Loespety.* There are of course a number of factors 
which must be considered in furnace engineering. Apart from 
those factors which affect efficiency, such as insulation, the sensi- 
ble heat in the flue gases, over- and under-ventilation, etc., an 
important factor in efficiency is the uniform chemical character- 
istics or quality of the fuel used. 

Even in the use of gaseous fuel there is quite a difference in the 
results. Only with a uniform gas, one that reacts uniformly and 
can be readily mixed shall we eliminate those factors of under- 
ventilation or over-ventilation at all times. As a matter of fact 
there are a great number of automatic and semi-automatic fur- 
naces today where the requirements are that the flue gases shall 
contain a small percentage of either carbon monoxide or a slight 
percentage of free oxygen in the case where oxidizing operations 
are carried on and where exacting control of atmosphere are all es- 
sential. In such operations the uniformity of the fuel and its 
uniform reaction are most essential both to the operation as well 
as to the efficiency. 

The low efficiency that industrial furnaces have shown in the 
past is due to a lack of research and development in that branch 
of engineering. There is no agency large enough that has a direct 
interest in these problems, and due to the fact that research in 
furnace design is an expensive operation, it has been allowed to 
drag without the attention it deserves. Very slow progress is 
being made by individuals in their effort to improve the existing 
heating operation, notwithstanding the fact that most funda- 
mental principles that are conducive to more efficient operations 
have been developed. 

Being a representative of the American Gas Association, | want 
to tell you what the association has undertaken, because | feel 
that the information and the results that will be obtained 


4 Vice-President and General Manager, Combustion Utilities 
Corporation, New York, N. Y. 
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with city gas will probably be advantageous to all users of fuel. 

The membership of the American Gas Association, realizing 
that the progress made in fuel furnaces is entirely too slow to 
make available for them a portion of the load on city gas, have 
undertaken to carry on research in industrial-heating processes. 
They have appropriated $500,000 for that purpose and are ac- 
tively engaged in solving the fundamental probiems in utilization 
of gas in furnace design and in materials for furnace construction. 

From my experience in contact with furnaces and fuels for the 
last 25 years, I have come to the conclusion that the innovations 
that have been introduced in the electric furnaces have been the 
result of good engineering work, not only with the furnace itself, 
but have dealt with the process and with the plant problem. In 
other words, the manufacturers of electric furnaces were not 
satisfied to duplicate a condition that existed in the past, using 
the same type of furnace, but they have changed the furnace, 
the method of operation, and where necessary the process, in order 
to make electricity an economical adjunct to that operation; 
and while in a great number of cases the economic results ob- 
tained are perfectly tangible and by comparison electricity is 
advantageous, still the credit is not due to electricity—the credit 
is due to the engineering ingenuity that is being displayed in 
designing automatic furnaces, in conceiving new processes or in 
coordinating a number of factors such as the design of the furnace 
or a new process and fitting them into the scheme of operation 
best for that particular plant. 

As engineers we want to look upon that factor as an important 
one, because we cannot allow our respective clients and the com- 
panies for which we work to be overenthusiastic. You may be- 
come enthusiastic over the results you obtain with electric fur- 
naces in comparison with old practice, but you cannot afford to 
forget that with the same amount of thought given to the problem 
of introducing a new process and a new routine of operation, you 
may be able to obtain a greater economy with fuel-fired furnaces 
than with electric furnaces. 

I am not trying to reduce the value of electric furnaces, but I 
am trying to point out a possible danger by mis-allocating the real 
factors in the new engineering set-up. 


Grecor H. Hernr.* The author's paper left the impression 
that the mechanical engineer working in the fields of research and 
development deserved all the credit for the excellent results ob- 
tained with the various types of electric furnaces he described. 
It may not be amiss to recall at this time that all of this progress is 
primarily due to those patient and painstaking mechanical en- 
gineers who perfected ways and means for the production of a 
kilowatt-hour on less than a pound of coal. For in spite of such 
considerations as furnace atmosphere, uniformity of heat dis- 
tribution, and ease of temperature control, the fixed charges and 
the operating cost in their relation to the cost of installed capacity 
and cost of a kilowatt-hour continue to be of prime interest to 
the fuel engineer. 

The author cites one fuel-fired furnace with an efficiency of 7 
per cent. Owing to the possibilities of reducing furnace efficien- 
cies by combustion air, mention of the nature of the fuel, its 
hydrogen content, and perhaps the percentage of excess air used, 
4s weil as its temperature, would have materially increased the in- 
formation presented in this interesting paper. 


Raven L. Manrer.6 Many factory managers are confused 
when it comes to making an analysis to determine what heating 
medium they should use for a heat-treating process. In Syra- 


cuse we have a rather good gas rate, and it happens to be my duty 


* Power Engineer, Erie Forge and Steel Company, Erie, Pa. 
Mem. A.S.M.E. 

‘ Syracuse Lighting Company, Syracuse, N. Y. 
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to help customers to analyze what they should use. We find 
that all the furnace manufacturers honestly prepare their calcu- 
lations, but the specific heats of the materials to be treated are 
not definitely known. There will have to be slight assumptions 
made as regards radiation losses, door losses, and so forth, with 
the result that the guarantees of performance by competing com- 
panies vary over a wide range. 

There is a very definite way that can be used to get these on a 
rock-bottom basis, and it is the only way, I believe, to thoroughly 
make such an analysis. You will all agree that it is good business 
to use good insulation, and if we assume that a given quantity 
of work is to be heat-treated or put through any process, if we 
use the same construction features as regards insulation, the 
same method of loading, the same rate of production, and 
the same temperature, it really breaks itself down into a matter 
of available B.t.u. 

Any process has some point of most desirable atmosphere, 
so if it is a fuel-fired furnace an attempt is made to produce that 
atmosphere which is most desirable. With a gaseous fuel this 
can be done by a number of different so-called pre-mix devices, 
and the furnaces are actually set to a desired atmosphere which is 
automatically maintained under thermostatic control. 

With electric furnaces you have no flue-products loss. With 
fuel-fired furnaces, if you take the analysis which you wish in your 
furnace, you can calculate the heat carried away by the products 
of combustion, keeping in mind that with an oil-fired member you 
will usually find rather an excess of air on account of the high 
density of the fuel, even though it is well broken up. 

If you work back on available B.t.u., you can assume safely 
that the electric heat content of 3412 B.t.u. per kilowatt-hour is 
100 per cent efficient. In other words, you are assuming that the 
insulation is the same in each case; therefore the wall losses are 
the same and the door losses are the same. 

Some people will question the latter statement, but I think it 
will be found true that when a door is open in an electric furnace 
the air will seep in, due to the fact that it is heavier than the air 
within, and you get a cooling action that way. With a fuel- 
fired furnace you will hold a slight pressure condition in there, 
with the result that when the door is open the fuel goes out 
through the door in the path of least resistance, instead of out of 
the ports which are provided for that purpose. 

By using a gas comparison of effective cubic feet per equivalent 
kilowatt-hour, or effective gallon of oil per equivalent kilowatt- 
hour, it is a simple matter of comparing unit costs. Gas is 
usually sold either on a block rate or a two- or three-part rate; 
electricity is usually sold on a demand and energy rate. As the 
author says, in many cases if you have a certain combination of 
affairs, a unit-power-factor electric-furnace job will possibly 
bring the cost up into range where a refund from a power-factor 
standpoint is earned. There you have to consider the kilowatt- 
hours in the factory load. It requires considerable 100 per cent 
power-factor load to bring the total power in a factory to the re- 
fund stage. 

There is a point which I think should be thoroughly considered 
in making such analysis, and that is, once you have created a de- 
mand charge, it fixes one portion of your rate. To get an average 
of kilowatt-hours which is desirable you must balance against that 
a certain number of kilowatt-hours which come at the commodity 
rate to give you an average kilowatt-hour rate per month. I 
have had occasion lately to view a case where an electric brass 
furnace was run only one day, establishing a demand of 125 kilo- 
watts with only one day’s production energy against it. That 
customer happened to be charged $100 for that one day’s opera- 
tion, and his total castings were billed at only $80. He com- 
plained strongly, but it was his own fault; he knew that he must 
get a certain amount of kilowatt-hours to balance the demand 
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charge. That brings it back to the point that if you are going 
to put in your electric equipment you want to balance it so that 
you can keep it under good production conditions and so you 
get a large number of kilowatt-hours per given demand, and so 
that your demand input is well proportioned to your production 
conditions. It is most desirable to get away from the confusion 
of various competing companies and to get the heat analysis on 
a rock-bottom basis. 


JoserpH F. SHapGen.’? Experience with industrial furnaces 
taught me that there are two problems to be considered. One isa 
static problem—the problem of design of the furnace, which is 
usually done with careful consideration of the construction of a 
previous furnace operating under similar conditions. Once the 
static part is determined we cannot change it, because nobody 
wants to change from day to day the equipment which has just 
been installed. The second problem is a dynamic problem— 
meaning putting in correct flows of gas, of material, of air, and 
taking out the flow of burnt gas. That dynamic problem is the 
key to the economy of operation. Most of the operators are not 
equipped for these dynamic operations. We all know from riding 
in motor cars that we are very poor judges of speed. For in- 
stance, if you cover up your speedometer and have two of your 
friends judge the speed at which you are going, you will find great 
variations in the estimate of the correct speed at which you were 
traveling. Yet you ask ordinary firemen, very poorly paid, to 
be judges of the flows of coal in, of air in, and of gas out of indus- 
trial furnaces. That is practically impossible, and it is proved 
every day that some of those operations are better done by ma- 
chines; as recognized universally, that brings the problem down 
to the development of machine regulators to do those operations 
for which man is not fitted. Therein lies the fundamental cause 
for automatic control of furnaces. 

The company with which the writer is connected has demon- 
strated the correctness of this reasoning for boilers during the 

7 Combustion Engineer, Smoot Engineering Corporation, New 
York, N. Y. Mem. A.S.M.E. 


last five years. Ordinary operators were finally developed into 
high-grade operators, because those operations for which man is 
not fitted are taken away from him and taken over by machines 
which have been developed for that particular purpose. The 
real tendency of the problem is to study the dynamics of the 
problem in conjunction with machine regulators which will co- 
ordinate the various flows, so that at all times, no matter what 
the rate of heat input is, the maximum efficiency is obtained, 
under more uniform operating conditions. 


AvuTHOR’s CLOSURE 


The excellent discussion of this paper is gratifying. The pur- 
pose in presenting it was primarily to bring out discussion. Mr. 
Chapman’s remarks greatly amplify the context of the paper 
with respect to recuperators. 

Relative to Mr. Heine’s question, the fuel-fired furnace which 
was referred to used oil as a fuel. 

There is practically nothing to discuss in reply to the various 
speakers save one point which has been brought out clearly 
in the discussion, namely, the lack of attention given to industrial 
furnaces regardless of the fuel that is used or the source of 
heat. 

Some score of years ago we had the same problem existing with 
respect to boiler furnaces. The turbine was developed, showing 
high efficiencies, but no attention was given to the development 
of the steam generator and its furnace. Now, after an era of 
development, we know the high efficiencies obtained. It would 
seem that we are on the verge of such a development with respect 
to industrial furnaces. The engineers of the country, perhaps 
influenced by the users, are waking up to the necessity of carefully 
studying each individual problem. It is an individual problem. 
The question of fuel is perhaps a local one. The character of the 
design is determined depending upon the product which is to be 
produced, so that almost every installation of a furnace of any 
consequence is surrounded by factors which are not common. 
So it is necessary to take up the furnace study with respect to the 
requirements of the particular case. 
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The Use of Fuels in Tunnel Kilns 


By W. E. RICE,? PITTSBURGH, PA. 


In this paper the author deals with the use of fuels in continuous 
heating furnaces of the railroad-car tunnel type, which furnaces 
al present provide the most efficient means of heat-treating such 
materials as metallurgical products, steel sheets, carbon electrodes, 
brick, tile, pottery, etc. He first takes up the various fuels—gas, 
oil, and coal, following which he deals with the movements of the 
gases in the various zones of the kiln; and finally with the con- 
finement of products of combustion in muffles when accurate control 
of atmosphere is required as in the case of many high-grade metal- 
lurgical and ceramic products. 


HE railroad-car tunnel type of continuous heating furnace 
at present provides the most efficient means of heat- 
treating many such materials as metallurgical products, 
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The “entrance end” of the kiln is that at which the cars enfer, and 
the “exit end” is that at which they leave. The overall efficiency 
of these kilns depends upon their rate of operation—that is, costs 
are lowest when the rate of through-put of material is maximum. 
The maximum rate attainable in turn depends upon the ability to 
secure even distribution of heat in the setting of ware on the cars, 
which is governed by the method of moving gases through the 
tunnel. 

The direction of movement of gases in the tunnel and through 
and around the material on the cars may be longitudinal (from 
end to end of the tunnel), crosswise, upward, or downward; 
or it may be a combination of two or more directions. Kilns in 
which the products of combustion enter the tunnel directly from 
the furnaces and surround the ware are called direct-fired kilns. 


furnace 


Section through 


Fic. 1 DRAWING OF A TuNNEL KILN 


steel sheets, carbon electrodes, brick, tile, and pottery. They 
are long tunnels through which small cars carry the material to 
be heated. Fig. 1 is an orthographic-projection drawing of such 
a kiln, the details of which are described later. In its passage 
through the tunnel the material can be given any desired heat 
treatment. In the following discussion the descriptive term 
“railroad-car tunnel kiln” is referred to as “tunnel kiln” or “kiln.” 


* Contributed by the Pittsburgh Experiment Station of the U. S. 
Bureau of Mines at Pittsburgh, Pa., and presented at the Second 
National Meeting of the A.S.M.E. Fuels Division, Cleveland, Ohio, 
September 17 to 20, 1928. Published by permission of the Director, 

- 8. Bureau of Mines. (Not subject to copyright.) 
* Assistant fuel engineer, Pittsburgh Experiment Station. 


In muffle kilns the products of combustion are confined in muffles, 
which are a part of the kiln, so that they do not come into con- 
tact with the ware. In the tunnel kiln there are three distinct 
zones: 

(1) The preheating zone, where the material is preheated by 
hot air, products of combustion, or both; (2) the firing zone, 
where the material is preheated to its final temperature and 
matured or soaked—the furnaces are in this zone; (3) the cooling 
zone, where the hot material is cooled, giving its heat to air 
which carries it to other parts of the kiln where it is reapplied; 
or, if more heated air is available from this zone than can be used 
in the tunnel, some may be taken out to be used in other parts of 
the plant. 


ae 
\ Coal feeder 
43 
i 


FUELS USED AND HOW FIRED 


The fuels that are commonly burned in these kilns are natural 
gas, producer gas, fuel oil, and coal; coal gas is used in a few 
kilns, and there is no reason why any fuel could not be used. In 
the application of fuels the primary factors to be considered, 
other than cost, are the uniform distribution and constant rate 
of application of heat requisite to the successful operation of the 
kiln. The greatest economy effected by the tunnel kiln is that of 
labor and improved product, therefore high-priced fuels are 
sometimes used in preference to those of lower cost. 


Gas 


The majority of tunnel kilns in use today are fired with gas. 
Gas is the ideal fuel for this type of kiln because of the desirability 
of the methods by which it can be burned, the constancy with 
which its heat can be applied, and the comparatively low flame 
temperatures that can be maintained. Natural gas and producer 
gas are burned with or without preheated primary air, depending 
upon the type of kiln and the flame temperature that is desired. 
Producer gas is usually burned hot as it comes from the producer, 
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Fic. 2. DraGraM SHOWING EFFECT OF NUMBER OF FURNACES ON 
DIsTRIBUTION OF HEAT IN CAR TUNNEL KILN 
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and is preheated in regenerators or recuperators in certain types 
of cross-fire and down-draft kilns which are described later. 

When producer gas is used, tar and soot accumulate in the 
gas ducts and at intervals must be burned or blown out with 
steam or compressed air; this necessitates a short halt in firing, 
unless auxiliary burners are provided to burn oil during the clean- 
ing periods. 

Dressler? illustrates the advantage gained by reason of the fact 
that gas can be burned at a large number of small burners dis- 
tributed along the length of the firing zone, whereas the number 
of furnaces among which a given amount of coal, or even oil, 
can be subdivided is limited. Fig. 2-A represents a section of 
a kiln with one furnace, and the shaded area illustrates the 
tendency of the hot gases to rise to the top of a direct-fired kiln 
with longitudinal movement of the gases. The curves } and ¢, 
Fig. 2-B, show how the temperature at the bottom lags behind 
the temperature at the top up to a point near the furnace, where 
it increases suddenly. Fig. 2-C represents a section of a kiln 
with three furnaces, and the shaded area shows the resultant 


3 Dressler, Philip, ““Tunnel Kiln Development in the Ceramic 
Industries.” The Ceramic Age, vol. 10, nos. 3 and 4, September 
and October, 1927, pp. 81-91 and 122-130. 
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elongation of the hot area at the bottom. Fig. 2-D represents 
a section of a kiln with 24 burners on a side; the shaded area 
shows an even distribution of hot gases in the firing zone; and 
Fig. 2-E shows the curves of temperature to be expected in the 
bottom and top of the setting. 
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Oil ranks second to gas in number of installations. The 
number of burners which can be applied to a kiln fired with oil 
is limited, because the lowest rate at which oil can be burned 
satisfactorily in burners adapted to the tunnel kiln is about two 
gallons per burner per hour. Low-pressure atomizing burners 
are generally used for burning at low rates. In these burners 
atomization is begun by forcing the oil through an orifice at 
pressures of from 20 to 70 lb. per sq. in., and is completed by air 
at a pressure of about one pound per square inch. Ina few kilns, 
where high temperatures are desired and rapid heating is per- 
missible, high-pressure atomizing burners are used. In one such 
kiln the pressure of the oil at the burners is 290 lb. per sq. in., and 
the pressure of the air is 4 0z. per sq. in. The oil is preheated at 
the tank enough to flow freely; air is cold in some installations, 
and in others is preheated to 400 or 500 deg. fahr. 


In direct-fired tunnel kilns, coal is burned in a number of small 
furnaces placed along the sides at the firing zone. These furnaces 
are fired by hand, by small mechanical stokers, or by burners witli 
pulverized coal. All of these methods have given satisfactory 
results. The two latter have the advantage of constant rate of 
firing and uniform conditions, but hand firing is feasible if the 
coal is fired little and often, and on a regular schedule. A good 
plan with hand-fired furnaces is to stoke alternate furnaces at 
each scheduled firing time. The same plan should be followed 
in cleaning fires. In a common type of kiln there is no back wall 
between the fire and the ware in the tunnel, and the top of the fuel 
bed is about on a level with the tops of the cars; this is satis- 
factory for some materials, but has given trouble with others. 
For example: When firing bricks made of a clay which shrinks 
rapidly at a temperature around 1800 deg. fahr., if the outside 
of a pile of bricks on a car is exposed to radiation from a fuel bed 
at 2600 deg. fahr., shrinkage may take place so much more rapidly 
on the exposed sides than at the center that the piles will topple 
from the cars. When material of this kind is to be fired, it is 
necessary to arrange the furnaces so that the fires are “out of 
sight”’ of the ware, or to burn the coal so as to maintain a low 
temperature in the furnaces. This trouble can be avoided by 
the use of pulverized coal and short-flame burners. In one kiln 
it is stated that combustion is completed in the furnaces within 
5'/, ft. from the tips of the burners. With pulverized coal the 
flame temperature can be kept low by using a large excess of air. 
In a successful kiln fired with pulverized coal the coal is fed to a 
ball mill at the rate required by the kiln (so that there is no 
storage and no recirculation of pulverized coal), and the ground 
coal with about 30 per cent of the air required for complete 
combustion is supplied in equal amounts to 10 burners by a 
distributing fan. Several kilns now in use are fired with from 
10 to 14 small overfeed or underfeed stokers. These have 
greater uniformity of operation than hand-fired furnaces and, if 
properly designed, require less attention. A section through a 
furnace equipped with an overfeed stoker is shown in Fig. 1. 


DESCRIPTION OF MOVEMENT OF GASES IN FIRING ZONE 


As conditions are not the same in each of the zones of a kiln, 
the movement of gases may be different in different zones of thie 
same kiln, therefore they will be discussed separately, taking the 
firing zone first, as it is in this one that the fuel is burned, and 
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the hot gases from it influence the movement of those in the 
other zones. 
LENGTHWISE MOVEMENT OF GASES 


The simplest case is that of the direct-fired kilns in which the 
products of combustion enter the tunnel from the furnaces in a 
crosswise direction but are pulled toward the end of the tunnel 
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fore the adjustment is made to give atmospheric pressure just 
above the car tops at the exit end of the firing zone. When this 
is done, it has been found that the point of atmospheric pressure 
at the top of the tunnel falls near the entrance end of the firing 
zone, as shown by the line a-b on the elevation of the kiln. When 
gas, oil, or pulverized coal is fired there is no resistance through 
the fuel bed to be overcome and the line of atmospheric pressure 
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by the draft. Fig. 3%is a diagram of a kiln of this type. The 
firing zone occupies the center portion of the kiln and is provided 
with furnaces on both sides, in staggered relation, opening into 
the tunnel and delivering heated gases into contact with the 
Setting. Preheated air for combustion is delivered to the furnaces 
from a double crown, as shown in the section of the elevation. 
In some individual kilns the walls and arches of the furnaces are 
air-cooled, and, when this is done, the air thus heated is used as 
primary air in the furnaces. When combustion is not complete 
in the furnaces, it is completed when the combustible gases mix 
with the current of air in the tunnel. The general movement of 
gases through this kiln is adjusted to maintain approximately 
atmospheric pressure in the tunnel in the firing zone. But, 
because the firing zone may be as long as 100 ft., it is not possible 
to maintain atmospheric pressure throughout its length, there- 


can be moved toward the entrance end of the kiln as shown by 
the line c-d, which is said to give even better results. The pres- 
sure under the cars is kept slightly higher than that above so that 
the metal parts of the cars will not be damaged by leakage of hot 
gases. The furnaces are at the level of the car tops and their 
openings into the tunnel are nearly as high as the setting. The 
kiln shown in Fig. 10 is fired in the same manner, but the furnaces 
are placed somewhat below the level of the car tops, and the 
openings have their bases about a foot below the car tops and 
their tops about a foot above the car tops. Part of the hot gases 
pass through flues in the car tops, then upward through the 
settings. 

The kiln shown in Fig. 1 is fired in the same way, except that 
a checker wall separates the furnaces from the tunnel. This 
promotes complete combustion within the furnaces and helps to 
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Fic. 4 Cross-Firep Kitn ReGenerators TO Recover Heat CarrieD From TUNNEL By GASES 


prevent overheating of the ware on the outsides of the cars by 
radiation from the fires. The products of combustion pass 
through the openings in the checker wall, then are drawn toward 
the entrance end of the kiln by the draft. The application of the 
draft is such that some of the hot gases are drawn downward from 
the top of the tunnel to flues in the tops of the cars. The furnaces 
are placed slightly below the level of the tops of the cars, as 
shown in the section through a furnace. The kiln shown in Fig. 
11 has a similar checker wall in the firing zone; on the shelf 
above the checker wall in the firing zone are refractory tubes. 
The air used for combustion is first preheated by being drawn 
through cooling pipes in the tunnel under the cars, and is then 
further heated when it passes through the tubes in the top of the 
firing section. Additional air is preheated in the cooling zone of 
the kiln. These factors—the introduction of very hot products 
of combustion at the bottom of the setting and removal of some 


of the excess heat at the top through the air heating tubes—are 
designed to give an even distribution of heat from top to bottom 
of the setting. 


CrosswiIsE MovEMENT or GASES 


One of the problems in design of tunnel kilns today is the 
development of construction and operation that will permit the 
use of wider cars; for the additional expense of building and 
operating wider kilns would be small relative to the greater 
amount of material that could be heated. One builder told the 
author that the addition of one foot to the width of a single- 
track kiln would add 5 per cent to the cost of construction and 
from 20 to 25 per cent to the capacity. The use of a wider tunnel 
is particularly desirable to obtain a large output when a product 
such as silica brick, which requires a long period of heat treatment, 
is to be fired. This requirement is met by the cross-fired kiln, in 
which the products of combustion 


flow across the tunnel, passing 


Cooling zone 
Flue gases to drier, Recuperator ; Burners 


Preheating zone ——-——-» through all parts of the setting. 


Air 


Products of combustion 


In this type of kiln a single train 
of wide cars can be used, or two 


trains can be heated simultane- 


ucts of combustion necessarily 
leave the tunnel at a high tem- 


are Flue gases to drier 
Preheating zone Firing zone }+——Cooling zone 
2,500 
2, 


perature; therefore they are 
passed through regenerators built 


in the walls of the kiln, where 


their temperature may be re- 
duced to as low as 500 deg. fahr. 


Producer gas is burned, and both 


Direction of movement of ware 


gas and air for combustion are 


preheated in the regenerators. 


— Uy 


The gas and air enter the tun- 
nel through alternate small ports 


S just above the car tops in the 

Prebenting Yi, side walls, combustion takes place 

ooling ware “ware “YY in the tunnel, and the products 
Air J || of combustion leave through like 

t 77 ports in the opposite wall. ‘The 
VAs WZ, V7 Y direction of flow is reversed to 

Hot sir from Section A A Exhaust, products Section BB 20-min. intervals. The idea and 
recuperator Firing zone - ae Cooling and preheating zone mechanism of operation are 


Fie. 5 Twin Tunnet Kitn With MoveEMENT OF GASES IN ZONE 
(Ware on right-hand track is preheated by heat from cooling ware on left-hand track, and vice versa.) 


taken from the by-product coke 
oven and open-hearth furnace. 
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DowNWaRD MOVEMENT OF 


G Preheating zone Firing zone Cooling 
— nea Products of Burners Hot air for combustion 
In periodic furnaces, where combustion exhaust pj Muffles [> Pipes 
to be heated has given best re- ———— | t 4 
sults, therefore builders have 
sought to duplicate this method A "Hot air 
of operation in tunnel kilns. of > exhaust to driers 


This has been done in the kiln 2, 
shown in Fig. 5. This is a 


double-track or ‘‘twin”’ kiln, but 
the two trains of cars are sepa- 


air-cooled wall, so that each half 


rated in the firing zone by an g* a 
E 500 


is independent of the other in 
thiszone. For each tunnel natu- 0 


ral gas is burned at 16 burners 


Baffle wall to prevent radiation 


Outer wall of muffle to cooling pipes and 
along the outside wall of the kiln, Wet products of Combustion chamber prevents radiation of ware direct flow of air 5 ai. 
in a combustion space 100 ft. ‘ ~~ 
long, formed by the wall of the => 
kiln and a back wall, which ex- ’ 
tends to the top of the setting, . 
and separates the combustion ' 
space from the cars in the tun- er eam 
nel, as shown in section A-A. 
The products of combustion pass reaey 
to the top of the kiln, then down- Firing and preheating zone 


ward through the setting, and 
leave the tunnel through outlet 
ports along the lower part of the 
back wall just above the car 
floor. Asin the cross-fired kiln, the gases leave the tunnel at a high 
temperature. In this down-draft kiln they are passed through 
a recuperator where they give up their heat to preheat the air 
for combustion. The temperature of furnace gases entering the 
recuperator is 1500 deg. fahr., and the temperature of the air 
for combustion leaving it is 1100 deg. fahr. The flue gases leave 
the recuperator at 600 deg. fahr., and part of this heat is utilized 
in driers separate from the kiln. 


Propucts or Compustion ConFINED IN MurFFLES 


Many high-grade metallurgical and ceramic products must be 
heat-treated in a carefully controlled atmosphere—oxidizing for 


(Arrows indicate direction of movement of air) 


Fie. 6 Murrie-Typs Kitn ARRANGED TO Heat WARE IN AN ATMOSPHERE OF AIR 
(Curve shows temperature in a kiln 280 ft. long used to fire terra cotta.) 


ceramic ware, and reducing for steel. For these goods the muffle 
kiln provides accurate control of atmosphere. A muffle-type 
tunnel kiln is illustrated in Fig. 6. This is not a muffle furnace in 
the sense that the ware is inclosed in a muffle, but, instead, 
combustion takes place and the products of combustion are 
confined in muffles built along the walls. The combustion 
chambers consist of hollow-walled refractory tile, as shown in 
section A-A. The outer walls of the chamber serve a twofold 
purpose: they prevent excessive radiation from the hot muffle 
to the ware and direct the flow of the air which carries the heat 
to the ware. Gas or oil is burned in the combustion chambers by 
means of hot air which is taken out of the cooling zone of the 

tunnel. The heat developed is conducted through the 


wo 


inner wall of the tile and heats the surrounding air, 
which rises to the top of the tunnel, then downward 
through the ware, and back to the muffles through 
channels provided in the tops of the cars. When an 


oxidizing atmosphere is desired in the tunnel a slight 
differential pressure is maintained so that any leakage 
that occurs is from the tunnel into the muffles; when 
a reducing atmosphere is desired the pressure in the 


Direction of movement of ware. [— z= tunnel is maintained lower than in the muffles and 
tunnel with ware Plan = - -- - Products of combustion} what leakage occurs is from the muffles into the 
Temperature of gas in tunnel tunnel. Complete combustion is obtained in the 


very hot muffles with little or no excess air. The 
hot air in the tunnel moves downward through the 


Pa 


setting, which gives an even distribution of heat. 


Fig. 7 illustrates a muffle kiln designed to heat- 
treat sheets of steel in an atmosphere of reducing 


Fie. 7 Murrie Tunnet Kitn Usep to ANNEAL STEEL SHEETS IN A 


RepucING ATMOSPHERE 


(Curve shows temperatures of gases in tunnel and of sheets in annealing boxes.) 


gases. The fuel used is producer gas, hot as it comes 
from the producers, burned with preheated air from 
the cooling zone. A slight pressure is maintained in 
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the muffles, so that what leakage occurs is from the muffles to 
the tunnel. 

Fig. 8 is a muffle kiln used as a glass-pot arching lehr. The 
pots are used hot, therefore they are taken from the kiln at their 
maximum temperature, and there are but two zones—the pre- 
heating and firing zones. The pots are held at maximum temper- 
ature in a fairly long zone, so that two or three can be removed 
at once if necessary. 


DICUSSION OF MOVEMENT OF GASES IN THE PREHEAT- 
ING AND COOLING ZONES 


The general principle of the preheating and cooling zones in 
all the kilns is the movement of the heat countercurrent to that 


175° 
(Capacity 28 cars) 


zone 
Products of combustion 
leaving kiln ~, Muffles Burners }~——, 
racks 


Direction of movement of ware “= 
Plan 


Fic. 8 Murr.te Kitn Usep as Aa Guass-Pot ArcHING LEHR 


(Pots are removed from kiln at maximum temperature, as shown by curve 
of temperature.) 


of the ware. This is usually accomplished by movement of 
cooling air and hot products of combustion toward the entrance 
end of the kiln. 


LENGTHWISE MOVEMENT OF GASES 


In direct-fired kilns in which the gases move lengthwise from 
the furnaces, the longitudinal movement is simply continued to 
a@ point near the entrance end where they are drawn off and 
discharged through a suitable fan. However, these hot gases 
naturally rise to the top of the tunnel and follow the paths of 
least resistance along the top and side walls; therefore some 
means must be provided to change the direction of their flow 
and cause them to come in contact with all parts of the setting so 
that all the materials will be preheated equally in the preheating 
zone. Several devices are used to cause the hot gases to move 
downward and crosswise through this zone. 

In the kiln shown in Fig. 1 baffles are built along the sides so 
that the cars are alternately in wide and narrow spaces. The 
wide spaces have a 2-ft. clearance on each side of the cars and 
the narrow spaces 4'/, in. These spaces are each the length of 
one car. The principle is that the alternate constrictions and 
dilations of the current of gases moving through the tunnel will 
establish secondary currents which will pass through all parts of 
the setting. Also, there are flues in the tops of the cars through 
which the suction of the fan is applied to draw the gases down- 
ward. The gases are drawn off through ports near the end of the 
kiln at the level of the flues in the cars and just above the cars. 
The cooling zone of this kiln is muffled—that is, part of the cooling 
air passes through steel and refractory tubes along the side walls, 
and at the hot end is taken out to be used in driers and elsewhere 
in the plant. Final cooling is completed in the rapid cooling 
zone, and the air that is heated there is led to the furnaces where 
it is used for combustion. There is a current of air in the tunnel 
in the cooling zone also; this passes on through the tunnel, mixes 
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with the products of combustion in the firing zone, and moves 
with them to the entrance end. 

The kiln shown in Fig. 3 is designed especially for firing heavy- 
clay products such as common brick, face brick, paving brick, and 
fireclay refractories. These wares are made of comparatively 
crude clays containing carbon and sulphur which must be re- 
moved by oxidation in the preheating zone. This introduces a 
complicated problem that is not met when other materials are 
heated. The products of combustion pick up carbon and sulphur, 
and clean hot air is added in the preheating zone to facilitate the 
quick oxidation that is essential in the tunnel kiln. This hot air 
is taken from the double crown in which it is heated as it passes 
over the cooling and firing zones. The curve of excess air in the 
preheating zone shows how the oxygen in the gases is depleted, 
then replenished when more air is added through the ports in the 
side walls and through the crown at the entrance end. In this 
kiln the hot gases are drawn off through a series of ports just above 
the car tops and distributed along about half of the preheating 
zone. The rate of heating can be controlled by dampers which 
regulate the amount of gases removed at each port. The curves 
of temperature accompanying the drawing of the kiln show how 
some materials are heated rapidly at the beginning, and others 
are heated slowly at the beginning and more rapidly as they 
approach the firing zone. All the products of combustion are 
removed before they reach the end of the tunnel, and at the end 
of the tunnel hot air from the double crown is blown in from the 
top and moves with the ware to the outlet ports. Thus the 
moisture is removed in an atmosphere of clean warm air and there 
is no possibility of sulphur, carried with the products of com- 
bustion, being deposited on and absorbed by the moist clay, 
which might discolor the bricks. Equal distribution of heat in 
the preheating zone of this kiln is accomplished in a number of 
ways: The hot gases are drawn downward by the draft at the 
outlet ports; the side walls are staggered as shown in the plan 
view; baffles are built in the top of the tunnel to force the gases 
downward, as shown in Fig. 9; the walls slope inward toward the 
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Soping ide wa 
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Fic. 9 Typicat Cross-Section oF KILN SHOWN IN Fic. 3 


top and the ware is set closer at the top than at the bottom, so 
that more of the gases will move through the bottom. The ware 
is cooled by air passing through it in the cooling zone. More 
air is preheated in this way than is needed in the kiln, therefore 
part of it passes on through the firing zone and the remainder is 
removed at the hot end of the cooling zone to be used in driers. 
Fig. 10 represents a direct-fired kiln in which the preheating 
gases move lengthwise through the tunnel. To draw them 
through the ware the draft in the preheating chamber is reversed 
periodically, so that they are drawn out first through one side, 
then through the other. This gives a crosswise movement to the 
gases. A number of outlets are provided, which may be spread 
over a length as great as 100 ft., permitting the gases to be with- 
drawn at different points. In this way the heating curve in this 
region can be modified to suit the ware. Most of the hot air is 
taken from the cooling zone of this kiln to be used in driers. 
The entering air for cooling is first blown through a steel shell 
which forms a rapid cooling zone, then enters the main cooling 
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zone. In this kiln, air for combustion is heated in 
cooling walls which surround the sides and top of the 
furnaces. 


Fig. 11 is a kiln in which preheating is done by | gptrance end %! combustion Checkered wall of combustion chamber 


Firing zone———-+ 


Preheating zone 


Cooling air to tubes Exit end 


hot products of combustion moving lengthwise ed 
° . -- 

through the preheating zone. Baffles are provided Baffle walls. || = 

along the side walls to force the hot gases into con- Od-- || | 

tact with the ware. In the cooling zone the cool- bad oooa ° 9 

ing air is confined in tubes, and the air thus heated Wratten ee ; 


is used in the furnaces. 


MoveMENT OF GASES IN MUFFLE KILNS 


Direction of movement of ware > + Air 


In muffle kilns the products of combustion Fic. 11 Exevation or TunneL Kitn With WALL SEPARATING 


are confined in the same type of muffles as are 

used in the firing zone, until they have passed 

through two-thirds of the preheating zone, when they pass into 
a bank of tubes through which they are drawn to the en- 
trance end and exhausted through a fan. The heat is carried 
from the muffles and tubes to the ware by clean air which moves 
through the tunnel with the cars with a spiral flow imparted to 
it by its change of density as it is heated and cooled; it is heated 
by the hot muffles or tubes, rises to the top of the tunnel, passes 
downward through the ware and gives up its heat, then back to 
the muffles or tubes, as shown in section B-B, Fig. 6. This type 
of movement results in very even heating. Similarly, part of 
the cooling air is confined in muffle tubes, but in the cooling zone 
the movement of the air in the tunnel is upward through the ware 
and downward over the cooler tubes, as shown in section C-C, 
Fig. 6. The hot air from the tubes is not needed in the kiln, and 
is used elsewhere in the plant. The hot air in the tunnel is drawn 
out at the discharge end of the firing zone and is used in the 
muffles for combustion. 

In the muffle kiln shown in Fig. 7 a reducing atmosphere is 
required in the tunnel, therefore the hot gases from the preheating 
muffle tubes are discharged into the tunnel near the entrance 
end; most of them are drawn on to the outlet ports at the en- 
trance end, but enough are drawn back along the tunnel with the 
ware to provide the reducing atmosphere. The curves of tem- 
perature show the temperatures of gases in the kiln and of the 


COMBUSTION CHAMBER From WARE 


steel sheets, which are inclosed in annealing boxes. A sharp 
rise in the temperature of the gases will be noted at the point 
where the muffle tubes open into the tunnel. 


MoveMENT OF GASES IN A TwINn KILN 


In twin kilns like the one shown in Fig. 5, the two tunnels are 
fired independently, but are connected to form a single tunnel in 
the preheating and cooling zones; the cars move in opposite 
directions on the two tracks so that the heat given off by the ware 
cooling on one track is used to preheat the ware entering on the 
adjoining track. Thus the cooling zone of one tunnel is the 
preheating zone of the other. The curve subjoined to Fig. 5 
shows temperatures in the tunnel in which the ware moves from 
left to right; the curve of temperature in the adjacent tunnel is 
the reverse of the one shown. The heat is transferred from the 
cooling loads to the preheating loads by convection currents of 
air. To prevent this air from being contaminated and to control 
the rate of heating and cooling, some fresh air is added and some 
warm air is removed continuously from these sections of the kiln. 


CrosswiIsE MoveMENT OF GASES 


In the kiln shown in Fig. 4 the gases in the preheating zone are 
moved across the tunnel as in the firing zone. In double-track 
kilns of this type, single regenerators are built in the walls in 
the preheating zone to preheat 
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entrance end. In the cooling 
zone, single regenerators are built 
in the walls to heat the cooling 
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air to near the temperature of 
the ware in order to prevent 
damage to the ware by too rapid 


cooling; or, if regenerators are 
not used, some hot gases from 
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published descriptions of kilns 
that have been built, and from 
patent drawings. Such data of 
operation as are given have been 
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supplied by builders and operators. The information available 
on the quantities of air and gases passed through the various 
parts of the kilns, their velocities, temperatures, and composi- 
tions, and the drafts and pressures used to move them are in- 
adequate for a scientific analysis of any of the kilns; but the 
author is hopeful that this paper may arouse interest in scientific 
study of these kilns which will undoubtedly lead to many im- 
provements in construction and the control of their operation. 


Discussion 


W. W. Perrisone.‘ A report from an experiment made on a 
Haigh continuous kiln may be of interest in this connection. 
This kiln is used in burning brick and tile in the South, and has 
been fired with oil since it was built. Curious as to the possi- 
bility of firing it with pulverized coal, unit pulverizers were 
mounted on small trucks in the kiln. In kilns of this type the 
material is placed. in position and the firing is advanced down the 
sides of one kiln and up the sides of another, the gas traveling 
countercurrent to the placing of the material. Four different 
burns were made during this experiment; the first with bitumin- 
ous coal, and the second with petroleum coke. On the third burn 
a central flue 21 in. wide and 54 in. high was run from door to door 
through the ware, and the burner was pushed up within 3 ft. of 
ware as against 7 ft. on the first two burns. The idea was to 
put heat directly under the ware, and the use of a long flue would 
aid in getting the heat to the center of the kiln and also provide 
additional space in which the ash could accumulate. On the 
fourth burn the long flue was cut down to 21 in. wide by 36 in. 
high, and a 16-in. partition was put across the middle which kept 
the flame from either burner going beyond the center of the 
chamber. On this burn the burner was pulled back to within 5 
ft. of the ware. 

In regard to fuel consumption, over a 10-hour period the oil 
consumption was 3.02 bbl., while 0.755 ton of coal was consumed 
for an equivalent period; the coal was of a rather poor quality, 
analyzing 16.6 per cent ash, 28.20 per cent volatile matter, and 
55.20 per cent carbon, with a heat value of 12,122 B.t.u. per lb. 
as fired. 

The power consumption for atomizing the oil amounted to 83.5 
kw. for the 10 hours; the power consumption for pulverized coal 
was about ten times as much. 


D. B. Henpryx.’ The tunnel kiln, as the author has pointed 
out, saves about 50 to 60 per cent of the fuel, and as the cost of 
fuel is about one-third the cost of making brick, this is a very 
important item. However, a tunnel kiln for burning heavy-clay 
products will cost from $100,000 to $150,000, including the cars 
that are used in it, and it can readily be seen that the saving on 
the fuel consumption alone would not much more than pay inter- 
est on the investment in the kiln. 

Several attempts have been made to apply these kilns to an old 
existing plant, but to no avail. These kilns can be a success only 
when they not only save fuel but improve the quality of the ware 
and save the labor used in handling it. It is difficult to do all 
this on an old plant, and from an experience covering about ten 
years with these kilns the writer feels that the only really eco- 
nomic procedure is to build an entirely new plant. This, however, 
means an investment of a half million to a million dollars, and it 
is this consideration that is slowly but gradually revolutionizing 
the manufacture of building brick and firebrick. It is easy 
enough to assume that cold air can be put in one end of the kiln, 


‘ Vice-President and Chief Engineer, Fuel Efficiency Corporation, 
Birmingham, Ala. Mem. A.S.M.E. 
5 Harbison-Walker Refractories Company, Pittsburgh, Pa. 
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heated up as it goes through the cooling brick, and then, by burn- 
ing a little more fuel, it will vitrify the brick, after which the 
products of combustion and the preheated air can be led down 
through the preheating end of the kiln and used to heat up the in- 
coming brick. But the trouble is that the flow of gases in the kiln 
does not follow the little arrows that were put on the drawings 
when the kiln was designed. 

The writer’s company has long furnaces running from 350 up 
to 550 ft. in length; when gases are pulled lengthwise through 
each long tunnel, they naturally tend to rise to the top, and all 
sorts of expedients have been adopted to bring them to the 
bottom of the car—this as regards the heating end of the kiln. 

In the central section of the kiln, where the highest temperature 
occurs, if the heat is applied so that it will go downward through 
the ware, it will likely overburn the top and underheat the bottom 
as the heat tends to hang to the top of the kiln and will not go to 
the bottom. If the gases are fired in the bottom this will soften 
the brick which are carrying the weight above them and will tend 
to spoil the shape and even upset the load on the car. 

Another trouble that enters into the burning of ceramic prod- 
ucts is that a brick is a thick, dense mass of material which is 
not a good conductor of heat. In the early part of the kiln it is 
necessary to heat the brick clear through in order to drive the 
sulphur, carbon, and water out of it. Unless the heat is properly 
applied and rapidly circulated this will not be accomplished be- 
fore the brick reaches the high-temperature section of the kiln. 
In the burning section the flame temperature has to be kept down 
very close to that of the brick. Otherwise the outside of the 
brick will be vitrified while the inside is never properly heated 


P. Nicnouts.* Is not the kiln under discussion a good illus- 
tration of the fact that as we complicate our processes we need 
more and better engineering ability, more study of the apparatus, 
materials, and processes than we do when we use simple devices? 
A good operator for a simple type of kiln is one who has been 
trained and brought up with it and perhaps has inherited his 
knowledge from his father. 

Is it not probable too, that there is little literature on the results 
of tests of this more complicated method of burning, because the 
processes have been patented or depend upon proprietary know!- 
edge or experience; has not the time come when there should be 
more general investigation of the detailed factors that enter into 
the operation, which, as Mr. Hendryx has pointed out, are those 
which finally determine whether the operation is successful? 


AvuTHOoR’s CLOSURE 


The remarks of the discussors have helped to emphasize salient 
points in connection with the operation of tunnel kilns. 

In replay to the question of Mr. R. L. Menier,? when firing 
china ware the products of combustion leave the kilns at temper- 
atures as low as 250 or 300 deg. fahr. This ware is commonly 
placed in saggers on the cars—in some kilns to protect it from 
contact with the products of combustion, and in others largely to 
facilitate handling. 

Mr. F. E. Leahy® asks a question in regard to the kiln shown in 
Fig. 7. In this kiln the products of combustion pass from the 
muffle tubes into the tunnel at a point 50 ft. from the entrance 
end; from this point some of the gases are exhausted toward the 
entrance end, and the remainder fill the tunnel and pass to the 
exit end with the cars. This is done to avoid the presence o! an 
oxidizing atmosphere in the tunnel. The movement of these 
gases in the tunnel is the same as is shown for air in the cross- 
sections in Fig. 6. 

6 U.S. Bureau of Mines, Pittsburgh, Pa. 

7 Syracuse Lighting Company, Syracuse, N. Y. 

§ Consulting Fuel Engineer, Youngstown, Ohio. 


Bee 
+, 
— 


Recent Developments and Improvements in 
the Baffling of Vertical Boilers 


By A. C. DANKS,!' CLEVELAND, OHIO 


vertical boiler has been given less study than the baffle. 

It has been customary since the development of this 
type of boiler to travel the gases practically parallel to the tubes 
in the various banks to some point at either end of the bank, 
where the direction was reversed to allow the gas to enter the 
next bank. 

The only modification that seemed possible under this system 
of baffling was changing the length of the baffle at either one 
end or the other or placing the various baffles between the differ- 
ent rows of tubes, but in nowise changing the general direction 
of flow through the boiler. 

This method of baffling produces certain characteristics within 
the boiler that were inherent in this particular type, and in an 
effort to increase the output and if possible to modify the effi- 
ciency, the tubes were split up into as many as four and occa- 
sionally five passes, in this manner increasing the draft loss 
through the setting, forming pockets that could not readily be 
cleaned and introducing construction difficulties that were some- 
times serious. 

For the construction of this type of baffle, in nearly all cases, 
flat tile were used, in which the weight of the tile alone was 
depended upon to hold it in place; and in some instances, more 
especially where boilers are operated on blast-furnace gas, ex- 
plosions occur in the setting under certain conditions that often 
cause many of these tile to be blown out of place, thus allowing 
the gas to short-circuit and entirely destroy the effect of the 
baffle. 

To obviate this difficulty, some manufacturers resorted to the 
expedient of clamping each tile to the tubes, and this method, 
while effective, introduced a construction that was expensive 
and complicated. 

In an effort to keep this type of baffling clean, the locations of 
certain of the soot-blower elements became such that their de- 
struction was rapid, and in many cases the pockets that were 
formed, especially when four passes were resorted to, were such 
that the soot blowers were rendered very ineffective in such 
locations. 

The substitution of interlocking tile for the customary flat 
tile in this type of baffle construction, while it materially helped 
to keep the tile in place and eliminated many leaks, did not 
lend itself to any changes in design of the-baffle outlines and did 
not allow a modification of the passages through the boiler to 
have them conform to the volumes of gas that were passing 
through it and changing in volume with their changes in tem- 
perature, and consequently changing in velocity. 

Like many other improvements in apparatus from time to 
time, particularly in connection with power-plant development, 
the origin of cross-baffling of this type of boiler was the result of 
trouble and was developed by the author several years ago, 
application being made for basic methods patents and having 
been allowed shortly after the completion of the original instal- 
lation shown in Fig. 2. In the fall of 1924 it was noticed on a 
400-hp. vertical boiler that the rating could not be secured with 
the burner installation as it had been designed. All efforts to 


Precatt no feature in connection with the operation of the 


‘ President and Treasurer, Ashmead-Danks Company. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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effect an improvement by the change of draft, increasing the 
pressure of burners, and other schemes finally indicated that the 
gas was not being allowed to get away from the boiler. This 
resulted in a study of the actual areas at the various passes in the 
setting, and it was found that the net areas through the various 
points at which the gas was compelled to pass in getting from 
one bank of tubes to the other were from 10 to 50 per cent below 
the areas through the breeching; and using this opening through 
the breeching as a preliminary starting point on which to base 
the various openings through the passes, a curve was prepared 
that would show this comparison of areas as plotted against 
this damper opening. 

This curve is shown in Fig. 1, and it will be noticed that all 
but one of the openings through the various passes in the original 
baffling were decidedly below that of the breeching area. In 
order to form a starting point with which to work, a point slightly 
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Fia. 1 Curve SHow1nc CoMPARATIVE AREAS ON THE ORIGINAL 
INSTALLATION 


above the breeching area was selected as a minimum opening to 
be used, and the openings were so proportioned to give net areas 
after the interference of the tubes had been deducted as to give 
a curve as shown at A on Fig. 1, it being the idea to have this curve 
as nearly true as possible to the shrinkage in the gas volume with 
its temperature drop through the setting. It was soon found, 
however, that the length of tubes in various banks and the 
locations of superheaters combined to introduce irregularities 
in what was considered to be the ideal curve. 

The completed baffle as laid out according to these curves 
is shown in Fig. 2, and photographs of the completed baffle are 
shown in Figs. 3 and 4. This original installation and a few 
of the early ones that followed it were based almost wholly 
on a comparison of areas through the passes as compared with 
the opening through the manufacturer’s breeching. It was soon 
discovered, however, that this later figure was not suitable for 
this comparison owing to the apparent inconsistencies in these 
openings in connection with the various sized boilers, as it was 
found that a large range in size of boilers carried the same size 
damper box; hence, any attempt to base terminal velocities 
through the tubes in the last pass of the boiler on velocities 
through the breeching, or to make these two figures bear any 
certain relation, was not practical. 
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iFie. 2 Orternat 400-Hp. Borter To Be Barrtep UNpeR Tuis 
SysTEM 


In making the original installation just referred to, the primary 
object in view was, as stated, to remove the restrictions and allow 


-an easier flow of gas through the boiler and thus give the gas 


burners an opportunity to function properly. 

In making this original study, several other characteristics 
were noticed in connection with this design that promised to 
be of even more importance than the primary object for which 
we were working. ‘The principal one of these was the rearrange- 
ment of the heating surface with regard to the passes, as with 
the layout made in such a manner it was discovered that a 
materially greater amount of tube surface was made possible 
to be located in the first and second passes of the boiler than 
was possible in the original method of baffling. It was found, 
too, that this percentage of heating surface varied with each 
particular type and in some cases with the different sizes of the 
various types of boilers. This change in percentage of heating 
. surface in one type of boiler with the original baffling was found 
to be approximately as follows when tube surfaces only are 
considered: 


35.8% in the first pass 
32.4% in the second pass 
31.8% in the third pass 


or very close to an equal division of the heating surface in each 
of the three banks. 

With the rearrangement of the baffle, as it is shown in the 
type of boiler in Fig. 4, this made possible a distribution of the 
heating surface as follows: 


44.85% in the first pass 
29.4% in the second pass 
25.75% in the third pass 


in other words, an increase in the heating surface in the first two 
passes from approximately 68 to 75 per cent; and while this same 
- proportion has not always followed in each particular case, 
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it has nevertheless been found true that, generally speaking, 
the percentage of heating surface in the first two passes of the 
boiler can be increased materially with this design of baffle and 
in many cases is even much more than the figure given. 

Again referring to the curve of Fig. 1 in the earlier layouts, 
an effort was made, as pointed out, to keep this curve as nearly 
a gradual rise and as uniform as possible; and while this same con- 
dition applies at the present time in the knowledge of what has 
been learned, it has been found that the certain slight deviations 
on this curve that are brought about by the result of the length 
of tubes in the middle bank of the boiler and other irregularities, 
do not have as much bearing on the results as was at first con- 
sidered would be the case. 

The location of the vertical portion of the front baffle has be- 
come a matter of more or less standard practice in connection 
with this design at the present time and follows very closely) 
the results secured by tests that were made a number of years 
ago by one or two of the large public-service companies and 
others that have investigated this question. 

This location is usually between the second and third or be- 
tween the third and fourth tubes in the first bank, owing princi- 
pally to the acknowledged fact that radiant heat is responsible 
for much of the steam generation occurring in the first two or 
three rows of tubes and also to the fact that this is not effective 
much farther back than the third row of tubes. 

Aside from reasons of heat transfer, the question of slag for- 
mation and dust deposits with certain fuels unquestionably gives 
this location of this portion of the baffle preference in many 
instances. The location, too, of the vertical portion of the 
rear baffle has been found to have a very definite location, this 
location being as far back as possible on the third bank to include 
as many tubes as possible of this bank at the end of the first 


Fie. 3 Oriernat 400-Hp. Borter To Be BaFFLep, SHow1ne LowE® 
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pass; and certain types of boilers lend themselves advantageously 
to this type of baffling without using this portion of the baffle at 
all. With the original installation some question was raised as 
to the advisability of protecting the rear drum of the boiler, 
and on the installation in question it was finally decided that 
this was not necessary, which decision was upheld both by the 
insurance company and the Ohio state boiler inspectors; and 
while the manufacturers of the various types of vertical boilers do 
not all seem to be agreed on this particular question, it is interest- 
ing to notice that the original installation is still in operation after 
approximately three years of hard service without in anywise 
causing injury to the rear drum that at least is visible by close 
inspection both externally and internally. It will be noticed, too, 
that the original installation, as shown in Fig. 2, did not have a 
superheater, and consequently it was possible to lay out the baffle 
without regard to this particular feature; and as will be shown 
later, this sometimes introduces a factor causing departures 
from what in the light of our present knowledge seems to be 
the best practice for this design. 

A slight contrast in outline is seen between Fig. 5 and Fig. 2 
which is brought about chiefly by the difference in type of boilers 
and not owing to the fact that one has a superheater and the 
other does not, as in this particular case the superheater shown in 
Fig. 5 was designed to occupy as much of the vacant space be- 
tween the tube banks as possible and at the same time give 
the desired superheat. The result of this change in baffle de- 
sign on these initial boilers was entirely satisfactory and accom- 
plished in every way the purpose for which they were installed, 
and in addition it made available an appreciable percentage of 
rating increase and resulted in an operation of the boilers that 
were entirely free from the irregularities of the flow and “‘puffing” 
that is sometimes noticeable in boilers operating on blast-furnace 
gas. 

It is unquestionably the fact that the increase in rating made 
available was brought about by several features: First, possibly 
the increase in the amount of gas that could be handled with 
the lower draft loss; secondly, to the effect of the cross-travel of 
the gas over the tubes; thirdly, to the rearrangement of the heat- 
ing surface with regard to the passes. Just what percentage 
of gain is traceable to each of these factors is impossible to say. 
While complete tests of this boiler have unfortunately not been 
available, the following draft losses through the setting will serve 
to indicate the conditions under which the boiler was operating 
and will serve as a check on more complete sets of readings that 
were taken from a boiler operating on the same fuel just recently 
under conditions very similar: 


DRAFT READINGS No. 1, TAKEN DECEMBER 29, 1925, THROUGH 


400-HP. VERTICAL BOILER SHOWN IN FIG. 2 
Connection 
numbers* J 2 3 4. 5 
1 0.05 0.0 0.0 0.04 plus 0.03 plus 
2 0.02 0.0 0.03 plus 0.04 plus 0.07 plus 
3 0.03 0.03 0.02 0.01 plus 0.03 plus 
4 0.15 0.10 0.10 0.08 0.07 
5 0.36 0.32 0.42 0.19 0.30 
6 0.45 0.42 0.43 0.41 0.40 


© Connection numbers refer to positions shown on Fig. 2, and the read- 
dnt taken at plant-operating conditions of approximately 150 per cent 

As this was the original boiler to be baffled over this method 
and as it is located in the city of Cleveland, it was watched with 
considerable interest by many; and in passing, the author wishes 
to acknowledge indebtedness to the late Mr. Willard Brown, 
member of this society, through whose cooperation this original 
installation was made possible along the lines of what was con- 
sidered then an entirely radical idea. The boiler shown in Fig. 
5 was the second one to be baffled in this particular plant over 
this system, and it might be added that this design is being ex- 
tended to all boilers in the plant as fast as possible. 


The second boiler to be baffled over this system was not under- 
taken until about a year later, or until this design had been given 
an opportunity to be tested out both from a question of standing 
up from a constructional standpoint and at the same time as to 
the desirability of this design from an efficiency standpoint. 
This second boiler was one of the small low-test type of which 
there are a great many in operation and one in which four-pass 
baffling had been resorted to in order to increase the efficiency, 


Fic. 4 Ortearnat 400-Hp. Borer To Be SHow1nG Com- 
PLETED REAR BAFFLE AND COMPLETED UPPER PorTION OF FRONT 
BAFFLE 


and although in operation with the aid of induced draft, the 
drop through the setting under these conditions was such that 
the power required for the operation of an induced-draft fan 
equipment was considerable. The general outline of this boiler 
is shown in Fig. 6, in which the original baffle is shown in the 
hatched section while the proposed cross-baffle layout is shown 
in the solid lines, while the figures on the print at the ends 
of the various passes are the draft readings that prevailed with 
the original setting and before any change is made in the baffle. 

In order to get an idea of the restrictions that were encountered 
in this particular setting, a chart was again prepared in which the 
net areas involved were compared, and this is shown in Fig. 7, 
and again, for comparative purposes only, the quantities were 
all referred to the area through the breeching; and it will be 
noticed from this point that several serious restrictions occurred 
in the vertical method of baffling that it was impossible to remove 
by any adjustment of baffle location under this system. 

The lower curve, or the dotted line, shows the areas through 
the original baffle, while the upper curve, or the solid line, indi- 
cates the areas through the cross-baffle. It will be noticed in 
connection with this upper curve that point 3 is considerably 
out of the normal line of the curve, and this point being the 
distance between the center drum and the horizontal part of the 
front baffle is subject to variation with the varying lengths of 
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the tubes in the middle bank of any boiler of this type and con- 
stitutes one of the irregularities already referred to, and for this 
reason each particular boiler has a layout that is best suited to 
its particular type; and while the fundamental idea is a gradual 
reduction in the area of the openings from the front to the rear 
of the setting in as uniform a manner as is possible and consis- 
tent with the decrease in gas volumes, variations of this kind are 
taken into consideration, and at the same time, as will be pointed 
out later, the percentage of heating surface traveled over by the 
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Fic. 5 400-Hp. Boiter To Be BAFFLED IN PLANT OF THE 
OriGinaL INSTALLATION, WiTH ARRANGEMENT OF SUPERHEATER 


gases is also considered in each design, and the later practice has 
shown this method to more truly indicate the velocities en- 
countered when this factor is considered owing naturally to the 
change in temperature of the gases as influenced by the per- 
centage of heating surface over which it has passed as well as the 
temperature of this surface. In Fig. 8 is shown the drawing of 
this baffle as it was finally executed and as it exists at the present 
time, having been in operation slightly over two years. 

The preliminary readings taken from this installation were 
interesting in the extreme as it was the first boiler of this type in 
which the four-pass vertical baffle had been replaced by a cross- 
baffle, and these preliminary readings are given in a comparison 
with the readings taken over a month’s run on this same boiler 
before taking it off the line for the purpose of baffling; and one 
thing that will be noticed in the readings is that, upon the change 
of baffling, it was possible to materially increase the rating with- 
out particular effort. The reduction in draft loss through the 
boiler is also quite noticeable, and this when translated in terms of 
power reduction in the induced-draft fan system for the entire house 
represents quite an appreciable figure. These readings follow: 
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PRELIMINARY READINGS NO. 2 


8 
Feed-water temperature.................... 279 270 
Boiler-horsepower developed................ 5380 650 
Manufacturer’s ratings...................-.. 835 335 
Manufacturer’s rating developed, per cent.... 158 194 
Exit flue-gas temperature................... 590 610 
Equivalent evaporation per lb. of coal fired. . . 6.60 7.10 


Various other readings were taken from time to time when 
opportunity offered, more particularly for the purpose of checking 
the original readings, particularly from a draft standpoint, as 
in this particular installation this was the critical consideration. 
The readings as given in Readings Nos. 3 and 4 show such check 
draft readings, in No. 3 both temperatures and drafts being 
given through the setting shown in Fig. 8. Readings No. 4 
show draft readings only as taken at the points indicated by 
the figures on Fig. 8. The location figures also given in No. 3 
refer to the numerals shown on Fig. 8 at the various points 
through the setting. Readings Nos. 3 and 4 are as follows: 

DRAFT AND TEMPERATURE READINGS NO. 3 


‘lemperature Draft 
Location No. 1 1040 0.15 
Location No. 3 702 0.35 
Location No. 6 521 0.76 
Location No. 7 537 1.45 


DRAFT READINGS NO. 4 
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Fic. 6 Section Seconp Borter To Be Cross-BarrleD, 
SHOWING COMPARISON OF VERTICAL AND Cross-BAFFLES 


Later on in order to more completely check the previous 
preliminary readings that had been taken, a more complete 
test was run under conditions that would be comparable to 4 
similar test that had been run on this particular boiler at a pre 
vious date, and the results of this test are given in Table 1. 
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TABLE 1 TESTS ON 335-HP. STIRLING BOILER 
Equipment and capacities: 
Kind of boiler, Stirling 
Heating surface, 3350 sq. ft. 
Kind of grate, B. & W. chain grate 
Grate surface, 8’0” wide by 10’6” long 
Ratio of water heating surface to grate surface, 39.85 
Kind of draft, induced 


Eaco cross- Standard 
baffle baffle 
Date.. Jam. 6, 1928 July 24, 1920 
Duration, hr..... wid 6 
Size of coal. . Slack 
screenings 
Average pressures, temperatures, etc.: 
Steam pressure by gage, Ib................... 130.0 124.7 
Absolute steam pressure, 144.2 139.2 
Draft at damper, in. water. 0.49 1.01 
Draft in furnace, in. water. <a rp _ 0.21 0.29 
Draft loss > boiler, in. water. gid 0.28 0.82 
Temperature of feed water, deg. fabr....... 73.50 215.0 
Temperature of gases leaving boiler, deg. fahr.. 676.0 688.0 
Total quantities: 
Moisture in coal, per cent. Teer: sat 17.65 12.0 
Weight of dry coal fired, Ib. eee ; 12662.0 12997 .6 
Weight of water as fed to boiler, es 3 86454 102072.0 
Factor of evaporation. 1.186 1.04 
Total units evaporation. . 102560 106154.9 
Capacity: 
Boiler-horsepower developed...... aided 495 512.8 
Rated boiler-horsepower. . . 335 335.0 
Percentage of rating......... 147.8 153.07 
11630 10912.0 
Economy results: 
Water per pound of dry coal.. : 6.82 7.86 
Units of evaporation per pound ‘of dry c coal. 8.10 8.16 
Efficiency of boiler furnace and ee. Salta 67.6 72.63 


In considering the test given in Table No. 2, a question may be 
raised in connection with the final exit temperature which is 
high, but it was thought at the time this test was being run that 
on account of the thickness of the fuel bed and the especially 
high ratings that this represented for this particular stoker in- 
stallation, there was some secondary combustion taking place 
in the earlier passes of the boiler that was making its influence 
felt upon the final temperature. 
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It was interesting to find out, some time after the tests were 
made, that this was actually the case, and upon investigation 
by the operators through the various side doors of the boiler it 


was found that under practically all ratings there was some 
secondary combustion, and in ratings of over 200 per cent the 
flame was seen to carry down as far as the lower end of the rear 
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Fie. 8 Finat ARRANGEMENT OF SEconpD BorLer To Be 
A 335-Hp. Borer 


baffle, and it was found later that owing to the very small furnace 
volume available and the ratings at which it was decided to run 
under this particular condition it was impossible to prevent this 


TABLE 2 TESTS ON 335-HP. STIRLING BOILER 
Equipment and capacities: 
Kind of boiler, Stirling 
Heating surface, 3350 sq. ft. 
Kind of grate, B. & W. chain grate 
Grate surface, 8’0” wide by 10’6” long 
Ratio of water-heating surface to grate surface, 39.85 
Kind of draft, induced 


Enco cross- Standard 
baffle 
Kind of coal. . . Indiana 4th vein Slack 
Size of coal. . 11/4” screenings 
Height of grate, in.. 6 5.34 
Average pressures, temperatures, etc.: 
Steam pressure by gage, Ib.................... 145 143.3 
Draft at damper, in. water.. 1.17 1.06 
Draft in furnace, in. water. thi hin aie 0.37 0.19 
Draft loss through boiler, in water.. 0.80 
Temperature of feed water, deg. fahr... a 74.3 203.3 
Temperature of gases leaving boiler, deg. ‘fahr... 777 714 
Total quantities: 
Moisture in coal, per cent. . en 18.25 9. 
Weight of dry coal fired, Ib... ere 6336 17574.2 
Weight of water fed to boilers, 1 137058 
Factor of eva tion. 1.1873 1.054 
Total units o! evaporation. . 144459.1 
Capacity: 
Boiler-horsepower developed.................. 733 598.2 
Rated boiler-horsepower...................... 335 335 
218.8 178.6 
Economy results: 
Water per pound of dry coal.. a 6.725 
Units of evaporation per pound ‘of dry coal..... 7.984 
Efficiency of boiler furnace 64.7 168.6 
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condition. This indicates very plainly that furnace volume 
and the method of burning the fuel may have a bearing on the 
final stack temperatures for which the baffle outline may be im- 
properly blamed, and an effort is made in each particular in- 
stallation to study the combustion conditions, furnace volume, 
and other factors bearing on the final result as well as the baffle 
layout itself. This condition, however, is liable to prevail in 
the case of natural draft, such as this installation was operating 
under, rather than the forced draft because of the inability to 
carry within the furnace proper the most satisfactory pressure 
desirable, or in other words as nearly a balanced draft as possible. 
In test No. 3 in Table 1, in 
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One other feature in connection with this design that will be 
apparent is the fact that the baffling of a boiler of this type over 
this system is made possible with materially less actual linear 
feet of baffle surface, which in some instances becomes an im- 
portant consideration, and in one case on a boiler of this type the 
comparison was 728 sq. ft. of baffle surface with the standard 
arrangement against 494 sq. ft. with a cross-baffle. 

The same condition prevails in connection with the total 
linear feet of tube surface that may be placed in the first pass, 
as in this same boiler in which the area of baffle surfaces were 
just given the comparison of linear feet of tube surface in the 
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From these tests it was defi- 
nitely shown in this particular 
plant that ratings were possible 
with the cross-baffle that could 
not be equaled with the original baffle and the draft losses very 
much below the original figures, while generally speaking the 
flue-gas temperatures remained about the same with slight 
variations from one set of readings to the other between the 
four-pass and the three-pass settings in face of the increased 
ratings. 

In considering the change in baffling on this particular boiler, 
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it also should be pointed out that in making this change to 
the cross-baffle the original dust pockets that will be observed in 
the layout in Fig. 6 were entirely eliminated in the layout as 
shown in Fig. 8, with the result that much better cleaning of the 
setting was possible; and in commenting upon its operation the 
operators reported an entire absence of building up across the 
tubes of the front bank that had been occasioned from time 
to time in the original setting. It was also noticed in watching 
the observation through the doors in the side of the setting that 
with the low draft conditions prevailing with the changed baffle, 
it was possible to completely fill the setting, and the sharp turns 
at high velocity that are often characteristic in the vertical 
baffling were absent. 


Manufacturers Baffle Posses 


Fic. 10 CuRVE oF COMPARATIVE AREAS THROUGH Two BAFFLE ARRANGEMENTS 


first pass was 4003 and with the cross-baffle against 3675 with 
the original vertical baffle, and we feel that it is unquestionably 
the case that this fact, together with that of the cross-flow of 
gas over the tubes, is responsible for the increased ratings that 
have been available. 

After the completion of these two original installations, other 
applications followed rather rapidly in a number of different 
industries, and only some of these will be given, taken at random 
and from which there have been available figures that would in- 


TABLE 3 PRELIMINARY TEST 312-HP. STIRLING BOILER WITH 
ENCO CROSS-BAFFLE 
Equipment and capacities: 
Kind of boiler, Stirling water tube, underféed stoker 
Draft, forced draft with balanced-draft regulation 
Coal weighed in boxes and sealed and water weighed in tanks. 
Total quantities: 


Weight of water as fed to boiler, ‘Ib.. si 41628 
Actual evaporation per ean of coal, as fired. 10.3 
Factor of evaporation. . Se 1.13% 
Equivalent ev aporation, from and at 212 ? deg. fahr.. — 11.7 
Hourly quantities: 
Water evaporated per hour, Ib.. 8.3256 
Coal burned per hour, as fired, Ib.. : 805 
Average boiler-horsepower per hour, from and at 212 deg. fahr. 331.5 
Average boiler-horsepower per hour, feed-water 123 = fahr. 241.3 
Average percentage rating per hour.. 129.0 
Average pressure and temperature: 
Average feed-water fahr.. 123 
Average steam pressure... . 123.' 
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dicate the actual results that were being secured by the oper- 
ators in practice. 

One of the earlier boilers to be baffled in this system was a 
312-hp. unit, and in connection with this installation a velocity 
curve was prepared in which the percentage of heating surface 
passed over was considered, and this is shown in Fig. 9. Atten- 
tion should be called to the lower line of curve showing the uni- 
formly low velocity brought about by reason of the cross-baffle 
in comparison with the much higher velocity given from the 
vertical-type baffling. That the figures on this curve were 
apparently very close to correct was indicated when the pre- 
liminary test readings were taken after the boiler had been in 
operation a short while, and which are shown in Table 3. 


Section Turoveu 1446-Hp. BoiLer, SHOWING THE Cross- 
BAFFLE ONLY 


Fic. 11 


In Table 3 it will be noticed that at the particular rating under 
which this boiler was being operated at the time the total drop 
through the boiler was very slight, and that the heat absorption 
was effective is also indicated in the exit gas temperatures. 
Possibly the best indication of the performance of this particular 
boiler was the fact that a very short time after this installation 
was made the remaining boilers in this plant were baffled over 
this system. 

Using the results secured in this last installation as a basis 
48 to what might be expected from this system, this same holding 
company arranged for the installation of baffle on their 312-hp. 
boilers. These two boilers are the low-set type, and the baffle 
if so arranged as to give approximately right-angle travel to 
the gas over as long a distance as is possible, thus creating in 
effect the same result in this type of boiler as has been found 
80 successful in a horizontal boiler. While no tests have been 
available from these installations on account of the compara- 


tively recent date at which the installation was completed, the 
operators have expressed themselves as very well pleased with 
the results secured, and it is hoped in the near future that com- 
plete operating data will be available. It is interesting to call 
attention to this installation as it was one of the first boilers in 
which protective covering was extended from the rear baffles 
to the center drum at the request of the customer and upon the 
recommendation of the boiler manufacturers. It might also 
be of interest to note that this is now standard practice on some 
types of boilers, although there seems to be a wide difference of 
opinion among the boiler manufacturers as to the advisability 
of this protection being afforded to this rear drum; and while 
under some conditions of operation, particularly wherein serious 
secondary combustion has been known to occur, protection 
of this type is unquestionably advisable, particularly if there 
are no circulating tubes between the middle and rear drum of 
the boiler, there are quite a number of boilers in operation 
baffled in this manner without these circulating tubes and without 
this protection in which no indication of damage has ever been 
apparent. 

In this same connection it might also be added that there is 
somewhat of a difference of opinion so far as the boiler manufac- 
turers are concerned as to the location of the vertical portion of 
the rear baffle, as is shown on most of these figures submitted. 

Wherever possible an effort is made to locate this portion 
of the baffle as far back as possible, preferably behind the last 
row of tubes, and thus gain the advantage of all the cross-travel 
possible with the particular setting in question; and while the 
stand has been taken by some engineers that in doing this there 
was a possibility of interfering with the downflow of water in 
the rear bank, others have been equally insistent that this ele- 
ment of uncertainty was not present. As a matter of fact the 
number of boilers baffled in both ways is about equal, and there 
have been no indications from any of the installations outstanding 
at the present time that one location over the other has any par- 
ticular advantage as far as circulation is concerned, but it has 
been definitely established that the more surface that can be 
made to enter into the complete cross-travel of the gas, the more 
efficient has been the heat absorption, and unless other conditions 
are encountered that prevent it an effort is made to have this 
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Fercentage of Heating Surface Passed Over 


Fig. 12 Vevociry Curve Appiiep To Two SETTINGS 


portion of the baffle as far back on the rear bank of tubes as is 
possible. 

While the installations thus far described and shown have been 
usually of the smaller size boilers, as would naturally be ex- 
pected of the earlier boilers to be baffled over a system so radi- 
cally different from the prevailing practice, the success of these 
smaller boilers gradually led to the installation on much larger 
size boilers and to installations varying widely both in their 
methods of operation and as to the type of fuel burned, so that 
at the present time the boilers are in operation up to 1446 hp., 
operating on blast furnace gas, powdered coal, and practically 
all types of stoker firing. 
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Possibly one of the most important installations to be made 
was that of a 1446-hp. boiler, which boiler has now been in oper- 
ation about six months of actual running time, during which 
time a number of readings and tests have been taken that would 
indicate very clearly just what may be expected from an instal- 


Fie. 13 View oF ComPLeTED BAFFLE oF 1446-Hp. BorLer 


lation of this type of baffling on what may be considered as a 
typical example of the large modern vertical boiler. 

In considering the application of the cross-baffle to this 
boiler, the original method of comparing the actual areas through 
the boiler were resorted to owing to the fact that the original 
baffle was of the four-pass type, as shown in Fig. 11, and in con- 
sidering the fact that it was the first one of the largest boilers 
of this type to-.be cross-baffled, the areas through the existing 
baffle were checked carefully against the proposed areas and the 
cross-baffles, with the results shown in the curve in Fig. 10, 
in which it will be noticed that there were several serious restric- 
tions that it was practically impossible to remove with a baffle 
of this design. In considering the areas through the various 
portions of the baffle and more particularly at the ends of the 
baffle, it should be realized that the obstructions to flow that 
are deducted are in most cases the projected area of the tube 
diameter by its length, while at turns it is only the end pro- 
jection of the diameter. Also it should be realized that the 
effective opening through the tubes is only about 48 per cent of 
the furnace width when considering cross-flow. 

The draft drop under normal operating conditions on this 
boiler was approximately 1.8 in., occasionally going slightly 
higher at the peaks. 

As well as checking carefully the areas at the various points 
through the setting, a velocity curve was also prepared that is 
shown in Fig. 12 in which the upper curve shows the velocity 
through the standard four-pass baffle and the lower curve shows 
the velocity through the cross-baffle as designed and shown in 
Fig. 11, this curve being based upon a maximum operation of 
300 per cent of rating and 14 per cent CO.. The appearance 
of this baffle is shown very clearly in Fig. 13, and with the addition 
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TABLE 4 COMPARATIVE TESTS OF CROSS-BAFFLE AND STAND 
ARD AT LOW RATINGS 


Enco Standard 

Duration........ 2 hours 2 hours 
Temperature of feedwater, deg. fahr........ i 80.6 83.2 
Steam pressure, lb. per sq. in. gage. . 152 155.6 
Percentage of boiler rating (assumed quality of 

98.5 per cent)..... 189 194 
Flue-gas temperature (actual), deg. fahr.. oe 532.8 526.3 
Flue-gas temperature ne to 45 

per cent excess air), deg. fahr.. Suekaciee 529 537 
Room temperature, deg. fahr ’ SS 85.0 
Primary air pressure, in. of water 20.1 18.0 

Flue-gas analysis: 
Percentage CO:2 by volume....... 12.5 14.10 
Percentage CO: by volume.. ; 7.0 5.18 
Percentage excess air. . : ‘ 49 32 

Draft readings (not corrected for chimney action): 
Position A, furnace draft, in. water............ 0.191 0.209 
Position C, in. water....... O.614 
Position D, in. water... . 0.774 
Position E, uptake draft, in. "water 0.602 
Draft loss, furnace to es, corrected, in. of 

Total gas per 125990 


TABLE5 COMPARATIVE TESTS OF CROSS-BAFFLE AND STAND 
ARD AT HIGH RATINGS 


Enco Standard 

Date... ian ; Oct. 26, 1927 Nov. 7, 1927 
Duration..... 2 hours 3 hours 
Water fed to holier per . 107900 106799 
Temperature of feedwater, deg. fahr.. ‘ wn 93.7 7.6 
Steam pressure, lb. per sq. in. gage. 147 155.7 
Percentage boiler rating (assumed quality of 

98.5 per cent)...... ee 242 241 
Flue-gas temperature (actual), deg. fahr. 616 605.5 
Flue-gas temperature 45 cent 

excess air), deg. fahr.. 606 607 
Room temperature, deg. fabr. eau 86 90 
Primary air pressure, in. of water. 19.5 19.1 

Flue-gas analysis: 
Percentage CO: by volume... 12.21 13 24 
Percentage CO: by volume. , 7.21 6.28 

Draft readings (not corrected for chimney action): 
Position A (furnace in, water. 0.354 0. 308 
Position B, in. water. 1.040 0.453 
Position C, in. water......... 0. 386 1.145 
Position D, in. water. 0.786 1 454 
Position E (uptake draft), in. water... . 1.044 
Draft loss, ee to uptake, corrected, in. of 

water. ate wee 0.71 1.17 
Total gas per hr., ASCE 172808 


TABLE 6 TESTS OF CROSS-BAFFLE AT PEAK LOAD RATINGS 
NOT AVAILABLE WITH VERTICAL BAFFLE 


Water fed to s per he, eee 139200 
Temperature of feedwater, ‘deg. fahr....... 85 
Steam pressure, lb. per sq. in. gage. 150 
Percentage of boiler rating (assumed ality of 98.5. per cent) 313 
Flue-gas temperature (actual), deg. f: 1 qualé 653 


Flue-gas temperature to 45 ‘per cent excess air), 
deg. fahr.. 647 
Room temperature, deg. fahr.. 


Primary air pressure, in. of water rss Ge 2 20.6 
Flue-gas analysis: 
Percentage CO: by volume..... 12.6 
Percentage CO: by volume... 6.8 
Draft readings (not corrected for chimney action): 
Position A (furnace drat), in. ot water. 0.49 
Position B, in. of water.. . 
Position C, in. of water. . 
Position D, in. of water... .. 
Position E (uptake draft), in. of water. ee aa 1.65 
Draft loss, furnace to uptake, corrected, in. of water ........ 7 1.18 


of Fig. 11, a very clear conception may be had of the travel of 
the gas across the tubes. 

A tabulation of the detailed results secured in a number of 
comparative tests has proved very interesting, and these re sults 
are given in the tables. Table No. 4 shows two tests run at 
about the same rating and under as nearly the same conditions 
as possible. Table No. 5 is a similar comparison, but taken at 
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higher ratings, both being approximately the same. The data 
for Table No. 6 were taken at a higher rating made possible 
by the cross-baffle and show the increase available owing prin- 
cipally to the method of baffling. The letters indicating the draft 
drop through the furnace correspond to the positions that are 
given in Fig. 11. This boiler was in operation during the entire 
season, and an examination of the baffle at the end of the season 
showed it to be in excellent condition. 

One other installation that has been of especial interest and 
from which it has been possible to secure preliminary results as 
to the operation is shown in a partial cross-section through the 
boiler house in Fig. 14, and is typical of a number of installations 
that have been made on this particular type of boiler. It will 
be noticed in this installation that advantage was taken of all 
the possible cross-travel available, and the arrangement is con- 
sidered as nearly ideal for this type of baffling as it is possible 
to secure. The results in which the draft readings and tem- 
peratures were taken at various ratings indicate that the design 
was entirely justified, and the tabulation is as follows: 


DRAFT AND TEMPERATURE READINGS No. 5 


(From Boiler Shown in Fig. 14) 
Point 


Rating 110% 150% 200% $$=$.:250% No 
Combustion chamber.......... 2.08 1.81 1.07 0.62 1 
Top Of 1.51 0.80 0.34 2 
Top of second pass............ 2.10 1.87 1.28 1.02 3 
Top of third 23.29 1.98 1.37 1.06 4 
Entering preheater............ 2.4 2.25 1.95 1.63 5 
Draft drop through boiler... ... 0.32 0.44 0.88 1.01 
Temperature entering preheater, 

os 410 460 475 550 


The figures on the print indicate the position at which the 
readings and tabulation were taken. This boiler was operating 
on blast-furnace gas with burners so designed to give positive 
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Fic. 14 Section Taroven 823-Hp. Borter OreraTiIne on Buast- 
Furnace Gas 
(See draft and temperature readings No. 5.) 


and definite control of both the air and gas, and the resulting 
stack temperatures would indicate that the moisture has been 
such that there was no secondary combustion. This particular 
installation has been in operation about eight months, and both 
from a standpoint of operation and keeping the setting clean 
and from the thermal results secured, the operators expressed 
themselves as being very much pleased. 


One of the most interesting installations to have been made 
and one in which an arrangement is introduced that has a very 
wide application in some types of boilers, and particularly in 
installations where the bottom outlet is either desirable or pos- 
sible, is shown in Fig. 15, with its accompanying velocity chart 
in Fig. 16. It will be noticed in this instance that the back 
wall of the boiler has been used in place of a rear baffle, and by 
this arrangement a long and complete cross-travel of the gas 
has been made possible. This boiler is to be stoker-fired, and 
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Fie. 15 Section TurovuGcu 400-Hp. BotLer SHOWING DeEsIGN OF 


BAFFLE TO ACCOMMODATE Botrom OUTLET CONDITIONS AT THE 
STACK 


the installation was prompted from a desire to increase the 
ratings on the boiler to take care of additional steam demands. 

While nearly all of the installations that have been shown and 
referred to up to this point have had no superheaters to contend 
with in laying out the baffle, it will be seen from the photo- 
graphs in Figs. 17 and 18 that this design lends itself very well 
to practically all of the standard superheater designs, and the 
figures just referred to will give a very clear idea of how the cross- 
baffle can accommodate itself to this particular design. 

This installation, too, is one of the most recent to have been 
made, and as this happens to be a new unit being installed in a 
plant in which three similar boilers are already in operation, an 
excellent opportunity will be given to make further comparative 
tests both as to the effect of the baffle on temperatures of the up- 
take-draft loss as well as conditions of superheat, which will be 
carefully checked, as openings have been provided and all 
arrangements made to get these comparisons. 

One other installation that is equipped with superheater is 
of interest by reason of the effects that were noted in connection 
with the superheat, notwithstanding the ‘compromise’ layout 
that it was necessary to make on account of the superheater. 
The installation is a 823-hp. boiler being operated on powdered 
coal, and is being operated continuously at ratings of 300 per 
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cent and has at times reached peaks of 400, and inasmuch as 
approximately 15 per cent of the superheater in this instance 
was placed in the second pass, the question as to what would 
happen to the superheat was naturally important, and a number 
of very complete and careful checks were made at various ratings 
to establish this condition, and it was found that from an aver- 
age of a large number of readings an increase in superheat of about 
35 deg. fahr. was secured with this arrangement over the standard 
arrangement when other conditions of operation on the two 
boilers were about the same. 

This has led in a number of instances where it was possible 
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Fie. 16 Vevocitry Curve a 400-Hp. Borer 


particularly in connection with new boilers to so arrange the 
superheater headers as to build them directly under the baffle, 
and it has been shown from other installations and with other 
types of superheaters that when subjected to direct cross-flow 
in this manner it has been possible to materially decrease the 
superheater surface necessary to secure a given superheat. 

It is true, however, that just how far this reduction in surface 
can go is not yet definitely established, and in- 
stallations are on record where it has been 
necessary to even further reduce the super- 
heater surface after the initial installation had 
been made on account of realizing more super- 
heat than was contemplated in the original lay- 
out. 

As the number of installations increases, how- 
ever, it will be possible to very definitely pre- 
dict the percentage of superheater surface 
reduction that is possible with the various types 
of the two methods of baffling, but at the pres- 
ent time this differential seems at least to be 
in the neighborhood of 15 per cent on those 
types of superheaters of which we have any 
record. 

A further application of this method of baf- 
fling in connection with the superheater and 
also in connection with an unusual furnace 
design is one in which the baffle is joined di- 
rectly to the arch, making it possible to secure 
a maximum of cross-travel with an absolute 
minimum loss of heating surface, being in com- 
plete contact with the gases. In this particular 
installation the superheater was much more 
advantageously located than in the preceding 
installation, and while no results are available 
at the present time, the installation is under- 
stood to be operating very satisfactorily and is given to in- 
dicate the wide flexibility of arrangement that is possible with 
a cross-baffle. 

Two other examples of the interesting possibilities of this 
method of baffling vertical boilers may be described. One is a 
case where the superheater extends considerably below the 
front baffle, but as the superheat in this particular instance is 
not a vital consideration, a slight change in either direction would 
make no difference. Another is a radical departure from the 
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present method over which the boilers are baffled and will 
change the boiler from a four-pass vertical flow to a three-pass 
cross-flow, and for both of these a much more uniform generation 
of steam is anticipated, and it is also expected that much of the 
geyser action that at times occurs in boilers of this type will be 
eliminated. 

Another interesting instance is the method of application of 
this system of baffling to one of the larger boilers of this type, 
and operated in connection with it is an economizer section which 
in itself is an individual vertical boiler. The cross-baffling 
method has been applied to both the boiler and the economizer 
section with the results shown. It will be noticed that originally 
the superheater was of such a length as to extend to the baffle 
outline that would prevail under this method of baffling, and to 
arrange for accommodations to this design the elements of the 
superheater were laid out by the manufacturer. The principal 
reasons for considering the change in this installation were, 
first, to secure increased rating; secondly, to reduce the draft 
drop which at the normal ratings under which the boilers were 
operated was around 2!/, in., as well as to more effectively use 
the entire heating surface of the combined installation. The re- 
duction in load on the induced-draft equipment following a 
reduction in draft will also be an important consideration. 

It was not anticipated in this installation that the final tem- 
perature at the damper would be materially decreased over that 
prevailing, but to accomplish the percentage of increase in 
rating that was anticipated with the stack temperatures re- 
maining the same would entirely justify the change. 

The question has naturally come up as to the effeet of tube 


Fic. 17 Tue 400-Hp. Borter SHOWING CONSTRUCTION OF BAFFLE AROUND THE 
SUPERHEATER 


changing with this type of baffle over the original method, and 
while this was given much consideration and cited as an objection 
in the earlier installations, it is now recognized to have been 
satisfactorily solved by the special replacing tile used by the 
builders both in the vertical and cross portions of the baffle. 
This question, too, has become much less of a problem with the 
later construction used by most manufacturers of this type of 
boiler, and it now is recognized both by manufacturers a0 
customers alike that very few tube replacements occur bevond 
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the third row in the front bank, many instances of 10 and 15 
years of such operation being cited when this question was up 
for discussion. 

One manufacturer has taken a definite stand that the tube 
replacements back of the second row in the front bank are so 
rare in his particular case that, from this standpoint at least, 
this baffle construction has been approved. 

One of the problems of construction, particularly on boilers 
of large size, that was required to be met was that of bridging 
the spaces between the tube banks and of constructing the over- 
hanging portion, if there be any, on the top part of the front 
baffle, and for the solution of these questions and to the develop- 
ment of a material that would be satisfactory under conditions 
of both strain and temperature, indebtedness is acknowledged 
to Mr. Kingsley Martin, of The Engineer Company, under whose 
license both the original basic and subsequent constructional 
patents are controlled. 

The final construction to be standardized on and which is 
now used is that of an especial reinforcing steel, run in all direc- 
tions through the material, both of whose coefficients of expan- 
sion are similar, thus insuring a surface on even the largest boilers 
so far undertaken that will withstand all the temperature changes 
of the tubes and the stresses to which the baffle may be subjected. 

When necessary to use any supporting members for any por- 
tion of the baffle, these are fastened to the tubes by especially de- 
signed clamps to prevent injury to the tubes and having the 
completed baffle entirely free from the side walls and free to 
move with the boiler in any position it may take, and the con- 
struction thus far has shown this to be possible without develop- 
ing fractures in the baffle after three years of service. 

In order to meet the question of tube replacing when it did 
arise, especially designed tile were devised to be used in all por- 
tions of the baffle, these being located in the wide alleyways only, 
and so constructed that they could be removed and replaced, 
thus allowing the tube to be taken out as usual in the wide 
alleys. 

As previously mentioned, this feature is becoming less im- 
portant with the newer boilers and does not cause even the mental 
reacuion from some quarters that it did and, singularly enough, 
is scarcely ever raised as a question by the operators. 

One important effect that is apparently being realized from 
this method of baffling the vertical boiler is to give steam much 
more free from moisture and to eliminate much of the geyser ac- 
tion that has been noticed, owing to possibilities of greater steam 
generation in the top part of the first and second banks of tubes. 

While no calorimeter figures are yet available supporting 
this theory, the increased ratings and improvement of operating 
conditions seem to indicate that such is the case, and as one in- 
stallation now being made is being fitted with provisions for 
checking this condition, it is hoped to shortly have figures to 
bear out this hypothesis. 

There are, however, several definitely established facts that it 
is believed will be seen from the figures that have been presented 
and from which the following conclusions can be drawn: 

First, increased rating is available when changing from vertical 
to cross-baffle, compared with either three-pass or four-pass of 
the vertical type. 

Second, reduction in stack temperatures when the three- 
pass boiler is compared with the cross-baffle in addition to 
increased rating and uniform or slightly lower temperatures for 
equal ratings when the four-pass vertical boiler is compared 
with the cross-baffle, but with the increased ratings available with 
4 corresponding increase in stack temperatures. 

Third, lower draft drop through the boiler with cross-flow 
than with either the three-pass or the four-pass, the improvement 
being much greater in the latter case. 


Fourth, the elimination of dead gas pockets and of dust pockets 
in some particular arrangements of the vertical baffle. 

Fifth, the construction used renders the loss of part of the 
baffle impossible and insures a gas-tight baffle at all times. 

Sixth, a flexibility of design that admits of changes to suit 
the conditions under which the individual boiler is to be operated 
and that permits the removing of the serious restrictions often 
encountered in the earliest type of baffling. 

To accomplish these improvements, several fundamental con- 
siderations have been found to be important, the most important 
possibly of which is to secure the maximum length of cross- 
travel over the tubes; secondly, is to have this travel as at nearly 
right-angles to the tubes as is possible; and lastly, to include as 
much of the total heating surface in the first two passes as pos- 
sible. 

It will be recognized by many that this is only applying to 
the vertical boiler those same principles and methods that have 
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been found so sound in connection with the horizontal type boiler, 
and while the tubes are staggered in the latter case, the fact 
that they are not staggered in the vertical boiler does not seem 
to have made as much difference as was at first considered would 
be the case, and while it may be true that the net gain by cross- 
travel in the vertical boiler with its present tube spacing may 
not be such as to yield as high a total efficiency as the horizontal 
boiler, with several decks and a long cross-travel, the compara- 
tive gain that has been made in this change as applied to the 
vertical boiler may, as better acquaintance is had with its char- 
acteristics, put it in close competition with the horizontal boiler 
from an efficiency standpoint. 

In closing the author would say that he has not attempted 
to enter into a purely technical discussion of the methods that 
have been used in arriving at the various layouts or the process 
involved in calculating many of the characteristics that were 
considered necessary to the proper layout of this type of baffle, 
but rather has confined himself to that phase of the subject 
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which he believes at this meeting would be most interesting—that 
is, the actual results that have been obtained from the various 
installations; and as these applications are extended, it will then 
be seen whether it will become necessary to change from what 
appear now to be rational methods involved in making the 
original calculations and study surrounding a layout of this 
type of baffle. 

That interest in making improvements along these lines is 
active is borne out by the many and varied types of vertical 
boilers that are submitted for baffle analysis, many of which are 
new and novel, and which show conclusively that serious thought 
is being given both to the design and baffling of the vertical 
boiler; and it is hoped in the near future that some of these 
newer designs may be shown and the results presented for com- 
parison with what we now have available. To those companies 
whose permission was given to use the data presented, appre- 
ciation is expressed, trusting that it will be the means of further 
improving the efficiency of this type of boiler, thus helping to 
further the interest of fuel conservation to which this session is 
dedicated. 


Discussion 


James C. Hosss.? The author’s comments regarding tube 
renewal, while they cover the conditions in regard to water treat- 
ment, should be applied to other cases. For instance, it is 
found when firing with pulverized coal that there seems to be an 
increased tendency for the soot blowers to cut the tubes, and it 
sometimes becomes necessary to make replacements rather 
quickly. Where curved tubes are to be put in and the aisles 
are filled up with a rather permanent type of construction, delays 
might be caused. 

Has any trouble shown up in connection with the rear drum 
or the tubes at the top of the rear bank? It is quite well recog- 
nized today, the writer believes, that the vertical type of boilers 
at high ratings does not have the rear tube bank filled completely 
with water. What would be the effect of having this high-tem- 
perature gas impinging on the top of that rear bank? It seems 
to the writer that it would be courting trouble in some cases. 

As to the method of carrying the weight of these baffles, are 
clamps fastened around the tubes so that the baffling is supported, 
even though contraction and expansion would tend to loosen the 
baffle and have a tendency to slip on the almost vertical tube 
surfaces? 

In the heat-transfer discussion, two thoughts occurred to the 
writer. One was that the downflow in the last passes probably 
had some influence along with the smaller tubes tending to give 
reduced stack temperature. It is known that in the calorimeter 
used for determining the amount of heat in gas fuel practically 
100 per cent of the heat is recovered, because it starts with the 
products of combustion at the top and allows the colder gases to 
be drawn off at the bottom of the passes, rather than allowing the 
top or heated gases to be skimmed off. The design of the last 
pass of these boilers seems to conform to that principle. The 
question of dead spaces is also an important one. If gases pass 
across boiler surfaces and open spaces in parallel so that part of 
the gas has a chance to travel through the open spaces and bypass 
the heating surface, higher exit temperature will result; but if 
the gases must pass across the open spaces in series with the boiler 
surfaces, then the open spaces have no effect on the heat absorp- 
tion and economy. 


George C. Danrets.*? The author brought up the question 
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of moisture content with the steam. It would seem to the writer 
that in getting perfectly dry steam with the Stirling type of boiler 
the difficulty would be increased considerably by the cross-baffle 
arrangement. Before this point was touched on in the paper 
the writer had looked over Table 1 and noticed that the flue-gas 
temperature was about the same in both cases and there was not 
sufficient increase in CO, to account for the variation in the effi- 
ciency from 67.6 per cent to 72.63 per cent. It will be interesting 
in these tests to get the results of the steam calorimeter test, since 
the increase in apparent efficiency may be due to greater moisture 
content with the cross-baffle. The writer thinks that the reason 
this type of boiler has as low a flue-gas temperature as it has is 
due to the use of 3'/-in. tubes. If 3'/,-in. tubes are used in 
horizontal tubular boilers a reduction in flue gas will be secured 
with the same gas travel that will be materially lower than with 
the 4-in tubes. 


H. C. Porter.‘ The writer would like to ask the author 
whether he had in view in this change of baffling anything in con- 
nection with the more perfect combustion of powdered coal or of 
the gases arising from a stoker fire. There is much said about 
turbulence in connection with powdered-coal firing, and more or 
less, in stoker firing, the necessity of mixing the gases arising from 
the fire. Has this change of baffling anything to do with the 
more complete mixing of those gases and more complete combus- 
tion? 

With stoker firing, when there is a banked fire, there is a ques- 
tion very often of how fast the steam can be raised from that 
banked fire. The stoker may be perfectly capable of raising 
steam at a rapid rate so far as its fire is concerned when the boiler 
itself will not produce the steam at the same rapid rate. The 
author perhaps can tell whether this system of baffling, giving « 
greater heating surface in the early passes, would have anything 
to do with greater capacity for the quick raising of steam from a 
banked fire. 


Rosert Jory.’ In Figs. 9 and 12 the velocity curves applied 
to these settings apparently do not support the well-established 
fact that heat transfer from gases of combustion to the water in- 
side boiler tubes is improved as the speed of the gases is increased. 
Perhaps the author could explain this anomaly, because his 
velocities are certainly lower, and one would be led to conclude 
that the heat transmission should be correspondingly less instead 
of greater. 


Teo. Maynz.* The writer had occasion to make some tests 
on a boiler where there were extremely high draft losses, and all 
of the draft losses were found at the turn of the gases, substantiat- 
ing the fact that it is locally high velocity at single points and 
not an average high velocity that is had. 


Water Siecerist.’ Regarding the velocity, in the case of 
the four-pass horizontal-baffled boiler the exit-gas temperatures 
were lower; that is, with the baffles on the tubes, the exit tem- 
peratures are lower than when it is rebaffled with the cross-ba‘lle. 
The four-pass Stirling type of boiler is so baffled that the gases 
must pass over the tubes. The three-pass Stirling-type boiler, 
especially as illustrated in Fig. 5, shows that between the first and 
second pass there is a large open area through which the gases 
will pass without passing over the heating surface. 


4 Consulting Chemical Engineer, Philadelphia, Pa. ; 

’ Mechanical Engineer, Stevens & Wood, Inc., New York, N. Y- 
Mem. A.S.M.E. : 

* Consulting Steam and Electrical Engineer, Cleveland, Ohio. 
Mem. A.S.M.E. 

7 Assistant Sales Manager, Combustion Engineering Corporation, 
New York, N. Y. Mem. A.S.M.E. 
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AvuTHorR’s CLOSURE 


Mr. Selby Haar’ asks how much of this system is patented and 
if any of these boilers have been used for heating or if they all are 
power boilers. 

One of the boilers, the 1446-hp. boiler, shown in Fig. 13, is a 
heating-plant boiler that has gone through the heating season 
very satisfactorily. The author has not seen the baffle since it 
came off at the end of the heating season, but understands that it 
is in the same shape as when installed. That is the only heating 
boiler in which the baffle has been installed. The others are in- 
dustrial or power-plant boilers. There is a basic patent covering 
the cross-flow as regards the vertical-water-tube boiler. 

Mr. Hobbs asks whether the author recommends the hori- 
zontal-water-tube boiler. It is presumed that he refers to one of 
this type that was baffled for him and that worked out very nicely, 
it is believed. What the author is trying to do with the vertical- 
water-tube boiler is to put it in the same class, so far as efficiency 
is concerned, as the horizontal-water-tube boiler; in other words, 
if one will take any of these designs and turn it up on its side and 
consider the bottom drum as the rear, and just consider it as a 
horizontal boiler with three parallel drums on the side, that is 
exactly what the author is trying to accomplish. So far as Mr. 
Hobbs’ question regarding the replacement of tubes is concerned, 
that did constitute somewhat of a serious problem. There is a 
removable tile, both in the vertical alley and in the cross-alley, 
that can be taken out to form an alleyway just about as wide as 
the tubes, and the result is that there is a slot as long as it is de- 
sired to make it in which the tube can come out in exactly the 
same manner as originally taken out, but that same consideration 
at least causes the author to wonder whether if resort were had to 
staggered in place of parallel tubes in a vertical boiler it could 
do that. 

Answering Mr. Hobbs’ question in regard to support, the only 
support that is used is on the vertical section of the rear baffle in 


which tube clamps support a series of either angles or channels ex- 


tending clear across the setting. If one will regard all of the other 
sections of the baffle, it will be found that the inclined parts or the 
parts that carry the flow across the tubes are laid on a series of 
converging angular tubes; in other words, it would be impossible 
to change the plane of that particular slab either up or down. Its 
position is fixed, and consequently the thrust is taken on the sides 
of the tube and is uniformly distributed across the tubes. 

Mr. Hobbs raised the question about the protection of a rear 
drum and the condition of the tubes in the back bank. There 
seems to be reason for that. There is a wide difference of opinion 
between boiler manufacturers themselves as to what the results 
are and as to what should be done, and any design that has been 
in question has been put directly up to the boiler manufacturers. 
Boiler manufacturers have been asked definitely whether there 
was any objection on their part to putting the baffle at the back of 
the rear row of tubes in the rear bank; in other words, including 
all of the tubes in the rear bank in the cross-flow. One boiler 
manufacturer has taken the stand that this should not be done 
and that the rear row of tubes in the rear bank should be left for 
down circulation of water and that such a baffle arrangement 
would interfere with this flow. The other manufacturer takes 
the stand that it does not make a bit of difference, as the water 
is going down anyway, so put them all in the cross-flow. 

Definite opinions have been expressed by different manufac- 
turers on the question of whether the rear drums should or should 
not be protected. The author's firm has not assumed the re- 
Sponsibility when the customer has raised the point whether that 
drum should be protected. Letters are on record in which some 
boiler manufacturers have said that they did not care to have the 


* New York, N.Y. Mem. A.S.M.E. 


drum protected; others have said they did. The original in- 
stallation that was cited—and this condition applied more par- 
ticularly when there are no circulating tubes between the center 
and the rear drum—and which was made in Cleveland is still 
in operation after about three years and no damage has resulted 
so far as can be found. That original installation came up for 
serious discussion, and before it was made it was put up to the 
Ohio State boiler inspectors and also the industrial boiler in- 
spectors that carried the risk of that plant, and they all agreed 
there was no reason why it should be done. There are just about 
an equal number of boilers baffled in which all of the tubes have 
been included in the first pass, as compared with those in which 
one tube is behind the baffle, and there are quite a number that are 
baffled with protection on the rear drum—and there are an equal 
number in which there is none. At the present time the author 
can see no reason for protecting the rear drum, but wherever the 
circulating tubes are absent, if anybody feels that this should be 
done, the author’s firm will be very glad to do it. 

If Mr. Hobbs or anyone else thinks that he has secondary com- 
bustion that is going to extend over into that part of the boiler, 
possibly he had better protect it. That is a condition of com- 
bustion the author does not like to be blamed for. 

The author does not happen to have plotted readings of tem- 
peratures and drafts at the various points. The photographs 
of the last installation that are shown in the paper have all of the 
necessary holes through the setting to get such information. All 
that is had is the final exit temperature, and it is a hard matter to 
get some of these operators who have the boilers to equip them 
with meters enough to get five or six readings through the settings. 

Replying to Mr. Daniels, the author is just as much interested 
as anyone in finding out whether the condition that it is thought 
exists in regard to the total moisture content that is going out is 
true or not. He is trying to find out. If some of these persons 
who have boilers in which there are baffles will permit such a com- 
parison to be made, it will gladly be done; but the reason that the 
author feels that this condition does prevail is the fact that there 
is apparently a much larger liberation stirface available. It is 
recognized that where the front baffle on a vertical boiler of that 
type is carried back at least to the second row of tubes there is a 
decided geyser action that takes place, and whether this method 
has changed that will not be known until those operating figures 
can be obtained. 

Answering Mr. Porter, the original idea back of the design was 
to get out of trouble. In a gas furnace a situation was had in 
which the gases could not be got out of the boiler, and the princi- 
pal consideration was as to why this was so. Having made the 
burner installation, the author was naturally held responsible 
for the fact that the burners were apparently not right, and of 
course it was the first time that he had ever checked the actual 
openings in the settings. It was then revealed that with the stack 
in question and the drafts available it was not possible to get the 
amount of gas through that it was desired to get through the 
setting, and it was not a question of capacity of the gas burners. 
The company even went as far as to put an additional burner on 
each boiler, and it took five or six months to demonstrate the 
fact that it was not the burner situation. Since the original in- 
stallation it has often developed that the condition of which 
Mr. Porter speaks has been run into very noticeably, particularly 
with powdered coal and where turbulent burners have been used. 
There is a distinct operating characteristic that accompanies 
both the long-flame burner that is often used in powdered coal 
and again a short-flame turbulent burner. Owing to the fact 
that the draft through this particular type of baffle is as low as it 
is, if one is not careful to keep the damper in such condition that 
high velocity does not occur, there is a tendency when one tries 
to force matters, just as has been pointed out, to lose the effect of 
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the chimney action on the gas and a failure to fill the top part of 
the open pass, and the gases do hug the baffle quite a little, thus 
losing quite a little effective heating surface. 

There is that characteristic also of being able to pick up the 
load both easily and quickly, due to that increased opening in 
the first pass and due also to the lack of restriction, so that it 
has been noticed, particularly in the burning of blast-furnace gas 
and powdered coal, that if one does not watch both the methods 
by which burning takes place and the draft one can get in trouble. 
For instance, if the flame length happens to be too short in a 
vertically fired burner and is pulled over into the tubes because 
of the lowered resistance of the baffle, one might drop out 
quite a little unburned fuel and get a high carbon content in the 
ash. 

Mr. Jory refers to the velocity curves. The author can just 
say that he does not find that this observation is the case. That 
fact has been rather definitely established where one can iron out, 
as might be said, the restrictions that occur and keep that velocity 
at as nearly a uniform point as possible. Frankly, the author 
does not know what that correct velocity is yet. It is going to 
take time to find it. If the author knew exactly what that rate of 
velocity should be, he would be very happy, but it is unquestion- 
ably the fact that in those installations in which he has lowered 
that velocity and has maintained it as nearly at a uniform point as 
he can, invariably the increased rating has followed, and whether 
this increased heat transfer has been altogether due to the change 
of velocity or has been due more particularly to the rearrange- 
ment of the percentage of heating surface he does not know. Just 
how much bearing the change in velocity has on this result he 
does not know. 

Replying to Mr. Maynz, it was tried on several of the earlier 
installations to reconcile the velocities that obtained with particu- 
lar ratings at the particular openings that were furnished by the 
boiler manufacturer and see if some standard minimum velocity 
could be arrived at that was desired on that particular size 
and type of boiler, but they were so far out and they so widely 
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varied with different boilers that this method of comparison had 
to be given up. What both Mr. Maynz and Mr. Jory mentioned 
is possibly the case. 

Those figures to which Mr. Siegerist refers are entirely correct, 
and that brings out a combustion condition to which reference 
has already been made. As one gets into this more he finds the 
furnace volume has a decided effect or a decided result, for which 
the baffle arrangement is often blamed when it is not responsible. 
The one thing that the four-pass baffle does that is not apparent 
is that it gives a much longer travel, and if there is secondary com- 
bustion, as is sometimes the case in small furnaces, there is time 
to dissipate it before it gets to a point where it becomes effective 
on the final exit temperatures. That has been the case in one or 
two of the small low-set boilers that have been baffled, and that 
applies also to different types of firing methods. The same thing 
might happen in connection with powdered coal or with the stoker 
in which the combustion chamber was not large enough to get 
complete combustion, until one got to the back part of the boiler; 
and that often follows, so that those conditions can occur. So 
far as the waste spaces are concerned, in this particular design it 
is preferred to be able to arrange the superheater, if superheaters 
are involved, so that there is not a solid mass of heat-absorbing 
surface across the early part of the boilers. It is true that there 
are types of the vertical boiler that do not lend themselves effi- 
ciently to this particular type of baffling. The author had in 
mind those types in which the tube banks are very widely sepa- 
rated; in fact, there are some of those types in which it has not 
been possible to find any method in which the gas can be confined 
directly to the tube space without having to cross that large wide 
space. 

There have been, however, recent types of the vertical boilers 
developed in which the tendency has been to crowd the tubes 
together just as closely as they can be placed, and in that 
way present as nearly a perfect cross-section heating surface as 
possible. And if that happens to be the case, efficient heat 
transfer will take place. 
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Present Tendency of Boiler-Water 
Conditioning 


By R. E. HALL,'! PITTSBURGH, PA. 


ITH a new era of large-sized boilers, high pressures, and 
W high ratings have come the necessity for assured con- 
tinuity of operation, engendered by the considerable 
percentage of plant load dependent on each unit, and the demand 
that steam be uncontaminated by carry-over of boiler water. 

Prior to the new era considerable deposition of scale on the 
evaporating surfaces of boilers did not necessarily court disaster, 
since multiplicity of small units permitted boilers to be off the 
line for cleaning purposes, without seriously disturbing plant load- 
capacity. In many plants it was routine practice to maintain a 
regular force for turbining boilers and always to have one, two, 
or more boilers idle for cleaning. With lesser labor and fuel costs 
than now exist and with the possibility at low ratings of toler- 
ating considerable scale without burning out tubes more than 
occasionally, indifferent attention and even lack of attention 
to water treatment did not result in impossible operating con- 
ditions. Owing to low-rating operation the stack-gas temper- 
ature was not necessarily high, even though the tube surfaces 
might be thoroughly insulated by silicate or sulphate scale. 
Quality of steam did not receive such close attention either. For 
one thing it was unnecessary, since the customary under-treat- 
ment of water was favorable to smooth boiling conditions. For 
another thing low ratings granted time for segregation of boiler 
water and steam at the liberating surfaces. 

The high pressures and ratings that characterize the new era 
can tolerate no formation of scale without endangering continuity 
of operation. Cost of tube replacements in water walls or screens 
or in the boiler proper and the losses incurred through disarrange- 
ment in plant operation caused by the outage of a large steam- 
generating unit render imperative exact water conditioning that 
can obviate these losses completely. High ratings at the same 
time necessitate segregation from the steam of greater amounts 
of boiler water in less time. Under these circumstances, there- 
fore, maintenance of clean surfaces throughout the boiler and 
production of dry steam offer a challenge to both mechanical and 
chemical ingenuity. 

Despite extensive experimentation to find a substitute therefor, 
water remains the primary substance for transforming heat into 
mechanical energy. While it is no better now than hitherto, and 
in some instances may be worse because of increasing contamina- 
tion, the demands thereon have become far more exacting than 
in previous years. Happily, chemical investigations on water, 
proceeding simultaneously with mechanical developments in 
Steam generating practice, have in conjunction with the latter 
provided ways and means of readily and economically meeting 
these demands. In the broader sense therefore of including equip- 
ment for water treatment, and with mechanical developments 
and design of boilers directed to rapid and complete segregation 
of steam and boiler water, modern boiler-water conditioning can 
meet the challenge of the new era of steam generation. 


Score or ConpiTIONING 


There has been a time, and not many years ago, when it was 
considered unorthodox to extend the province of water treatment 
beyond f urnishing a standard softened feedwater of a guaranteed 

' Director, Hall Laboratories. 

—es at the Second National Meeting of the A.S.M.E. Fuels 
ision, Cleveland, Ohio, September 17 to 20, 1928. 


degree of residual hardness. In direct contrast thereto water 
conditioning today does not end its responsibility until the steam 
is returned to the boiler as condensate or is wasted to atmosphere 
or sewer. 

The necessity of attaining the lowest possible degree of resid- 
ual hardness in the softened feedwater need no longer domi- 
nate the engineer in choice of equipment for the water cycle. It 
is the essence of water conditioning that not small differences in 
hardness of the entering water but maintenance of definite con- 
ditions in the boiler water is the determining factor in obtaining 
and perpetuating clean surfaces. 

Since the greatest variety of natural waters, muddy and clear 
and ranging from highly bicarbonate to highly fixed acid, must 
be used as feedwater, the element of flexibility in water-treating 
equipment is indispensable. Elimination of corrosion in heaters, 
feed lines, economizers, and boilers requires maintenance of defi- 
nite conditions of hydroxide alkalinity and low concentration of 
oxygen in water making contact with their surfaces. Prevention 
of scale and caustic embrittlement necessitates maintenance of 
definite conditions in the boiler water. Attainment of dry steam 
with minimum blowdown depends in great part upon keeping the 
concentration of dissolved sclids in the feedwater as slight as 
possible and free from saponifiable organic contamination. 
Corrosion in steam lines and turbines is best minimized or elim- 
inated by removal from the feedwater of oxygen and combined 
or uncombined carbon dioxide. At times in industrial plants with 
large sudden variations in load and older boilers not specially 
adapted to these conditions it is the part of wisdom to maintain 
the better boiling conditions of slightly under-treatment than 
those of complete treatment at the cost of wretched quality of 
steam. Maintenance of these various conditions is of primary 
importance, and water-conditioning equipment should be chosen 
on the basis of the ease and certainty with which their mainte- 
nance may be attained. 

Boiler-water conditioning, by having defined relations that 
must be maintained throughout the water-cycle and by having 
removed all guesswork, gives the engineer considerable latitude 
in the choice of equipment for attaining the essential relations. 
Thus, dependent on the character of the raw water and the per- 
centage of make-up, he may in one case most economically pro- 
tect his economizers from corrosion by the use of deaerators and 
the direct maintenance of a slight hydroxide alkalinity in the 
water, while in another case he may better install a hot-process 
softener equipped with a well-vented heater, wherein both the 
essential removal of oxygen and the introduction of the necessary 
hydroxide alkalinity are attained. In either case protection of 
the boiler surfaces from scale formation is assured by the main- 
tenance of well-defined conditions in the boiler water. For 
higher pressure boilers the use of evaporators for a small or even 
a large percentage of make-up is not mandatory to protect the 
evaporating surfaces of the boiler from scale formation, inasmuch 
as the maintenance of definite relations in the boiler water is 
necessary in any event because of condenser leakage and can as 
well care for make-up water as for leakage alone. Thus a boiler 
operating at 425 lb. pressure and with 100 per cent make-up of 
heavy well water softened by a hot-process lime-soda system has 
been kept clean for many months by the maintenance of definite 
phosphate concentrations in the boiler water. 
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Boiler-water conditioning goes further in defining conditions 
whose maintenance is essential, since it takes cognizance of the 
characteristics of boiling and the factors influencing the rate of 
disruption of steam bubbles. Thus the engineer, with full knowl- 
edge of the boiler water and the load conditions with which he 
must deal, can attack the problems of steam-liberating space and 
the segregation of boiler water from the steam with confidence 
and make ample provision therefor. 

Emphasis has been placed on maintenance of conditions as 
the keynote of boiler-water conditioning. Since maintenance 
requires routine systematic testing of the boiler water, carefully 
taken records of any boiler plant using such control can furnish 
reliable daily information regarding the boiler water. Knowing 
those definite relations, the maintenance of which represent 
freedom from scale and corrosion, the boiler operator by reference 
to his records for the preceding weeks or months can assure him- 
self regarding the condition of the boiler surfaces at any time 
without taking it off the line. Again these daily records give 
comforting assurance that the best recommendations for pre- 
vention of caustic embrittlement are being maintained. When 
a leak occurs in a seam it is unnecessary to make one or two analy- 
ses of water and on the inadequate evidence thereof to make 
guesses that conditions favorable or inimical to caustic embrittle- 
ment have existed. The daily records with their hundreds or 
thousands of analyses are indisputable evidence that either caus- 
tic embrittlement is not occurring or else all reeommendations 
for its inhibition are wrong. The value of these daily records 
cannot be emphasized too strongly and constitute an essential 
part of water conditioning in any plant. 


EssENTIAL CONDITIONS IN THE WATER AT VARIOUS SURFACES 


For the purpose of discussing the relations of water to its con- 
tacting surfaces the complete water cycle may be broadly divided 
as follows: 


1 Surfaces in contact with water below steam temperature 

2 Surfaces in contact with boiler water and steam generated 
therefrom 

3 Surfaces in contact with water and condensing steam. 


Surfaces of superheaters are not included in this classification, 
as they should never be in contact with boiler water and steam, 
and condensation of steam does not occur therein. 

The essential relations of the second division will be discussed 


first. 


SurFAcEs IN Contact BoILeR WATER AND STEAM GENER- 
ATED THEREFROM 


The surfaces in contact with the boiler water are the surfaces 
of the boiler proper. Their optimum protection necessitates 
recognition of three separate factors affecting them each in its 
particular way, namely (a) loss of metal, (b) scale formation, and 
(c) caustic embrittlement. Defense against each of these factors 
requires continuous maintenance in the boiler water of definite 
conditions, as follows: 

(a) Whether loss of metal be caused by the pitting of corrosion 
or genera] dissolution from contact with water, it is essential that 
the boiler water contain a slight concentration of hydroxide 
alkalinity. For assurance of constant maintenance of this con- 
dition a minimum of approximately 50 parts per million of hy- 
droxide (OH) is satisfactory, although the minimum must be 
higher under certain conditions. It must be subject to careful 
control, or else it may give rise to trouble from caustic embrittle- 
ment and foaming. 

(b) For protection of the surfaces from the formation of ad- 
herent scale thereon, deposition by the boiler water of calcium 
sulphate and of calcium or magnesium silicate must be obviated 
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by the continuous maintenance in the boiler water of definit. 
chemical ratios whose values are a function of operating pressur 
and concentration of certain substances in the boiler water. |) 
general, soda ash may be the conditioning chemical for operatiny 
pressures not to exceed 150 to 160 Ib.; at higher pressures its rap. 
decomposition usually renders impossible simultaneous protector 
from deposition of scale and caustic embrittlement. Sodium phos- 
phate.may be the conditioning chemical at all pressures, low or hig). 

(c) The “‘Suggested Rules for Care of Power Boilers,” spon- 
sored by the American Society of Mechanical Engineers, defines 
the relation of sodium sulphate to total alkalinity’in the boiler 
water whose maintenance has never allowed caustic embritt|o- 
ment to occur. By splendid experimental work, Parr and Straw!) 
in their laboratory have demonstrated the correctness of thes» 
ratios. They have gone further, however, in adding three sul) 
stances that protect against embrittlement, namely, phosphate, 
tannate, and acetate, and have shown that they are more strong!) 
protective than sulphate. While some time must elapse before 
these results of the laboratory can be proved in operating 
practice, the fact that laboratory and practice agree on requisite 
sulphate-alkalinity ratios strongly predicates similar agreement 
for these other substances. 

Here again maintenance of essential ratios is required. The sit- 
uation with either phosphate, tannate, or acetate is different than 
with sulphate. With the latter neither decomposition nor removal 
by combination with calcium or other metal seriously menaces 
maintenance. With phosphate continuous maintenance is quite 
another story. Not only calcium and magnesium, but iron, 
aluminum, and other heavy metals combine therewith to elini- 
nate it from solution in the boiler water, and hence from its role 
of inhibiting embrittlement. In fact conditions essential for 
phosphate to prevent scale formation must be established before 
its continuous maintenance for inhibiting embrittlement is 
assured. Further, strict care must be exercised in tests to ce- 
termine the presence of phosphate in the boiler water if its main- 
tenance in soluble form is to be a certainty. 

The ability of tannates or acetates to prevent embrittlement 
seems of little practical value in pressure boilers. The former 
are subject to removal to some extent by combination; at boiler- 
water temperatures, particularly at higher pressures, both tan- 
nates and acetates are subject to the fate of the great bouy of 
organic substances, namely, decomposition; and finally, any exact 
tests to determine with certainty their maintenance are an un- 
answered problem. 

Quite definite relations therefore must be maintained at the 
surfaces of the boiler in contact with water and generating steam. 
Nothing has been said thus far of unnecessary substances that 
accumulate in the boiler water. Discussion of the effects of or- 
ganic contamination and of accumulation of dissolved substances 
will be deferred to the section on boiling characteristics. Some 
problems encountered in setting up necessary relations in the 
boiler water are germane at this point, however. The question 
of whether softening equipment is absolutely essential or not |s 
frequently decided on the basis of the type of boiler. With « silty 
river water, for instance, certain types of boilers will function well 
and remain decently clean on direct internal conditioning, wliereas 
for other types the installation of a softener or at least a tank for 
flocculation and settling is a necessity because of the accumu 
lation of mud on the tubes without such provision. In fact 
when the rating is not high, certain upper tubes in some type 
show a marked tendency to accumulate sludge, even though the 
feedwater be thoroughly softened and clarified. Such accumt- 
lation in this section of the boiler rarely causes tubes to fail, 
however, and is disadvantageous more from an aesthetic that 4 
practical standpoint. 

If a highly bicarbonate water is softened by the zeolite proce™ 
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the resultant sodium bicarbonate, apart from difficulties it en- 
genders in protecting economizers from corrosion and in elimi- 
nating from the steam troublesome quantities of carbon dioxide, 
may develop reprehensible quantities of caustic soda in the boiler 
water. Chemically the remedy of treating effluent water from 
the softener with acid to destroy bicarbonates is sound if the 
liberated carbon dioxide gas is removed from the water; prac- 
tically it requires zealous caution that corrosion be not enhanced 
by irregularities in the proportioning of acid. Unless under 
skilled and constant surveillance the procedure is the proverbial 
“playing with fire,” to say the least. Maintenance of phosphate 
in the highly alkaline water may prevent embrittlement as Parr 
and Straub have shown; but this is not a remedy for bad boiling 
conditions, which are so readily induced by high caustic and salt 
concentration in the boiler water. The real remedy lies in the 
primary processing of the raw water, which should accomplish 
the removal of carbon dioxide in the form of sludge and at the 
same time supply to the water the essential hydroxide alkalinity 
for the protection of economizers. 

For a water-cycle requiring a limited amount only of raw make- 
up, usually essential relations in the boiler water may be as readily 
maintained by direct conditioning as through the medium of a 
In some cases, however, installation of the softener, 
while not justified on the basis of preventing scale, may be ad- 
visable from the standpoint of protecting economizers or heater 
from corrosion. 


softener. 


Surraces in Contract With WaTER BELOW STEAM TEMPERATURE 


The surfaces in contact with water below steam temperature 
are the surfaces of the heater, feed-water lines, economizer, and 
the preheating section of the boiler. The major problem is corro- 
sion, although prevention of scale formation is troublesome under 
some conditions. 

For the inhibition of corrosion the maintenance in the water 
of low oxygen concentration and a pH value that shall be not 
less than about 10, and preferably shall be greater, is essential. 
Whether the degree of oxygen-removal shall be that obtained by 
use of deaerators or deaerating heaters or shall be limited to that 
possible with a well-vented open heater must be decided on the 
basis of various factors. If the open heater is to give fully satis- 
factory results, sufficient steam must be discharged through the 
vent to insure low partial pressure of oxygen in contact with the 
water and the temperature must be maintained at or close to 
normal boiling temperature. The certainty of maintenance 
of a desirable pH value is an exceedingly important factor, as 
hydroxide alkalinity in the contacting water is of great influ- 
ence in retarding any corrosive action. The rate of flow through 
the economizer and the preheating section of the boiler is another 
factor, since sluggish flow is harder to protect against than more 
rapid flow. In general the greater the amount of oxygen in the 
Water, so much the more carefully and so much the higher must 
the hydroxide alkalinity be maintained. Even with the con- 
dition of perfectly deaerated distilled water, however, the pH 
value should not fall below a minimum of approximately 9.6 to 


_ avoid slow dissolution of the metal if not pitting. 


So far as deaeration is concerned impurities in the raw water 
make little difference, but they are of primary importance in 
the maintenance of a satisfactory pH value. Bicarbonate, for 
imstance, must be removed before a satisfactory pH value can 
be established in the water. Its removal and the simultaneous 
‘ntroduction of the essential hydroxide alkalinity can be readily 
assured in a lime-soda softener with due attention to proper ad- 
dition of lime. The zeolite softener does not effect its removal 
hor is the combination lime-soda-zeolite an answer, since effluent 
Water from the lime-soda softener if alkaline does not properly 
Protect the zeolite chemical. Control can be effected on the 


zeolite water by appropriate introduction of alkali at the heater. 
This is satisfactory if the bicarbonate concentration is not suffi- 
ciently great to produce excessive caustic alkalinity in the boiler 
water when it decomposes at boiler-water temperature. Use of 
evaporators naturally simplifies maintenance of the éssential 
pH value, but does not at all remove the advisability of its 
maintenance. When raw make-up water is not of too great 
hardness or when it does not constitute too great a percentage 
of the boiler feed, direct treatment thereof at the heater in con- 
junction with maintenance of those conditions in the boiler water 
which are essential whatever the type of pretreatment can give 
thoroughly satisfactory conditions throughout the water cycle. 

Certain maintenance of a desired pH value in the water 
at the heater presents a broad field for automatic control by 
apparatus recording the hydrogen-ion concentration. At pres- 
ent difficulty in this type of control seems to lie in inability 
to obtain hydrogen electrodes that are free from drift. It is 
the author’s understanding, however, that recent research has 
developed means of overcoming this difficulty. Until that is the 
case the dependable methods of titration or calorimetric indi- 
cator control should be used. 

The problem of preventing corrosion would be more simple if 
protective coatings could be made so effective that the pH 
value of the water making contact with these surfaces could 
be disregarded. To attain this end either the coating must 
be perfect—i.e., free from breaks of any kind permitting contact 
of metal and water—and impervious to water or else must be 
anodic in any galvanic couple formed with the metal of the 
economizer. 

The principles which apply to protection of metal exposed to 
the atmosphere with its dampness are applicable as well to the 
surfaces of an economizer. The summation of these principles 
by Gardner? is excellent: 

‘“‘Basic substances in sufficient concentration inhibit the corro- 
sion of iron. Basic pigments that are effective for this purpose 
are litharge, red lead, blue lead (basic lead sulphate), white lead, 
zine oxide. 

“Chromic compounds (soluble bichromates) even in great dilu- 
tion prevent the corrosion of iron. Chromate pigments that are 
similarly effective when used in sufficient amounts are as follows: 
Basic lead chromate, normal lead chromate, zinc chromate. 

“Substances that form a galvanic couple with steel in the pres- 
ence of moisture cause rapid corrosion. Pigments which act in 
this fashion (graphite, carbon black, lamp black) are used only 
as constituents of the finishing coats on steel surfaces when first 
insulated from the metal by a coat of basic or chromate pigment 
paint. These carbon pigments with linseed oil form very durable 
and water-resisting coatings.” 

If dependable protection is to be obtained from coatings, 
therefore, the substances composing them must not be chosen at 
random, but must conform to definite specifications. In any 
event the value of an economizer tube is measured by the thick- 
ness of metal at its deepest pit. Unfortunately imperfections 
in protective coatings are usually discovered, not before they go 
into service, but by corrosion which has occurred before the boiler 
is again opened. It seems only reasonable therefore, whether 
protective coatings are used or not, to give to the surfaces the 
protection of water with a desirable pH concentration and with 
oxygen removed, conditions which can be assured at all times 
without opening the boiler. 


SurFraces tn Contact WaTeR AND CONDENSING STEAM 


The surfaces in contact with water and condensing steam are 
the surfaces of steam lines and turbines and the water is that 


2 Gardner, A. H., Trans. Am. Electrochem. Soc., vol. 39 (1921), 
pp. 223-225. 
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which has its source in condensing steam and not in carry-over 
of boiler water. 

Maintenance of definite alkaline conditions in the boiler water 
as already stipulated precludes possibility of any acid components 
in the steam other than carbon dioxide. Even should acidity 
develop by chance in the boiler water, as by decomposition of 
sugar derived from condensate contaminated by a foaming evap- 
orator or as by leakage of an acid plating bath into return lines, 
its presence is quickly noted and remedied in the regular routine 
practice of maintaining definite conditions in the boiler water. 

Thus the main essential for protection of these surfaces from 
corrosion is the elimination of carbon dioxide and oxygen from 
the steam, and since in the absence of oxygen, carbon dioxide is 
far less detrimental than in its presence, the elimination of oxygen 
is the most important consideration. Elimination of these gases 
must be effected by conditioning the water before it enters the 
boiler. 

Chemical means for eliminating oxygen seem not to have found 
favor. The use of sulphites, of ferrous sulphate, or of alkaline 
tannates for its absorption, while perhaps feasible, is unable to 
give the ready and exact removal required, and also by increasing 
the solids, soluble or insoluble, in the boiler water it is detrimental 
to good boiling conditions. The passage of oxygen-containing 
water through a labyrinth of iron surfaces (the deactivator) may 
by corrosion thereof remove the oxygen, but is a method little 
used. The exactness and the ease with which its removal can 
be effected mechanically and the definite control possible at all 
times are presumably the factors leading to the well-nigh univer- 
sal adoption of mechanical methods. 

Removal of the carbon dioxide on the other hand must be 
accomplished by chemical means. In the great majority of cases, 
especially when removal of oxygen is efficient, the limitation of 
carbon dioxide to the extent obtainable in conditioning the boiler 
water with soda ash is sufficient. In the case of a raw water 
containing calcium bicarbonate, the lime of the lime-soda softener 
removes it as sludge, leaving little to contaminate the steam, even 
though the operating pressure of the boiler requires that a second- 
ary conditioning with sodium phosphate be given. Direct 
treatment of the same water in the boiler permits half its carbon 
dioxide to escape in the steam. Unless preceded by a lime, 
alum, or lime-soda process or followed by acid treatment, the 
zeolite softener allows the entirety of carbon dioxide in raw water 
combined as bicarbonate to pass to the boilers. Even use of 
evaporators on the raw water does not insure complete freedom 
from carbon dioxide, inasmuch as bicarbonates readily decom- 
pose at normal boiling temperatures, and the carbon dioxide 
thereby developed, unless removed from the system, may in 
part dissolve in the evaporated water. 

Quality of the steam as regards content of carbon dioxide and 
oxygen thus harks back to the raw water and the equipment 
chosen for its processing. The engineer, however, in the full 
asgurance that maintenance in the boiler water of requisite condi- 
tions guarantees him clean surfaces, is free to choose his process- 
ing equipment on the basis of the most economic and satisfactory 
methods of obtaining those conditions which control corrosion 
in the economizer and the content of corrosive gases in the steam. 


Borter WATER AND STEAM-LIBERATING SPACE 


In his great paper on chemical thermodynamics, Willard Gibbs 
a half century ago defined in general terms the energy relations 
that exist in surfaces of solutions. Hardy in England and 
Langmuir and Harkins in America have given a wonderful in- 
sight into the behavior of molecules in the surface film. Foulk, 
the chairman of the sub-committee on Foaming and Priming of 
the American Society of Mechanical Engineers and of allied 
societies, is extending the study of surface relations into the realm 
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of boiler waters. At the present time, while observation has 
defined many conditions under which the thin films of steam 
bubbles possess stability, the causes for the stabilization remain 
obscure or unknown. 

From the standpoint of the steam-liberating space the pinnacle 
of perfection in boiler waters would be attained with bubble 
films devoid of stabilization. If one could attain this objective 
as he can attain prevention of scale, corrosion, and caustic em- 
brittlement, by maintaining certain definite conditions, it woul: 
represent great progress. It becomes of interest therefore to 
review briefly some fundamental characteristics of boiling water 
and to summarize the possibilities of controlling them. 

The study of factors influencing boiling conditions is both fas- 
cinating and tantalizing, because a very few molecules per million 
can produce radical changes in the stability of bubble films. 

When pure distilled water is boiled, bursting of the films is 
practically instantaneous. Every molecule of sodium sulphate 
or chloride or hydroxide or carbonate or phosphate dissolved in 
the water apparently has an influence in retarding their bursting 
and thus in stabilizing the films. It seems only a question of 
number of dissolved molecules until stabilization of the films is 
sufficient to produce a foaming condition. Some molecules are 
more effective than others. Thus five thousand molecules of 
sodium sulphate per million of water may not represent a serious 
condition, but the further addition of five molecules of a soap 
may induce intolerable foaming. Addition of particles of sus- 
pended material may likewise enhance stabilization, though their 
effect is more nearly comparable to addition of inorganic soluble 
substance than to that of a soap. 

On the other hand, if a water contains a few parts per million 
of hydroxide and calcium, a condition characteristic of under- 
treated waters, the concentration of soluble and suspended solids 
therein may be very high without largely stabilizing the films of 
the bursting steam bubbles. Addition of a few parts per million 
of a tannate induces still better boiling conditions, but is of no 
value when the calcium is removed. 

Again addition of two or three parts per million of an oil, such 
as castor or other vegetable oil or such as sperm or other fish oil, 
can exercise a tremendous influence in lessening stability of the 
films and inducing in a foaming water conditions which are equal 
to distilled-water boiling. Waxes, the higher alcohols, and cer- 
tain components in the asphalts have a like effect. 

These results are obtained only in the absence of appreciable 
quantities of any soap. In the presence of soap the only remedy 
known to the author for suppressing foaming is introduction into 
the boiling water of relatively small quantities of an inactive and 
insoluble gas. 

None of these methods for quieting foaming is available in 
practical operation. An undertreated water is undesirable in any 
case and is an impossibility for the modern generator; hence any 
aid from the tannates and calcium passes out of the picture. 
The boiler water must be alkaline; hence any saponifial)le oils 
cannot be used without excessive blowdown. Use of unsaponi- 
fiable substances suffers from the troubles of adsorption and de- 
composition of the organic bodies at boiler-water temperatures; 
hence becomes of too great cost. It is necessary therefore to face 
the issue squarely on the basis for eliminating undesirable {actors 
in the boiler water where possible and in coordinating mainte- 
nance of requisite quality therein with design of steam-liberating 
space and employment of equipment that effects separation of 
water from the effluent steam. . 

One of the important factors in securing dry steam is elim- 
nation of contaminating soaps in the boiler water. If the con- 
tamination has its source in the raw water—a common occurrence 
in streams adjacent to paper mills or in those polluted by coal- 
tar waste or sewage—the problem is serious and difficult of solu- 
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tion. Thorough flocculation and separation in the softener and 
exceedingly careful control of hydroxide alkalinity in the boiler 
water are necessary in this case. If the contamination has its 
source in the plant itself, however, its elimination can be secured 
with care. To this end attention must be paid to the character 
of cylinder oils employed and to the exclusion of any returns 
thereof to the boiler water. Reciprocating engines and feed- 
water pumps may be a source of oil; returns from air compressors 
must always be regarded with suspicion. Installation of effi- 
cient separators is likely to prove of advantage in this case. 

As noted, stabilization of steam-bubble films occurs as con- 
centration of dissolved and suspended solids in the boiler-water 
increases. In the absence of saponifiable contamination the 
permissible concentration is a function of various factors: (a) 
With steady load, a much higher concentration can be tolerated 
than with variable load. In the latter case, rate of formation of 
steam bubbles is seldom in equilibrium with rate of disruption; 
hence the steam space may be insufficient at times of suddenly 
increasing load for disruption to occur therein, and carry-over of 
boiler water is the result. (6) If uniformity of pressure is lacking 
throughout the boiler, the water level in different drums may be 
markedly different and result in unsatisfactory steam, or if large 
differences in concentration of the boiler-water exist in different 
drums, steam from one may be acceptable while that from the 
other is not good. These are conditions that may be readily 
eradicated. (c) The effluent steam may be dry at low ratings 
but contain quantities of water at higher ratings even though no 
taint of bad boiling attaches to the boiler water. The answer 
in this case naturally is more ample provision for mechanical sepa- 
ration of steam and water. (d) Type of boiler may have consid- 
erable influence. Thus within the author’s experience very 
heavily concentrated boiler waters readily produce dry steam in 
certain instances while others of the same or less concentration 
require every precaution for the protection of the steam. In 
the cases chosen for comparison the type of boiler is the variable 
and not contamination or changing load. (e) Baffling of the 
steam drum, location of steam offtake, and installation of steam 
separators, internal or external, are other factors of influence in 
limiting or expanding permissible concentrations in the boiler 
water, 

There is no royal road to dry steam conditions. Even with a 
large proportion of condensate and evaporated make-up water, 
present-day high ratings offer a problem in the spray from vio- 
lently bursting steam bubbles, even if the concentration of the 
boiler water is not built up due to condenser leakage. 

Since continuous blowdown through heat exchangers may 
effectively maintain lower concentrations in the boiler water, it 
is sometimes advocated as a comprehensive answer to wet steam 
and water conditioning. There are many factors to consider in 
this connection. At times it is advantageous to institute con- 
tinuous blowdown in place of intermittent for the sake of con- 
venience. Under these circumstances the amount of water 
wasted in the blowdown and the results obtained are much the 
same by either method. When, however, continuous blowdown 
of large proportions is instituted to function not only in place of 
normal blowdown, but also as a substitute for maintenance of 
the definite relations of water conditioning in the water-cycle and 
as a primary defense against wet steam, the situation is different. 
In the first place, if necessity for lower concentrations in the boiler 
Water is occasioned by the presence of saponified contamination 
therein, the answer may better lie in exclusion of contamination 
before it reaches the boiler water than in its removal by wastage 
thereof. In the second place, water conditioning must be given 
extra-careful attention with abnormally large blowdown. This 
fol ws since the use of greater quantities of raw water makes more 
difficult prevention of corrosion in economizers and introduces 


more oxygen and carbon dioxide into the steam. In plants whose 
boiler-feed water is partly condensate increase in blowdown aug- 
ments the proportion of raw water in the feedwater. Use of a 
greater quantity of raw water entails proportionately greater 
cost of conditioning the water. So long as the boiler water is 
rightly conditioned and free from saponified contamination, it 
is well not to waste more of it than necessary, since its freedom 
from oxygen and scale-forming constituents is a valuable asset. 
Thus it would seem that primary defense against wet steam 
should be made in the boiler water itself by exclusion of contam- 
ination and in the steam-liberating space by its design, and with 
baffles and steam separators, and that in a final recourse to ab- 
normal blowdown the extent thereof be kept as small as possible. 

The fact must be recognized that a fully conditioned water 
does not boil as smoothly as one not conditioned; absence of 
calcium in the former is the cause. 

Opposed to this the modern generator requires complete con- 
ditioning of the water to insure its desired certainty of continuous 
operation. That these two conflicting conditions may be met, 
the steam-liberating space in the boiler must be designed with 
foreknowledge of water and load conditions on which it is to 
operate and with clear insight into the fundamental character- 
istics of boiling water. 


CONCLUSION 


In this portrayal of the present status of boiler-water con- 
ditioning, mention of new chemicals is conspicuous by its absence. 
Panaceas existent in sales arguments, proprietary compounds 
with their numberless mixtures of many types of material, 
colloidal treatments, and arrangements of thermocouples are 
out of step with the exact demands of present-day water con- 
ditioning. 

No consideration has been given to the relative mechanical 
merits of different types of equipment, whether softeners, deaer- 
ators, evaporators, or steam separators. These features must be 
satisfactory, or else the equipment would not survive the keen 
competition to which it is subjected. 

Throughout this discussion, however, the words “maintenance 
of conditions” have occurred. They constitute the main theme 
of the systematic and exact water conditioning which is a neces- 
sity for modern generators. To make systematic water con- 
ditioning a reality, it has been necessary not to introduce new 
chemicals, not to specify equipment, but to define with exactness 
those relations for the contacting water which protect the sur- 
faces from economizer or heater to turbine. Specific type of 
equipment for realizing the essential relations is secondary to 
their maintenance and is a matter of indifference from the stand- 
point of water conditioning so long as it is sufficiently flexible to 
permit simple and dependable maintenance. 


Discussion 


A. H. Moopy.* The paper shows us that we are no longer 
working in the dark when it comes to chemical and mechanical 
treatment of boiler feedwater. We not only know what we are 
striving for but we have chemical tests available which, when 
applied frequently enough, tell us when we have reached the 
desired object and whether we are holding fast to the optimum 
conditions. It is no longer sufficient to introduce water-treating 
equipment and assume that because it is operating in the plant 
it is accomplishing a maintenance of conditions at all times 
and under all variations of operating practice. Close check on 
the quality of the water produced can and must be made to insure 
100 per cent conditioned boiler water. 


3 Chemist, United Electric Light & Power Co., Hell Gate Station, 
New York, N. Y. 
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Water treatment has for its present-day object four aims: 


1 To eliminate corrosion in all water and steam spaces 
2 To prevent scale formation 

3 To avoid caustic embrittlement 

4 To avoid priming, foaming, or wet steam. 


These objectives may be reached in most cases by maintaining 
the following conditions at all times: 


1 Elimination of dissolved oxygen in the water and oxygen 
and carbon dioxide in the steam 

2 Maintenance of proper alkalinity (pH value) of the water 

3 Maintenance of excess phosphate or carbonate in the 
water 

4 Sufficient blowdown to keep salt and dissolved solids 
below a prescribed maximum. 


While the theories of corrosion, scale formation, and caustic 
embrittlement seem to be pretty well defined, there appears to be 
room for more research on the factors controlling steam liberation 
at water surfaces, especially under conditions of high dissolved 
solids and rapid increase of boiler loads. 


8.T. Powe...‘ The paper is an excellent review of the various 
phases of water treatment applicable to steam-station use, and 
the author has directed attention to many of the difficulties that 
may arise from improper treatment of water that is to be used 
for steam making. The present tendency in power-plant design 
has resulted in the introduction of many new problems that 
formerly were of little or no significance. 

There is ample evidence that embrittlement of boiler steel is a 
fact and not a myth as was considered a few years ago, but much 
is still to be learned on the subject. 

The writer agrees with the author in his statement that 
“the ability of tannates to prevent embrittlement seems of little 
practical value in high-pressure boilers.” We have at the present 
time so little fundamental knowledge on the reactions that take 
place in steam boilers operating under high pressures and at high 
temperatures that the use of organic compounds for internal 
conditioning of the boiler waters should be undertaken cautiously. 

In reference to the matter of corrosion, no general panacea is 
available. The maintenance of a sufficiently alkaline water 
measured by its hydrogen-ion concentration and the complete 
deaeration of the feedwater supply will do much to inhibit de- 
structive corrosion. The problem is not merely as simple as this, 
however, and corrosion may and does occur even when these 
conditions are fulfilled. 

The employment of protective coatings to eliminate corrosion 
in tubes and drums of boilers is being greatly advanced, and is of 
value, even though the feedwater is thoroughly deaerated and 
the proper hydrogen-ion concentration is maintained. 

Considerable experimental work has been carried on in the 
past few years concerning the phenomena of priming and foaming 
of water in steam boilers. Such conditions are due largely to 
the presence of high concentrations of soluble solids plus sus- 
pended solids, especially in the presence of certain organic com- 
pounds. Controlling these factors will do much to inhibit the 
operating difficulties mentioned. There is still much to be 
learned, however, concerning the foaming tendency of boiler 
waters, which is a perplexing problem in many sections of the 
country. The use of anti-foaming compounds has been found 
necessary to control foaming conditions where highly mineralized 


water must be used. Large quantities of such compounds are - 


used by the steam railroads in certain sections. Their use in 
stationary plants is far less frequent. 


‘Chemical Engineer, Baltimore, Md. Chairman Boiler-Feed- 
water Studies Committee. 
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It should be borne in mind that each feedwater problem is an 
individual one, and the proper treatment to produce the desired 
results must rest on an engineering study of the various factors 
involved; in this way only is it possible to determine the best 
treatment from the standpoint of efficiency and economy. 


C. W. Foutk.’ The author assumes that steam engineers 
are as familiar now with such expressions as “hydroxide con- 
centration” and “pH values” as they used to be with “lime,” 
“soda ash,” and “acid.’’ This is as it should be, because these 
expressions are fundamental and carry more meaning than the 
older terms. 

One cannot but wonder though if there is not a little ambiguity 
in the use of the word ‘conditioning,’ a term which, so far as the 
writer is aware, was introduced by the author. A casual reader 
not familiar with other papers by him might think that ‘con- 
ditioning” is merely a new word for “treatment.”” This is not 
the case. The central idea of the “treatment” of water was the 
removal of all or part of the objectionable constituents. The 
central idea of the conditioning of water is the maintenance of 
certain ratios between the concentrations of certain pairs of 
constituents, one of which may of course be an added reagent. 
There is even some evidence that in the near future it may mean 
the maintenance of certain ratios among more than two con- 
stituents. Perhaps it is worth while to say here that on pages | 
and 2 of the U.S. Bureau of Mines Bulletin No. 24, the author has 
discussed in some detail this view of ‘‘conditioning.’”’ The im- 
portance of the “maintenance” of favorable conditions is empha- 
sized in the last paragraph of the paper. 

Finally, it cannot be too strongly stated that the contents of a 
modern high-pressure steam boiler comprise a chemical system 
involving questions of physical and colloidal chemistry which we 
are just beginning to grasp. 


C. H. Koyu.* The writer believes that the attention of boiler 
manufacturers should be drawn to the paragraphs of the paper 
which state that the boiler waters best for boiler maintenance and 
for ordinary operation are not suitable where the steam demand 
is irregular and violent. 

Many modern boilers are very lacking in steam space and are 
difficult of operation except with hard water. Some of them are 
stationary boilers, but the worst offenders are those on dre«ges 
and similar out-door traveling machines. Some of these cannot 
be operated with the softened waters which are entirely satis- 
factory for railway locomotives. Since we have provided waters 
which do away with scale, leaking, and much washing, it seems to 
the writer proper to call on the manufacturers to provide more 
steam space. 


Epwarp P. Price.’ In connection with what the author 
says in regard to the maintenance of a pH value of 10 for boiler 
feedwater, the writer would like to state that in the Comal Plant 
the feedwater is less than 1 per cent make-up, which is evaporated, 
and is therefore very pure (since condenser leakage is nil), anc has 
a pH value of around 7. It appears to him that it would be 
undesirable to attempt to raise this pH value due to the resultant 
high caustic concentration in the boilers which would doubtless 
necessitate frequent blowdown. As it is, it is never necessary t0 
blowdown the Comal plant boilers, and the total solids in the 
boiler water is always around 500 p.p.m. Care is taken to keep 


5 Professor of Analytical Chemistry, Ohio State University, 
Columbus, Ohio. 

6 Engineer Water Service, C., M., St. P. & P. R. R. Co., Chicago, 
Ill. 

7 Results Engineer, Comal Plant, San Antonio Public Service 
Co., New Braunfels, Tex. 
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the oxygen content of this feedwater at a low value (zero test by 
Winkler method), and after two years of operation no trouble has 
been experienced from corrosion caused by the feedwater. The 
make-up water is not treated before it is evaporated and the open 
heater, used with the evaporators, has a half-inch vent. This has 
not caused any damage from corrosion even to the evaporator 
condenser, which is probably due to its being well vented to the 
turbine and to the fact that it operates under a pressure of about 
15 lb. per sq. in. gage. Also the drips from the two high-pressure 
heaters flash to the evaporator condenser, which helps to dilute 
the vapor and gases from the evaporators. 

In plants where the make-up water is a large percentage of the 
boiler feed, where the oxygen content of the boiler feed is high, 
and where copious blowdowns are necessary, a slight control of 
the pH value of the boiler feed will probably be advisable, but 
under the conditions prevailing at the Comal plant, the writer 
cannot see how such a procedure can be justified. 


A. R. Mumrorp.* The New York Steam Corporation has 
used the author’s system of boiler-water conditioning for over a 
year. Although the problem has been far more difficult than in 
electric utilities because of the use of 90 per cent make-up, in all 
stations the system of treatment showed immediate results in the 
improvement of the condition of the interior surfaces, and within 
five months in one plant the interior surfaces became metal-clean. 
In other plants with boilers of different designs the results have 
been eminently satisfactory, but not perfect. There are, how- 
ever, reasons for everything, if they can be found, and it is to the 
credit of the system used that the control instituted assists the 
operators in determining the reasons for any troubles which ap- 
pear, and once the cause is known the method for eliminating the 
trouble is readily found. 

It was not to be expected that such a forward step in power- 
plant operation as is represented by the control of boiler-water 
condition could be accomplished without some minor troubles, 
and the fact that these are brought up in this discussion indicates 
that the writer believes that those engineers who have examined 
the control system have such confidence in it that the criticisms 
here offered will be accepted as constructive rather than de- 
structive. 

The temperature-solubility curve of calcium phosphate is the 
basis of the control system, and the very action that makes the 
system operate successfully in alkaline boiler waters causes the 
first of the minor troubles in less alkaline feedwater. The alka- 
linity of the water controls the form in which the calcium phos- 
phate separates from solution. Thus in the boiler water the 
tricalcie phosphate separates as a non-adherent sludge, while in 
the feedwater heater, the feed lines, and to the greatest extent the 
economizers, the dicaleic phosphate precipitates as a somewhat 
adherent powder. The reaction between the calcium salts in the 
raw water and the phosphates in the solution added to the feed- 
Water begins immediately after mixing, and the deposit in the 
feedwater heaters and economizers builds up rapidly enough to 
hecessitate cleaning of the economizers at intervals of about six 
weeks in the New York Steam Corporation’s plants and to 
necessitate cleaning of the feedwater heaters perhaps once a year. 
The answer is immediately suggested by the known conditions: 
namely, to inerease the alkalinity of the feedwater so that the 
dep. sit will be non-adherent, or to add the phosphate at some 
point between the economizers and the boilers. The latter 
course has been decided upon as the true solution, but in the 
interim before the necessary piping changes can be installed a 
decelerating agent is being used to slow up the action until the 
boiler is reached. 

_ The second minor difficulty arises not from the conditioning 


* New York Steam Corporation, New York, N. Y. 


system directly, but from a combination of the conditioning 
system, the large quantity of make-up water, and, perhaps most 
important, relative differences in boiler design. In the treatment 
of water to reduce corrosion in steel-tube economizers, the raw 
water is forced over to the alkaline side by the addition of caustic 
soda. The calcium carbonates in the feedwater break down 
under the temperatures and pressures existing in our boilers to 
hydroxides and carbon dioxide gas. The caustic soda added to 
the feedwater and that formed within the boiler combine to 
increase the caustic alkalinity to a point above that necessary 
for the prevention of the formation of adherent scale. The 
writer believes that there is a caustic alkalinity in any given boiler 
above which moisture will be present in the steam to a degree 
sufficient to blow the boiler down through the steam nozzle nearly 
as fast as the incoming feedwater builds up the concentration. 
This may be, and to his knowledge has been, equivalent to a 5 per 
cent blowdown. The caustic alkalinity that is critical does not 
seem to vary with the rate of working the boiler, but when a 
boiler is working hard the critical point is, of course, reached 
much more quickly. The critical alkalinity does vary, however, 
with the boiler design because it is possible in one of the corpora- 
tion’s plants to carry a caustic alkalinity twice that possible in 
another without moisture in the steam. The cure for this 
trouble is as readily suggested by the records of boiler-water 
condition furnished by the system as installed as was that due to 
the economizer deposit. It is felt that the use of caustic soda to 
inhibit economizer corrosion is certain enough in its action to 
warrant its continuance. The carbonates and bicarbonates in 
the raw water cannot be readily removed without an expensive 
pretreating system. The cure to be used is tied up directly with 
the elimination of economizer deposit inasmuch as at the time 
the chemical is introduced between the economizer and the 
boiler its nature will be changed so that it will react to neutralize 
the alkalinity in the feedwater and to reduce that in the boiler to 
a concentration below the critical point, and this amount will 
then be maintained. 

The system as installed under the direction and advice of the 
author’s organization is, the writer believes, satisfactorily suc- 
cessful, and in the hope that it may be of interest he outlines it 
herewith. 

The dry chemicals are dissolved in chemical supply tanks so 
proportioned that their contents are to be used in one day and so 
controlled that the amount of solution discharged is in proportion 
to the load curve of the particular_plant. The amount of chem- 
ical dissolved in a tankful of water is computed to give full treat- 
ment to the total raw water expected to be used, and if the load 
is greater or less than the expectations, under- or over-treatment 
is the result. However, the variation in this respect is smaller 
than might be anticipated, and can readily be corrected by the 
addition of a slight excess of chemical on the succeeding day. 

A sample of feedwater is drawn from the feed-pump discharge 
in each plant every four hours by the pump attendant. These 
samples are sent to the chemical laboratory, where the chemical 
concentrations are checked and the results incorporated in the 
daily record. The analyses of these samples serve as a record of 
the uniformity of treatment during each day and provide a record 
of the condition of the feedwater in respect to the inhibition of 
corrosion. 

A sample of boiler water is drawn once a day from a selected 
blowdown connection by one of the boiler attendants. In plants 
containing a large number of boilers daily samples are not taken 
from each boiler, but are taken in rotation, so that the work of the 
single chemist is not increased beyond his capacity. Such ro- 
tation is found to be a sufficiently close method of controlling the 
condition of the boiler water, inasmuch as the treatment is com- 
mon to all boilers and the rate of working of all boilers on the line 
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is uniform. In plants containing only a few large boilers, samples 
are taken daily from all boilers. The analysis of these samples 
indicates the condition of the boiler waters with respect to scale 
prevention and the maintenance of the caustic-embrittlement 
ratio. The data are also used to indicate to the operators which 
boilers require blowdown and to what extent they require it. 
The results are incorporated on the daily record together with the 
record of the condition of the feedwater and such pertinent data 
as total evaporation, chemical used, calorimetric records, ete. A 
sample blank of the report form is shown in Fig. 1. 
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The file of daily records is a valuable source of information 
inasmuch as the records leave no question as to the condition of 
the boiler, and the reason for any troubles that may develop can 
be substantiated or refuted by these records. The fact that the 
proper condition of the boiler water is maintained in the boiler 
permits positive assurance that scale is not being laid down. The 
writer must confess to his skepticism at the start of the main- 
tenance of boiler-water conditioning, but this skepticism was 
removed by internal examinations of the boiler surface at in- 
creasing intervals until the present time, when it is not con- 
sidered necessary to open a boiler for examination, but the 
condition is recorded whenever a boiler is opened for any other 
purpose. 


C. W. Rice.* The author covers the subject which he treats 
according to the best existing practice. The whole is in accord- 
ance with rules suggested by the Sub-Committee of the A.S.M.E. 
for the Care of Power Boilers, which rules were offered by that 
committee in 1926 after discussions covering some four years. 


* Consulting Engineer, Cyrus Wm. Rice & Co., Pittsburgh, Pa. 
Mem. A.S.M.E. 
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These rules are given in Section VII of the code and suggest: 

The daily sampling and testing of concentrated boiler waters 
for bringing about the best results 

The correct sulphate-of-soda to free-soda concentrations to 
carry for guarding against caustic embrittlement 

The best practices to employ for the prevention of all kinds 
of corrosion 

How to treat idling boilers for the same purpose 

How to control boiler-blowdown water so as to minimize 
steam contaminations 

The use only of articles of known composition for the chem- 
ical conditioning of feedwaters 

The employment of competent technical specialists for 
extending correct advice and for maintaining the best 
internal boiler conditions. 

The writer believes this committee recognized the influence 
which high pressures and high ratings have on the conditioning of 
feedwaters, and therefore covered this conditioning as fully as 
existing information permitted, with the thought at the time that 
future changes in the rules may be necessary. 

He is of the opinion that some of these will be needed, espe- 
cially the rules dealing with the chemical conditioning of feed- 
waters for the prevention of caustic embrittlement. The matter, 
because of its present activity, will in all probability come up for 
discussion before this sub-committee. 

The reason that it was recommended that sulphate of soda be 
maintained in excess of the free soda in the boiler concentrates 
was a practical one, based on facts obtained through a comparison 
of results which followed the use of the different classes of water. 
In this comparison a clean-cut indication of the inhibiting effect of 
sodium sulphate in protecting boilers against embrittlement was 
fully shown. The theory to prove the cause for this effect of 
caustics has never been developed by any of the many laboratory 
experiments carried out for the purpose, but even the absence of 
such data should not nullify the use of protective measures which 
are based on certain experiences. 

The most logical reason for this sulphate protection thus far 
advanced is that it is less soluble than any other salt in the con- 
centrated boiler waters, and deposits in the leaky under-water 
joints to the exclusion of every other salt contained in such con- 
centrates. In other words, the sulphates close these joints and 
their surfaces against caustic soda deposits. In this way the 
sulphates prevent the evaporation of caustics in the concentrated 
form which is so actively associated with embrittlement. While 
this is the case and the characteristic failures have always [ol- 
lowed the use of boiler feedwaters in which the carbonates of soda 
exceed the sulphates, there are a very large number of boilers 
that have used high-soda and low-sulphate waters for years and 
never have shown signs of caustic embrittlement, This includes 
boilers operating under steam pressures as high as 325 lb., and 
almost altogether in districts where the feedwaters carry con- 
siderable silica. Under the circumstances, questions naturally 
arise as to whether other inhibiting agents in the water prevent 
embrittlement or causes other than caustic soda are responsible 
for the failures. 

In view of the fact that leaky under-water joints are the only 
parts of a boiler that have ever been affected in this way, it stands 
to reason that the total prevention of this leakage through the 
elimination of such joints or the absolutely permanent tightening 
of the water side of such joints is the only permanent guarantee 
against dangerous effect. 

This matter of preventing leakage in future boiler install«‘ions 
is receiving much consideration from boiler manufacturers, 20d 
the writer believes the day is not far distant when a guarantee 
against caustic embrittlement will be made by them regardless 
of the soda concentrations or sulphate relation. 
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To guard against embrittlement in existing types of boilers in 
service, the measures recommended by the committee should be 
followed. In the foregoing discussion the writer would say that 
he refers only to the characteristic joint failures which accompany 
the use of free-soda waters and not to failures caused by strains 
alone. 

The whole matter is one for serious thought and further in- 
vestigation as to what are the underlying causes for caustic em- 
brittlement. Regardless of the fact that free-soda waters have 
been used in many boilers over a long period without injurious 
effects, there is no excuse for not maintaining the sulphate-of-soda 
to free-soda relations suggested by the Sub-Committee of the 
A.S.M.E. Boiler Code. 

Any conclusions as to the value of other inhibitants for pre- 
venting caustic embrittlement should not be considered until such 
values have been fully substantiated under actual boiler operating 
conditions and through competent supervision of facts developed 
in this way. 

Doctors Parr and Straub in their laboratory conclusions as to 
the value of tri-sodium phosphate and tannic acid as inhibitants 
extended this warning, and yet some manufacturers of water 
softeners and boiler compounds are recommending the use of 
these very substances as inhibiting agents, and many plant 
engineers have the impression that additions of tri-sodium will 
guard against this action of caustic soda. 

Daily records of the amount of phosphates and tannates in the 
boiler concentrates form a most important source for reliable 
information upon which to base conclusions as to the value of 
these salts in preventing caustic embrittlement. Should the 
phosphates actually prove effective as inhibitants, difficulties 
will follow in maintaining definite concentrations of these salts 
within the boilers, because they react with the contained calcium 
and magnesium salts in the feedwater and are more or less de- 
stroyed in this manner. 

In reviewing the analyses of a large number of phosphate- 
treated boiler feedwaters over some few years, the amount of soda 
phosphates in the boiler concentrates often showed tremendous 
variations, ranging from 8 to 10 grains down to nothing within a 
few days, and without any apparent reason as far as qualities of 
the waters were concerned. Another situation which sometimes 
follows the use of phosphates is foaming and priming, in which the 
very objectionable compounds of calcium and magnesium phos- 
phates carry over with the steam and cause hard, adherent for- 
mations on valve seats and strainers and within steam-line drips, 
etc. This occurrence is not uncommon, and terminates in ex- 
pensive troubles if not properly guarded against. 

Sodium phosphates have their present greatest advantages in 
the treatment of waters for the prevention of calcium sulphate 
deposits, especially in boilers operating under high pressures and 
high ratings, and where the natural sulphates in the feedwaters 
are low. The phosphates serve best in this connection when they 
are added directly to the boiler concentrates, where they react 
with the contained soluble calcium salts and prevent sulphate 
scale formations. This direct addition minimizes the reaction of 
the phosphate agent with the unstable salts (bicarbonate of lime 
and magnesium) contained in the feedwater before it enters the 
boilers. The use of phosphates is not new, having first been 
recommended by Harsley for the chemical conditioning of feed- 
waters for the prevention of scale as early as 1894. It has been 
used more or less since, but its real employment started about 
1910. The increasing number of installations of high-pressure 
and high-rating boilers has added greatly to this within recent 
years. 

Such installations with their accompanying greater water 
troubles and recent disclosures of embrittlement are responsible 
for this use. The commercial phosphates available for this 


purpose are the di-sodium and tri-sodium phosphates. Of the 
two, tri-sodium has the greatest application. |The phosphates un- 
der the operating conditions mentioned are much more effective 
than soda ash because the destruction of phosphates is negligible 
when compared with soda ash (carbonate of soda) which is fre- 
quently converted or lost to caustic soda in excess of 90 per cent. 
This takes place under high-pressure operations immediately after 
the soda meets the hot concentrated boiler water. This un- 
avoidable conversion of soda ash to caustic soda must be met 
with proportionate additions of sodium sulphate. The whole 
frequently leads to troublesome conditions in which the sub- 
stitution of the sodium phosphates in whole or in part for the 
other sodas is the only logical remedy. 

All the available common commercial sodas (bicarbonate, 
carbonate, caustic, phosphates) and softening systems have their 
advantages and disadvantages in the conditioning of feedwaters. 
In this work objectionable calcium and magnesium deposits can 
be prevented within the feedwater pumping and heating equip- 
ments or boilers regardless of the kind of water in use or manner 
in which the treatment is applied, whether direct to the boilers 
or through softeners. 

This cannot be said about the prevention of silica deposits, 
which take place with soda concentrations very much in excess of 
those required to prevent deposits of caletum sulphate. High- 
soda concentrations reduce the amount of these formations, but 
do not prevent them. Organic acids (tannic) have proved 
valuable in this connection in many cases, but have also proved to 
be failures in many others. On the Pacific Coast where the 
water supplies contain more than the average amount of silica, 
the best results have been obtained through zeolite treatments of 
the supply. It is necessary with such waters to reduce the cal- 
cium and magnesium to a practical zero content. This is possible 
if the zeolite softeners are correctly sized and operated. A 
practice which is even better for preventing calcium, magnesium, 
and silica deposits in boilers operating at high pressures and high 
ratings is the use of a distilled make-up from evaporators fed with 
zeolite waters. 

In all cases the correct soda conditioning of a feedwater is not 
possible where it contains saponifiable oils. The total absence of 
such contaminations should be absolutely assured if satisfactory 
treating results are to be maintained at all times. In addition, 
these oils, as the author states, are very active causes for foaming. 
In this we fully concur as our experience has proved them to be 
the most objectionable constituents in a feedwater from every 
standpoint. The removal of oils is largely accomplished through 
the installation of properly sized oil separators. Where oil- 
contaminated condensate is being returned to the boilers, its 
purification can best be brought about through a combination 
alum-soda treatment and sand filtration. 

Oil strainers have no effect in the removal of emulsified oils and 
should not be employed for the purpose. Foaming from other 
causes can be reduced to a negligible minimum where the boiler 
concentrations are kept low enough. The very best practice in 
use today for this purpose is the continuous blowdown in com- 
bination with a heat exchange for transferring the heat from the 
hot blowdown water to the feedwater before it enters the feed- 
water heater. 

Returning to the subject of zeolite waters, the greatest ob- 
jection to their use is their constant tendency toward causing 
widespread corrosion. This is indeed very common with this 
method of conditioning, and the nature of the corrosion is char- 
acteristic in that it destroys the metal more uniformly over the 
surface instead of manifesting itself as pitmarks, as is the case 
with waters which carry incrustating solids. This characteristic 
corrosion of zeolite was clearly indicated through the location and 
study of some 3500 steel rods in boiler feed lines carrying all 
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kinds of water. Lime-soda-treated waters in this same study 
showed practically no corrosion with a temperature of the feed- 
water as low as 180 deg. fahr. 

With zeolite-treated water, temperatures closely approximating 
boiling did not prevent corrosion. Where the temperatures of 
the zeolite waters are maintained at all times at the boiling point, 
corrosion becomes a negligible quantity. The only practical 
conclusion regarding such results is that the excessive corrosion 
which follows the use of zeolite waters is caused by oxygen, and is 
greatly accelerated through the absence of the protective carbon- 
ate coatings which follow the use of raw and other waters. 

The maintenance of a pH concentration in excess of 10 for 
preventing corrosion is strictly essential, but regular determina- 
tions of this value for controlling corrosion in the conditioning of 
feedwaters is impractical, because of the positive alkalinities 
which must be carried at all times in the above-mentioned con- 
ditioning. 

Constant successful results in the conditioning of boiler feed- 
waters can only be brought through scientific control and a 
knowledge of the effects that different operating and water con- 
ditions have onatreatment. This in turn can only be based on 
practical conclusions developed through experience. 


Morean B. Situ.” The author refers to the process of 
caustic embrittlement as a slow process. The writer has recently 
been connected with several cases of embrittlement and in one 
instance boilers went through just one heating season, six months. 
and showed every evidence of embrittlement as defined by Pro- 
fessors Parr and Straub. The thought occurred to the writer 
that there must be something more behind caustic embrittlement 
than the action of caustic soda or hydrogen gas set free, and he is 
inclined to think that the manufacture of the boilers should be 
gone into and that the extent to which the boiler metal has been 
stressed beyond the elastic limit should be determined. Every- 
one seems to be agreed that caustic embrittlement does not occur 
until the operating stress carries the metal beyond the elastic 
limit. In the process of manufacturing the boilers the elastic 
limit has already been lowered, and because of this it stands to 
reason that caustic embrittlement can come about just that 
much easier when boilers are in service. 


R. C. Barpwe.t.'! It is believed that the limit for satis- 
factory use of soda ash in boiler-water conditioning should be 
raised from 150 to 200 lb. pressure, since the latter is the pressure 
ordinarily carried in locomotive boilers. Many railway com- 
panies have been obtaining very satisfactory results with soda-ash 
treatment in locomotive boilers for quite some time. 

It has been the writer’s understanding that the term ‘‘caustic 
embrittlement” as referred to by Dr. Hall was to be replaced by 
the term ‘“‘embrittlement,’’ because caustic soda is, apparently, 
only one of the influencing factors. Many railroads have been 
carrying very high amounts of caustic soda in locomotive boilers 
for many years to offset the pitting and corrosive tendency of the 
boiler waters—sometimes as high as 100 grains per gallon, with a 
total concentration of between 200 and 300—and in no case of 
this kind has embrittlement trouble been reported, even though 
such boilers get considerably more shaking and jar than do the 
stationary boilers of a central power plant. 


‘Tueo. Maynz.'2 The discusser would ask whether, in boilers 
with the water properly conditioned and records kept, the author 
has been troubled, as he has, with a tremendous accumulation of 


1 Engineer, General Motors Corp., Detroit, Mich. Mem. 
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11 Superintendent of Water Supply, C. & O. Ry., Richmond, Va. 

12 Consulting Steam Ergineer, Cleveland, Ohio. Mem. A.S.M.E. 
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sludge in the rear tubes, particularly in Stirling boilers, which is 
not removed by blowdown. 


AvuTHOR’s CLOSURE 


Replying to Mr. Maynz, the author would say that in feed 
lines calcium carbonate is commonly found in the form of aragon- 
ite, which is one of its crystalline forms; in the boiler, however 
calcite is found. 

If in the rear drum of a Stirling boiler enough alkalinity is 
present in the water to insure the formation of caleites, it is thy 
author's opinion that there will be no accumulation of seale; bu: 
this is often difficult te accomplish unless there is recirculation | 
water from the boiler to the rear drum to give sufficient alkalinit\ 
there to hold the formation to calcite. 

In using phosphate, if there is insufficient hydroxide alkalinit, 
in the water there may be soft deposits in the rear drum of « 
Stirling boiler, but at a place where it will not cause the tubes 1.) 
be burned. The question then is this: Is the carrying of reck- 
lessly high alkalinity in the feedwater to prevent this condition 
worth while, because of the difficult situation it produces in th» 
rest of the boiler? And, of course, this is something that has to 
be answered in each individual case. 

Replying to Mr. Duncan," in regard to the impracticability of 
using oils as inhibitants to foaming, the author would say that 
that feature was elaborated on in a paper presented before thie 
American Water Works Association in June, 1928. The oils are 
believed to be effective because of the polarity of their molecules, 
and the double bonds that occur in them are probably the point 
of attack in an alkaline water. When the molecules are broken 
at this point they become ineffective. In the case of castor «il 
the molecule is fairly stable, but saponification occurs and soap |s 
produced. In locomotives castor oil has somewhat extensive Use 
because the blowdown is large enough not to allow accumulation 
of the soap. So far as the author knows, castor oil is but rarely 
used in stationary practice. All oils, whether of vegetable or 
animal origin, have this characteristic of saponification. Waxes 
and asphalt all have double-bond molecules, and when subjected 
to an attack by alkaline water will probably either break down or 
else the large organic molecules will be taken up by the floceulent 
material in the water and removed. Because of these properties, 
it is doubtful if use of such substances as anti-foaming materials 
can be economically feasible. 

Replying to Mr. Cutler," in regard to the limits beyond which 
soda ash should not be used, there are a number of factors that 
enter into the situation. Consider first a water such as that 
from the Monongahela or Allegheny River and consider it 
softened by a lime-soda softener. A certain concentration of the 
carbonate of soda ash is essential in the boiler water to com- 
pletely eliminate deposition of sulphate. The development of 
the alkali by the decompos‘tion of the soda ash is effective in two 
ways: first, in surpassing the embrittlement ratics that are pre- 
scribed, or recommended at least, by the A.S.M.E. code; snd, 
second, in making more soluble any chance colloidal silica that 
comes in the water to the boiler and therefore hastening the for- 
mation of a silicate scale. Now, whether the pressure is 150 or 160 
lb., from the author’s experience in the elimination of scale the 
amount of sodium carbonate that must be carried in the boiler 
water is sufficient, so that its decomposition at much above 110) |b. 
will exceed the caustic-embrittlement ratio in any case. {here 
can be a situation in which that is not true if, for instance, a bi 
carbonate water is fed directly to a boiler and treated there with 
soda ash. In this case the bicarbonate that is continually enter- 


18 J. M. Duncan, Atmospheric Nitrogen Corp., Syracuse, . Y- 
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14 F. G. Cutler, Chief, Bureau of Steam Engineering, Tennessee 
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ing the boiler with the feedwater neutralizes a large part of the 
alkali formed from the sodium carbonate, and therefore higher 
pressures can be used without overstepping the embrittlement 
ratio. From his own standpoint, however, which is that of taking 
the responsibility for keeping boilers clean, the author likes to 
substitute phosphate for carbonate in the final conditioning of the 
boiler water at as low pressures as may be feasible, and thus avoid 
the use of soda ash for this purpose as much as possible. 

In discussion of the interesting statements by Mr. Rice, a few 
points may be mentioned. 

The discussion by Professor Foulk of the author’s paper em- 
phasizes the distinction between water treatment on the one 
hand and boiler-water conditioning on the other. It is this 
same difference that exists between the rules laid down by the 
Sub-Committee of the A.S.M.E. for the Care of Power Boilers in 
Section VII of the code, and the systematic maintenance of defi- 
nite conditions emphasized by the author in his present paper. 
The titration of a boiler water for total alkalinity bears only 
indirect relation to the conditions essential for prevention of 
scale formation. In a majority of instances the use of methyl 
orange as indicator in the determination of either carbonate or 
total alkalinity concentration in a boiler water is inaccurate, 
because of the pH value at its end point. It was not long ago 
that the contention was made that introduction of sugar or 
tannates into the boiler water delayed the decomposition of the 
soda ash dissolved therein. In previous publications the author 
has showed the fallacy of this contention, and how it arcse because 
of the inaccuracies of boiler-water titrations made to the end point 
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of methyl orange. Again, the test for calcium in a boiler water, 
as recommended in Par. CA-26 of the code, is of no import in 
boiler-water conditioning, since not the positive radicals but 
suitable balancing of the negative radicals in the boiler water 
determines the phase relations at the evaporating surfaces. 

The use of phosphates in water treatment was suggested by 
Horsley in 1849, by Brooman in 1850, and by many others since. 
No advantage attaches to the use of phosphate, however, unless 
its definite and continuous maintenance in the boiler water in 
soluble form is assured. That this assurance may be had, the 
routine tests for phosphate in the boiler water must be carefully 
made by methods that insure against inaccuracy because of other 
substances in the boiler water. 

The removal of calcium by conditioning with either carbonate 
or phosphate renders the boiler water more sensitive to variations 
in load on the boiler than with calcium present. It is the author's 
experience that there is no notable difference between the sensi- 
tivity occasioned by carbonate and that occasioned by phosphate. 

If silica is present in objectionable amount in a natural water, 
it is usually reduced very considerably by flocculation in the 
lime-soda treatment. Zeolite treatment may reduce the calcium 
content lower than the lime-soda, but retains the silica. With 
either type of pretreatment, final conditioning with phosphate 
removes the danger of silicate scale formation. 

The relative concentrations of calcium and magnesium in the 
feedwater have considerable bearing on the tendency for silicate 
scale to form on the evaporating surfaces, especially in the case of 
direct treatment of the boiler water. 
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FSP-50-59 
Collecting the Dust From Chimney Gases of 


Powdered-Fuel Installations 


Present State of the Art Is Described and Some Solutions to the Difficult Problems Are Given, 
and Types of Equipment Are Listed 


By K. TOENSFELDT,! NEW YORK, N. Y. 


HE earliest application of means for collecting dust on a 

large scale was probably employed with blast-furnace 

gas, where floor area in the form of horizontally disposed 
plates was interposed in the path of the gases within relatively 
large chambers on which the dust could settle out. By dump- 
ing or shaking the plates at intervals the dust was removed. 
Because the degree of the removal of suspended matter is a 
function of the time during which the suspended matter is within 
the apparatus, such designs must of necessity take up relatively 
much space. 

As early as 1845 the centrifugal method of separation was 
employed in locomotives. In attempts to improve the effective- 
ness, many modifications of this type of collector were invented, 
including polygonal sections and even a square section instead 
of a circular one, to provide relatively quiet corner pockets for 
aiding the dust drop. Corrugated walls were used for the same 
purpose. Eccentric outlets were adopted to get at the true center 
of the vortex for air removal. Internal cones were placed over 
- the dust outlets. The walls of the collector were provided with 
skimmers to remove the dust concentrated there. To stop the 
whirl in the outlet duct, baffling, square openings, conical open- 
ings, and tangential outlets were employed. Helical partitions, 
horizontally disposed, definitely directed the path of the dust- 
laden gas downward in a spiral path through the collector. 
Screens were placed within the collector at the walls and in the 
outlet, and in some cases the screens were wetted to catch the 
dust. Cyclone collectors were placed in series, and a number of 
small cyclonic units were placed in parallel. 

With slight modifications to its usual structure, the fan has 
been adapted to function as a centrifugal collector. Either the 
dust is blown through screens, slots, or skimmers near or in the 
scroll of the fan or the dust is picked up by troughs fastened to 
the pressure side of the fan blades, the troughs being inclined to 
the axis of rotation to slide the dust to annular ducts at the sides 
of the housing. 

Other types of dust collectors consist of groups of correlated 
baffles placed in the dust stream and are variously shaped and 
slotted either to cause the dust to find zones of quiet gas or 
to enter whirls down which the dust will travel with a portion 
of the air into collecting boxes at the bottom. Another type 
depends on adhesion of the dust to the roughened faces of sheets, 
and occasional rapping cleans these sheets of dust. 

The advantage of these types is that the temperature is 
ee only by the ability of the metal to withstand the 

The filter type of collector commonly employs bags, ropes, 
screens, or steel wool as the screening medium. The use of bags 
and cloth screens is of course limited by the temperature of the 
gas. These filters are commonly arranged in units and are 
cleaned regularly. In some filters a granular filtering material 
is used as the medium. 


' Engineer, Combustion Engineering Corporation. Mem. A.S.M.E. 
I resented at the Second National Meeting of the A.S.M E Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 


The electrical precipitation method perfected by Professor 
Cottrell is effective on very fine dusts such as in the fly ash of 
pulverized-coal furnaces. A pipe type and a plate type are 
employed. Another inventor has combined the pipe type of 
electrical precipitator with the centrifugal principle, each pipe 
of the apparatus serving both as a precipitator and as a centrifugal 
collector. 

Dust washers depend on the intimacy of contact between dust 
and water. In spray conditioning apparatus the gas is passed 
through fine sprays of water and then over wetted baffles, the 
water being recirculated by a pump. With sprays or baffles set 
in motion more intimate mixtures are obtained. The Theisen, 
Feld, and Fowler and Medley washers are of this type. In 
the tower scrubber type of washer the gas passes through the 
tower over wetted obstructions such as baffles, checkerwork, and 
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Fig. 1 Screen Tests oF Putverizep-Coat Dusts 


coke, or it passes through a set of sprays. Screens and mats of 
steel wool have been used for wet-filtering as well as for dry- 
filtering. One type employs a filtering medium covered with a 
viscous substance to which the dust adheres. The surface is 
cleaned and recovered at intervals. All wet dust washers when 
employed for eliminating fly ash from flue gas necessarily form 
a great amount of steam because of the high flue-gas temperature, 
and the metal plates suffer corrosion by the sulphuric acid. 

The foregoing is a brief review of the art of dust collecting in 
general, and provides a picture of the means invented for the 
collection of dusts of various degrees of fineness. Only a few of 
these types so far have been adopted successfully for the exacting 
work of collecting very fine flue dusts. 

In particular, the recovery of the flue dust from the chimney 
gases of powdered-fuel plants is one of the most difficult problems 
of dust collection because of its extreme fineness. It is the pur- 
pose of this review to acquaint the plant engineer with types of 
equipment that have been tried with powdered-fuel dusts and on 
which performance data are available. 

Fig. 1 shows the fineness of the dust to be handled. These 
curves represent the results of screen tests of dusts made at differ- 
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ent plants at which dust collectors are installed or were tried out. 


It will be noticed that of the dust represented by curves 4 and 5 


over 80 per cent of the particles were fine enough to pass through 
a 300-mesh sieve. If one considers that, other things being equal, 
the settling velocity is proportional to the square of the diameter 


Fie. 2 SeparatTinGc Action WITHIN Tyre D CoLLector 


of the dust particle, the difficulty of mechanically settling or 
throwing out such dust will become apparent. 

In the collection of certain dusts other than the dust of pow- 
dered-fuel plants, there is a large return on the investment be- 
cause of the value of the dust reclaimed, as in cement plants and 
sugar refineries and in metallurgical processes. In powdered-fuel 
plants, however, no direct return on the investment can be ex- 
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pected; in fact, the problem of disposing of the dust after collection 
is often a difficult one. In favor of dust collection are the elimi- 
nation of the dust nuisance, the practically colorless stack dis- 
charge, and the saving in maintenance of equipment which might 
otherwise suffer harm because of its presence. The size of the 
collector of course depends on the degree of dust removal desired. 
For variable ratings, several units have been employed and the 
desired degree of dust recovery determined for normal and maxi- 
mum operation. It would be unnecessary to provide for a high 
degree of separation for peak periods of short duration. 

In the author’s knowledge there have been no standard re- 
quirements set for dust removal from the chimneys of pulverized- 
fuel installations. The subject of the collection of pulverized- 
fuel dust is comparatively new, and there is but little authentic 
information available for such standards. The question of what 
constitutes a nuisance seems to be a matter of opinion; visibility 
and the esthetic sense are often deciding factors. Visibility 
depends upon the volume and color of the dust fumes. Whether 
a dust nuisance exists depends upon the volume of dust and the 
weight of the particles, and further upon the extent to which the 
dust is diffused by the winds. Where a dust problem exists it is 
of course desirable to know just what a particular apparatus 
will do before accepting it as a part of the plant equipment, and 
for this purpose several test methods have been used. 

One method of determining what a collector will do is to send 
a sample of dust to the maker of the equipment, who mixes it 
with air and sends it through his apparatus. With such a test 
the question arises of how closely shop conditions approximate 
those that will be met in the field. Proper corrections should be 
made for the different conditions encountered and for the relative 
sizes of shop and field apparatus. 

Another method is for the manufacturer to send experimental 
apparatus to the field and to determine what this apparatus will 
do by passing through it a part of the gas-laden flue dust taken 
directly from the main flue. There can be no question as to the 
correctness of this method provided the sample is so taken that 
it represents an average of the dust carried through the cross- 
section of the flue as well as a sample of the same dust density or 
loading as that within the flue at the point at which the sample 
is being taken. To illustrate this latter requirement, if a sample 
be withdrawn from a flue with a sampling pipe facing upstream 
and at a greater velocity than the rate of flow of the flue gas at 
the sampling point, a partial dust separation would take place 
around the periphery of the mouth of the sampling pipe, for the 
heavier dust particles, owing to their velocity, will not suffi- 
ciently change their direction of flow so as to be carried into the 
sampling pipe by the lighter air that is drawn in. Again, if a 
sample be withdrawn at a slower velocity than the rate of flow at 
the sampling point within the flue, the heavier dust particles 
flowing in line with the inside of the tube will carry on into the 
sampling pipe while the lighter air will deflect outward and pass 
around the rim of the sampling pipe. In the application of both 
methods the experimental dust-collecting apparatus has |een 
either a replica of a full-sized section of the actual collector 
to be used in the field, or it has been a relatively small mode! 
which serves as an index of what the larger installation would 
do. 

Of the two methods, the second one, that of sampling in the 
field, seems clearly the desirable one for an accurate indication 
of the performance of a contemplated apparatus. It is ques‘ ion- 
able whether dust that has been cooled, packed, and shipped 
can be fed to the test apparatus so as to reproduce conditions 
existing in the flue in the field. It is reported almost invariably 
that the findings in a shop or laboratory test will be entirely 
different from those obtained in the field under operating con- 
ditions. 
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The factors that enter into the determination of a suitable dust 
collector for pulverized-fuel flue dust are as follows: 


1 Volume and temperature of the gases. 

2 “Loading” of the gases (grains of dust per cubic foot). 

3 Analysis and density of the dust. 

Screen analysis of the dust. 

Relative humidity of the gases. 

Chemical analysis of the gases. 

Pressure drop through the dust collector for normal anid 
peak conditions. 

Power requirements and consumption of the dust collec- 
tor for normal and peak loads. 

9 Presence of moving parts with regard to wear. 

10 Capacity of the collector for cleaning itself. 

11 Replacement and maintenance costs of the dust collector. 

12 Space occupied by and the weight of the dust collector. 

13 Efficiency of dust removal by the collector. 

14 Relative efficiency between the experimental and the com- 

mercial collector. 


> OU 


~ 
~ 


The first factor may be obtained by a pitot-tube survey of 
the duct, or from the chemical analysis of the gases (item 6), 
or from the rated capacity of the fan for the conditions at the fan. 
The second factor may be obtained by a bag test or by one of 
several laboratory methods the accuracy of which should be in- 
vestigated for the purpose of its application to the problem. In 
either a bag test or a test where the dust is filtered out, the effect 
of possible moisture on the weight of the filtering medium must 
be considered. In the use of collectors for flue-dust elimination, 
item 5 is of small consideration because the dewpoint is seldom 
reached. 

Regarding items 4 and 13, when making the screen test it is 
important, while considering the various percentages of fines 
removed from the dust, to record those that pass through the 
finest mesh sieve used. These fine dust particles represent, i 


T / | 
| | 
00 +-—+— +— = 
= 
y J $ 
0 +162 
Ry 
— 
0 = 50 | 119 
> 
: 550 240 +8 6 
46 § 
50 (20 
c 
10 : 23 
0 0 0s 
1000 4000 


2000 ( 
Velocity in Feet per Minute 
Fic. Test on Tyre D Co.tector, 9-InN. Heap 


the case of powdered-fuel dust, the greater quantity of all dust 
present, as may be seen from Fig. 1; and if, for example, 
SO per cent of the dust passes through a 300-mesh sieve, a high 
percentage of recovery of the remaining coarser 20 per cent will 
result in a relatively low efficiency. The efficiency of a dust col- 
lector should therefore be stated as the percentage of dust re- 
moved to the total dust carried by the gases entering the col- 
lector. The efficiency may be found approximately in a boiler 
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plant by dividing the weight of the dust collected by the total 
weight of the refuse, less the weight of refuse removed from ash 
and soot hoppers or chambers. 


“Srrocco” CoLLector 


The “Sirocco” collector, of the cyclone or centrifugal type, as 
illustrated in Fig. 2, has the following features: 

It consists of a main casing of volute shape provided with an 
inlet through which the dust-laden air or gas enters tangentially. 

Beneath the volute a series of alternate truncated cones and 
cylinders is arranged, terminating in a dust outlet at the bottom, 
the clean air or gas emerging from a central opening in the top 
of the main casing or through this opening into a scroll-shaped 
outlet head. 

This design creates a cyclonic action without internal turbu- 
lence. The dust-laden air or gas entering the collector tangen- 
tially is forced by its velocity to take a path following the 
peripheral shape of the volute. The dust particles, being heavier 
than the air or gas, are forced outward against the periphery, 
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and as the action of separation is centrifugal, the separating effect 
increases as the radius of the volute decreases. 

In addition to moving centrifugally outward, the dust is 
forced downward, partly by gravity and partly by the conical 
formation at the bottom of the casing, and leaves the volute in 
a downward direction, following a spiral path which is directed 
and increased in velocity by the alternate truncated cones and 
cylinders to the dust outlet at the bottom. The cleaned air or 
gas forms a vortex in the center of the collector and passes up- 
ward through the outlet. 

The base of the vortex is formed immediately above the dust 
outlet, where a decided suction is present. Therefore the re- 
ceptacle or the means of disposing of the collected dust must 
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higher recovery. For equal size, the ash dust seems easier to 
collect than mill-vent dust. Curve 2 of Fig. 1 shows the screen 
analysis, which falls well above the remaining group of dusts, 
and Fig. 4 shows the recovery to be almost 99 per cent. A com- 
parison of the results indicated in Figs. 3 and 4 discloses that the 
finer dust charted in Fig. 3 requires about twice the gas velocity 
of the coarser dust in Fig. 4 in order to approach its relative point 
of best efficiency, with a draft loss several times that of the 
coarser sample. 

All of the test results as given for the Sirocco collector were made 
in the shop on relatively small-sized machines. A test made in 
the field on a No. 8 Sirocco collector on mill-vent air containing 
0.9 to 2 grains of dust per cubic foot gave an average efficiency of 

70 per cent. The color of the discharge was not 


VorticosE Dust CoLLEcToR 
| if The Vorticose dust collector employs the prin- 


ciple of the free spiral vortex similar to that wit- 
nessed in a whirlwind, where the dust or debris is 


my concentrated in a column of rapidly revolving air 
until finally dispersed at the apex. Figs. 5, 6, 
5 and 7 are, respectively, the plan, longitudinal, and 


J transverse sections of such a collector. 

In the Vorticose collector use is made of this 
principle by creating by artificial means a large 
number of free spiral vortices. The dust contained 
in the gas handled in the apparatus is concentrated 
in the central column of each vortex, until finally 
dispersed in settling chambers into which the vor- 
tices are directed, where the dust is thrown out of 


suspension, dropped, and finally removed by means 
of conveyers. 

It will be noted that since the solids are projected 
to the center of each free spiral vortex this action 
is opposite to that obtained in cyclone or centrifugal 


Conveyor 


Fig. 6 Vorticose CoLtector WITH Fie. 7 Vorticose CoLuector 1n Direc- 
TION OF Gas FLow 


Sipe PLate REMOVED 


be sealed while the collector is in operation. Immediately be- 
yond and below the vortex the concentrated dust, still following 
its spiral path, is forced outward and downward, and any inward 
leakage would interrupt the dust flow and divert it into the 
vortex. 

Where a fan delivers pulverized coal from a mill or where there 
is considerable leakage, it is the custom to provide a vent in the 
discharge of the collector to remove air in excess of that which 
can be returned to the mill. There is a discharge of fine dust 
with this air corresponding to the screen test shown by curve 1 
of Fig. 1. Tests made on a small Sirocco collector with this dust 
from the mill vent showed an average recovery of 60 per cent of 
the dust. Fig. 3 shows the performance of this collector in effi- 
ciency, pressure drop, and dust loading. A test on a small Si- 
rocco collector with a pulverized-fuel ash of a much coarser size 
than the mill-vent dust of the preceding test resulted in a much 


collectors. In the latter the separation of the dust 
particles depends upon the mass of the particles 
and the tangential velocity of the gas stream. In 
the Vorticose collector all dust particles are pro- 
jected into the low-pressure center of each free 
spiral vortex and retained therein until the vortex 
is broken up at the entrance to the settling cham- 
ber, where the dust is precipitated. 

The collector is built on the multiple-unit system. 
The number of units employed, and consequently 
the size of the collector, is dependent upon the 
volume of gas to be handled and upon the degree 
of separation required. In most cases the \or- 
ticose collector consists of a steel casing enclosing 
the collecting elements, this casing being mounted on a hopper con- 
taining a series of dead-air settling chambers which are located 
directly under the dust traps. Each settling chamber is sealed 
off from the adjacent ones, and therefore handles only the dust 
from two transverse rows of elements. One or more conveyors 
are located at the bottom of the hopper which serve to remove 
the trapped dust continuously. 

In Fig. 5 the collecting elements are arranged in a serics of 
rows transverse to the gas flow. In each unit there are one vor- 
tical full trap, one pressure-relief trap, and four deflectors. All 
elements common to each row are suspended from the top and 
are connected at the botton by a floating bar called the “rapping 
bar.” The deflector plates split the dust-laden gas into a large 
number of slender vertical streams, each stream being tangen- 
tially directed into a vortical trap, thereby setting up a swirling 
mass of gas in the traps. The pressure in the vortical traps is § 
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function of the static head plus 


TABLE 1 TEST DATA ON VORTICOSE COLLECTOR 


the velocity head of the gas. 1 Test No.. 1 2 3 4 5 
h lief t 2 Duration, ‘min. - ieee 120 68 60 60 60 
In the pressure-relief traps an as- 3 Average pitot in test pipe, in. water... 0.213 0.383 0.324 0.635 0 
pirating condition exists. These 4 - yf temperature : test pipe, deg. fahr. 340 350 350 313 351 
5 rea of test pipe, sq. ft.... 0.196 0.196 0.196 0.196 0. 
traps are in free communication 6 = he r- through test pipe, cu. ft.. 53,100 40,800 33,900 47,300 * 50,460 
7 eight of dust caught in bags, grains. . 26,625 17,500 9,625 14,000 28,000 
with each other only at their 8 Weight of dust caught in collector, grains.. . 77,000 70,000 70,000 50,750 99,750 
lower ends in the settling cham- 9 Total dust from gases, grains.......... 103,625 87,500 79,625 64,750 127,750 
10 Average pitot in main flue, in. water.. 0.192 
ber. Accordingly, there will be 11 Average temperature main flue, deg. fahr. 6 huste Sys 350 ie 
Sow of th  ¢ li t 12 Area of main flue, sq. ft. 26.0 26.0 6.0 26.0 26.0 
a tow 0 e gases tending to 13. Ratio of vel. at test intake to vel. in main flue 0.8 1.05 0.54 1.1 0.82 
14. Nozzle velocity in collector, f.p.m......... 350 450 450 600 600 
equalize these pressures, with the |= y in colle 5 - 
. 5 Loading of gases, grains per cu. ft........ 2.2 2.5 2.3 1.4 2.5 
result that the gas in each vor- 16 Efficiency of collector, per cent........... 80 80 SS 78.5 78 


tical trap is projected downward. 

The dust is precipitated into still-air zones, while the clean gas 
is drawn back into the main gas stream through the pressure- 
relief traps. This cycle of operations is repeated in succeeding 
sections of the collector, with the result that the gas is freed from 
dust. 

The rapping serves to dislodge the dust adhering to the internal 
collecting elements and is done at fixed intervals depending on 
the characteristics of the dust. The conveying system is oper- 
ated through a speed reducer. The dust is continuously removed, 
but the seal between the settling chambers remains unbroken 
and turbulence is thereby avoided. 

The results given in Table 1 were obtained by setting up a unit 
test section of the same size as the commercial unit and with the 
same spacing of the vortex and relief traps and deflector plates. 
All characteristics of operation, including gas velocities, were 
duplicated in the collector design for handling the total gas vol- 
ume. 

The test apparatus was set up on the roof of the power plant 
so as to draw a portion of the gas from the main flue by a motor- 
driven fan. The gas was passed first through the Vorticose dust 
collector, and then through three unbleached muslin bags 
15 X 2 ft. It was assumed that the bags would catch all dust 
passing the collector, so that the collector and the bags together 
would catch all that was contained in the gas. The test ducts 
were of 6-in. piping. Gas velocities were measured by a pitot 
tube, the temperatures being taken simultaneously. From these 
readings the volume of gas passing through the 6-in. pipe and 
therefore through the collector and bags can be determined. The 
bags were weighed before and after each test, and the dust 
caught in the collector was weighed after each test. The total 
weight of the dust, the grains of dust per cubic foot of gas, or 
the “gas loading,’ and the efficiency of the Vorticose collector 
under true conditions were thus determined. 

The boiler conditions were maintained at about 200 per cent 
rating for all tests except No. 5, when the boiler was run up to 
300 per cent rating. 

The dust caught in the collector aad the dust caught in the 
bags had the following analyses: 


Testing sieve In collector In bags 
On 100-mesh screen, per cent........... 3 Trace 
On 200-mesh screen, per cent........... 5 Trace 
On 300-mesh screen, per cent........... 7 1 (est.) 
Through 300-mesh screey, per cent..... . 85 99 


(See curye 4, Fig. 1) 


It will be noted that the collector trapped practically 100 per 
cent of the dust that remained on the 300-mesh screen. Also 
that it trapped about 78 per cent of all the dust in the gas finer 
than 300 mesh. The small percentage of dust not trapped by 
the collector was all finer than 300 mesh. The loading of the 
gases averaged 2.1 grains per cu. ft. of gas. This loading may be 
expected to inerease at higher boiler ratings. The average effi- 
ciency of the Vorticose collector was approximately 81 per cent 
under the conditions prevailing. 


Tue CINDERTRAP 


The Cindertrap elements (Fig. 8) divide the flue gases con- 
taining cinders into vertical strata which make an abrupt change 
in direction, the cinders being trapped in the elements and drop- 
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8 OPERATION OF THE CINDERTRAP 


ping into the hopper below. A small volume of gases passes ver- 
tically downward along the elements with the cinders, thus 
aiding gravity in carrying the dust particles into the hopper. 
This volume of gases returns to the main flue through the opening 
at the rear of the elements. A special arrangement of baffles 
in the hopper prevents the cinders being carried through with 
the gases into the main flue. The main body of the gases passes 
directly through the Cindertrap. 

The tests in Table 2 were made on samples of the pulverized 
flue dust which were sent to the shop and then blown through 
the apparatus on an air current. The test section of the appa- 
ratus was a duplicate of the commercial product. The efficiency 
of recovery was determined by weighing the dust delivered, 
the dust recovered, and the dust remaining in the flues of the 
test apparatus. The sieve analysis of test No. 1 is shown by 
curve 6 on Fig. 1 and may be considered very coarse. 

Note the effect of velocity on the dust recovery, the slower 
velocity showing a decided increase in the dust recovery. 


Mesu Type 


The Mesh Type dust-collecting system is used by the By- 
Products Recoveries. One design, the ‘““H’’ type, has been ex- 
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TABLE 2. TEST DATA ON CINDERTRAP 


Grading per U. S. Standard Sieve: 
Remaining on No. 40 sieve, “% of wt..... 1.41 1.22 1.38 
Remaining on No. 60 sieve, © of wt..... 7.04 13.25 6.90 
Remaining on No. 80 sieve, ‘} of wt.... . 16.20 22.91 13.78 
Remaining on No. 100 sieve, ‘% of wt... . 14.80 13.25 13.10 
Remaining on No. 200 sieve, © of wt.... 43.60 33.72 48.30 
through, of Wt... 16.91 15.65 16.54 
Velocity through Cindertrap, f.p.m....... 2240 2450 1875 
Pressure drop through Cindertrap, in. water 0.11 0.125 0.075 
Weight cinders fed into system, lb....... 2703/4 2065/s 338'/s 
Weight recovered in flue, Ib............. 19'/s 
Net weight through Cindertrap, Ib...... 263'/4 206 319 
Weight recovered in Cindertrap, Ib...... 115°/s 2557/s 
Recovered in Cindertrap, per cent....... 638.8 56.1 80.2 
Grading of Recovered Cinders: 
Remaining on No. 40 sieve, “% of wt.... . 2.55 2.15 0.96 
Remaining on No. 60 sieve, “% of wt.... . 8.28 16.12 6.28 
Remaining on No. 80 sieve, © of wt.... . 16.56 24.72 26.10 
Remaining on No. 100 sieve, “% of wt.... 15.93 7.53 17.40 
Remaining on No. 200 sieve, of wt... . 45.21 36.58 41.55 
Passed through, % of wt............... 11.47 12.90 vies 


tensively used in the cement, gypsum, and metallurgical fields 
and has been used on powdered-fuel dusts, but for the fly ash 
from powdered-fuel installations the second type, designated as 
the Mesh Type, is recommended on account of the float nature 
of the dust. 

The Mesh Type machine is designed to secure the maximum 
amount of surface for a given weight of metal in the minimum cubi- 
cal space. This is accomplished by the use of light steel sheets, 
which are roughened by a process known as barbing, and then 
deeply corrugated. These sheets are hung vertically in the gas 
stream, forming narrow vertical passages between which the gas 
travels. By a proper arrangement of the corrugated shape, the 
plates are brought closer together in the parallel portion of 
the corrugation than in the sharply bent portion. The gas 
stream in passing through the machine therefore alternately con- 
tracts and expands, which brings every portion of the gas in con- 
tact with the rough surface of the plates. 

It is stated that gas passing over a surface sets up electro- 
static charges in its structure, and as the machine is thoroughly 
grounded this action causes the particles to adhere to the surface. 
The roughened surface sets up eddy currents behind each of the 
barbed points, and these small eddies assist the gas in depositing 
its dust burden behind them. It is always found on examin- 


Fic. 9 Size or Meso Type MAcuHINE 


ing the machine that there is a greater deposit 
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cause a light coating on them, a rapping mechanism comes into ac- 
tion which vibrates the plate and causes the dust to drop into the 
hopper below. This hopper is sectionalized to prevent any leak- 
age of gas at this point, and the dust is removed by drag chains 
or screw conveyors, or both. 

It is quite essential that no gas be passing through the plates 
when they are being rapped to discharge their dust loading, as 
the released dust is so easily carried in the gas stream. There 
fore dampers are provided to divert the gas flow from the portion 


Fic. 10 Detaits oF CotTrre PRECIPITATOR 


of the machine which is being cleaned during the rapping period. 
When a number of machines are installed, it sometimes is possible 
to arrange for one of them to be cut out of service while being 
rapped, and in this case the whole machine would be rapped at 
one tme. Standard practice, however, is to shut off a small 
section of the machine by means of dampers operated by a mechi- 
nism which functions in synchronism with the rapping device. 

In the smaller sizes (Fig. 9) the barbed corrugated plates are 
grouped radially around a central shaft which revolves once dur- 
ing a complete rapping period, and at the lowest point when the 
plates are behind cut-off dampers, the plates are rapped to (e- 
liver their dust load into a hopper, from which a screw conveyor 
or chain discharges the dust. The larger sizes are usually rec- 
tangular, with the discharge drag chains performing the double 
function of removing the dust from under the hoppers and oper- 
ating the rapping mechanism. An auxiliary chain operates the 
dampers in synchronism with the rappers. In the very largest 
types the plates are suspended radially around a central intake 
flue, the gas passing through them horizontally and discharging 
into a circular flue which forms the outer casing. A rotating 


TABLE 3 DATA ON TESTS IN MESH TYPE OF ASH IN FLUE GAS 


of dust on the plates ina line with the straight Velocity, —_— 
run of the gas than in the parallel portion _ft. per cu. ft. 
of its flow. This is especially noticeable 73) "37." 
where a sharp change in the direction of the 800 300 

gas occurs in that portion of the corrugation 968 363 
where the bend occurs. 536 201 

At stated intervals after the dust has been 

deposited on the plates, a time sufficient to 468 175 


Dust, Boiler 

gr. per Total dust, opera- Efficiency 
Time, Deg. fahr. cu. ft., gr. per cu. ft. tion, of col 
min. In Out Machine Escape Machine Escape % lector, “< 
198 311 190 1.49 0.07 5321 244.0 225 95.5 
170 271 1% 0.771 0.016 2498 107.0 140 95.5 
198 246 149 0.59 0.06 1779 178.0 145 91.0 
198 291 189 0.51 0.03 2374 150.0 130 94.2 
198 239 136 0.48 0.036 1246 94.6 140 93.0 

Tests on Bleeders from Coal Mill 

180 144 112 8.86 0.33 49 4.53 96.5 
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bottom plate carries the hopper dampers and the rapping mecha- 
nism. 

The tests in Table 3 were made on an experimental collector 
of the Mesh Type which is a duplicate in its parts to the commer- 
cial collectors. The tests were made in the field. 


CorrrE.Lut Process oF ELECTRICAL PRECIPITATION 


In this system the removal of particles suspended in the gas is 
accomplished by the use of a strong electric static field. It has 
heen found that if one of the electrodes is filamentary while the 
other electrode has a smooth and extended surface, it is possible 
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by impressing a high voltage across the electrodes to cause the 
solid particles in the gas to be precipitated on the electrode with 
the smooth surface. 

The pipe form, within which a wire is held axially, is one type 
of such apparatus. The pipe is grounded, and the wire is con- 
nected to a source of high-tension current. 

The plate type of precipitator is the one employed for the 
removal of flue dust from pulverized-fuel installations. A series 
of parallel plates is arranged within a casing forming channels 
through which the dust-laden gas flows. Between these plates 
parallel rows of wires or rods are suspended from an insulated 
framework (Fig. 10). 

The plate electrodes are made of concrete slabs with the rein- 
foreing bars spaced in alternation with the wire electrodes be- 
tween plates. This precipitator is known as the “graded- 
resistance concrete-plate horizontal-flow type.’’ The entire pre- 
cipitator is housed within a gas-tight steel casing. 

\ unit of electrical equipment for energizing the precipitator 

includes a transformer which steps up the low voltage power 
supply to 50,000 to 75,000 volts, with low-voltage taps for ad- 
justment and a synchronous motor-driven mechanical rectifier 
for converting the secondary current to unidirectional current to 
the precipitator. A control panel carries all necessary switches 
and controls. 
As the gas passes through the field between electrodes, the dust 
is precipitated on to the concrete surfaces. The bulk of the dust 
falls from the concrete surface when the deposit has reached the 
necessary thickness to fall of its own weight. Mechanically 
operated chain scrapers are, however, provided to dislodge the 
dust from the plates should this become necessary. The dust 
drops into a hoppered bottom from which it may be removed 
mechanically. 

The following tests have been published before and are given 
here for reasons of comparison: 

The method of determining the effectiveness of the precipi- 
tator for collecting a given dust has been to use a test precipi- 
tator working under conditions similar to those at the plant. In 
general the lower the velocity through the precipitator the 
greater the efficiency. Fig. 11 shows the efficiency of a test 
apparatus with various boiler ratings. Normal boiler operation 


was at 280 per cent rating, at which the efficiency of dust removal 
was about 94 per cent. A typical sieve analysis of the flue dust 
is shown by curve 5 of Fig. 1. The method of sampling the dust 
is to use a small laboratory filtering apparatus, the velocity into 
the sampling tube equaling that of the dust-laden gas at the point 
of sampling. The gas drawn off is measured by a water-filled 
gas meter and is corrected for temperature and humidity, and 
every precaution is exercised to minimize errors. The gas flow 
in the main flue was determined by pitot-tube survey, calculation 
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from combustion data, and measurement by induced-draft fan 
performance, and an average value was taken because the three 
methods did not check. The average dust loading was 2.31 
grains per cu. ft. of flue gas, calculated to 29.92 in. mercury 
and 60 deg. fahr. The concentration varied from 1.35 to 4.45 
grains per cu. ft. The resistance to gas flow through the appa- 
ratus varied from 0.08 to 0.17 in. water, depending on the gas 
volume. The maximum velocity through the precipitator was 
limited to 13 ft. per see. at 400 per cent boiler rating. 


Tue “THERMIX STACK” 


The operating principle of the Thermix Stack may be best real- 
ized from Fig. 12. The induced-draft fan concentrates the dust 
by means of a prolonged involute of the flue. From 5 to 15 per 
cent of the dust-laden gas is continuously withdrawn from the 
scroll and precipitated in a cyclone, the cleaned gas being returned 
from the cyclone to the suction side of the flue. The degree of 
elimination may be controlled by the skimming. 

Curve 7 of Fig. 1 shows the screen analysis of a powdered-coal 
flue dust collected with this apparatus, which is relatively 
quite coarse. The screen analysis is as follows: 


Over 80 mesh, per cent............ 1 

Through 80 and over 100 mesh, per cent............ 2 
Through 100 and over 160 mesh, per cent............ 14 
Through 160 and over 200 mesh, per cent............ 15 
Through 200 and over 250 mesh, per cent............ 27 
Through 250 mesh, per cent... . 

Total (5 per cent lost in analysis)................. . 


The guarantees made were: 


r 100 mesh 
rer 200 mesh 
over 300 mesh 


93% elimination of dust passing 
85% elimination of dust passing 150 Tesh ¢ 
75% elimination of dust passing 250 mesh 


It would be of value to know the elimination of the dust which 
passes through a 300-mesh sieve. 


CyYcLoNE TYPE 


Several tests made with ash from powdered fuel in a cyclone- 
type dust collector of the B. F. Sturtevant Company, their design 
No. 3, showed that 94 to 98 per cent of the ash dust was removed. 
The sample was caught on a 200-mesh sieve and shipped to the 
shop for test. Fig. 1 shows that such a dust represents but a 
small portion of the dust that may be encountered. 

From the foregoing review the general conclusion may be drawn 
that the problem of eliminating the flue dust from modern pul- 
verized-coal installations requires the removal of that major 
proportion of dust which is so fine that it passes through a 300- 
mesh sieve and that the size and type of apparatus required for 
the work depends upon the degree of dust removal it is desired to 
obtain. 

A great deal of credit must be given for the enterprise of those 
manufacturers who have done such extensive work in adapting 
principles to and developing apparatus for so difficult a problem, 
and it is to these pioneers that we are indebted for the foregoing 
review of the status of the art. 


Discussion 


ALBERT R. Mumrorp.* The author has covered the field of 
dust collectors broadly, and the data will undoubtedly be of 
value to those facing the problem of dust emission. There are, 
however, some aspects of the matter that are not apparent in the 
paper. In general, the progress in design of dust collectors 
seems to be in the direction of complication. Moving machinery 


2 Engineer, New York Steam Corporation, New York, N. Y. 
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of some kind is associated with the cleaning of a number of th: 
types. In others it becomes obvious that additional fan power 
must be provided to overcome the resistance of the cyclone or 
system of baffle. In any case, an operation charge other than th 
transportation of the material collected is involved, and the oper- 
ating and maintenance costs are increased by that amount. [1 
addition in those types of collectors depending on draft losses 
for their efficiency, the operators are likely to bypass the collector 
at any time they need more draft. This is true of operation in 
general, and of course the dust emission at such a time will con- 
stitute at least a comparative nuisance. The writer wonders 
why the earliest type of collector is not the one to indicate the 
progress of development. 

It is toward simplification rather than complication that power- 
plant accessories should be developed, especially in the case of a 
dust collector, from which no economic return can be expected. 


SaMvuEL B. Fiaca.* The removal of flue dust is primarily « 
problem in cities, although it is encountered in plants that are 
adjacent to residential communities. The author points out one 
phase which will immediately be encountered when this problem 
is attacked—namely, the effect of the installation of such equip- 
ment upon the cost of building the station or plant. In one case 
that was studied during the last year or so, where there had been 
complaint of the precipitation of powdered-fuel dust, it was 
found almost impossible because of building limitations to get in 
more than one or two types. Another of the factors that had 
been considered as an argument for the installation was the re- 
duction of wear upon fan blades. After exhaustive study, how- 
ever, it was found that the cost of the investment for this sepa- 
rating equipment far outweighed the cost of the replacement of fan 
parts, even though that was quite serious in itself. 

From the nuisance standpoint I believe that in most cases it 
will be found that it is the coarser material that is the cause of the 
complaint. Such was the case in this instance to which I referred; 
and if that is the ground of the complaint or of the nuisance, the 
importance of eliminating the stuff that passes through the 300 
mesh becomes very much less. There is also a possibility of 
lessening need for dust eliminators if in the design of boiler baf- 
fling, breeching, and flues adequate provision is made for periodic 
removal of the heavy material which may be removed from 
hoppers, but which, if this provision is not made, will gradually 
fill to a point where the gas velocity will pick it up and carry it 
along and take it out of the stack. ; 


H. G. Lyxxen.‘ I think it is the coarse material that bothers; 
it is the coarse material around the plant that it is necessary to 
remove, and I do not think that in any case there is any serious 
complaint with regard to the fine material, and that fortunately 
makes the question of dust removal that much easier. The 300 
mesh usually bothers the fellow in the next county, if anybody, 
and he is not in position to make much of a complaint. 


H. P. Rew.’ I must take exception to both Mr. Flagg and 
Mr. Lykken on the fineness problem. When I tell you that | am 
from the cement industry, that is enough for you people to know 
what we are up against. The fineness does bother; fines, extra- 
fines, superfines, down to below 1000-mesh material, bother at 4 
distance up to 10 miles or more; and you may find these fines 
coming back at you in the form of a lawsuit if you undertake to 
ignore them. 

I know of a lawsuit in New York State in which this very prob- 


’ Fuel Expert, Electric Bond and Share Company, New York. 
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lem of fine dust settling at a distance from the plant was the main 
cause of complaint. In the case of another plant where they had 
a high stack by which it was thought they would be able to get 
clear of dust complaints, a man who lived about three miles away 
would drop in on his way to his office and say that on that par- 
ticular morning before he had started from home he had swept up 
the dust on his front porch and had it with him ina can. This he 
had brought to the laboratory of the cement mill to be analyzed 
for the nature and source of dust. The cement laboratory found 
75 per cent of it was cement dust. This, as I stated, was taken 
from three miles away. 

If you go into the history of the copper smelters in the West you 
will, I think, find that animals were killed from eating grass at 
some distance away from the smelters and that the United States 
Government stepped in and caused the smelters to erect dust- 
recovery systems. In these cases, I am told, the collectors 
proved a boon for the smelters also, for in recovering smelter dust 
enough gold was recovered to more than pay for the cost of 
collector installation. 

Commenting further on the paper, let me say of the remark 
made that cement dust pays for its collection, do not fool your- 
selves too much on that. We, of the cement industry, are up 
against the problem of the community, and few cement companies 
would put up dust-collection equipment for the value of the dust 
collected. The collected dust is often contaminated with sulphur 
and other impurities, and it may cost more to burn to clinker than 
it would to produce raw material to take its place. In one 
company of which I know they are collecting daily from 1000 to 
1800 tons of cement dust by the Cottrell method and find that 
this recovered dust requires extra burning. 

On the subject of testing out an apparatus and the cautions 
that are given in the paper, I would like to amplify. It is an 
uncertain propgsition to take the dust to a laboratory set up with 
the test collector to find out what your collection is going to be. 
This has been done over and over. I have been on such tests 
where days were spent at the work, using the fly dust swept from 
roofs and that collected in various places around the plants. This 
dust was taken to the laboratory to have it tested on the labo- 
ratory dust collector. The atmosphere of the mill is not present 
in such collection tests. By that I mean in most of the flue gases 
you have moisture, you have gaseous chemical compounds, and 
you have temperatures present, all of which may tend to help 
form an atmosphere around each particle of dust. That atmos- 
phere is held in many cases by a strong surface tension, and the 
combined density of the atmosphere plus the particle of dust 
may be less at times than the density of the average gas itself. 
Such conditions make it absolutely impossible to make a labo- 
ratory test which will accurately reflect the mill conditions. In 
one such case a test was made where coal dust was used. The 
dust was swept from the roof of a coal-preparation mill where it 
had settled out of the atmosphere, and it was extremely fine. 
This dust was screened through a 300-mesh screen; the material 
minus this mesh was fed into a collector handling 4000 cu. ft. of 
atmospheric air per minute; 65 grams of this fine dust was dis- 
tributed as evenly as possible through a double series of feed fans 
over a period of three minutes, and the laboratory collector re- 
claimed 56 grams, or made 86 per cent collection. 

Such a collector, on the basis of these tests, was purchased and 
placed upon the mill from which this dust was collected. When 
operated upon that mill, it collected at less than 65 per cent 
efficiency. The mill atmosphere was different from that of the 
laboratory, 

The author also has cautioned you about the method of taking 
your sample of gas for trial collectors. That is very important. 
On the other hand, with the most careful methods you are still 
liable to err in that your test efficiency sometimes will show much 
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higher on a small sample collector than you can ever obtain when 
operating on a larger collector of the same type. Therefore this 
would point to the value of more definite information from those 
who have collectors. 

Engineers of large companies using certain types of collectors 
have been asked what they thought of the collector. “Fine, 
fine,’’ was the answer. ‘“‘Would you recommend this installa- 
tion?” ‘Surely we would; nothing better.’ Yet within six 
months or a year they had torn the collector out, as it did not 
work well enough or they were planning installation of another 
type. There have been numerous installations of that kind in 
large companies—companies that you would think would be 
willing to tell the results that they had obtained. 

A good many people fool themselves upon the efficiency of the 
apparatus. When you talk about better than 90 per cent of dust 
collection on flue-gas dust, just go a little easy. One day you 
will look at the stacks and you will say, ““‘We have fine collec- 
tions.” Walk around the other side of the stacks and look at 
them against another sky, and you will say they are not good. It 
depends upon the background when you judge the efficiency of a 
collector by the optical method. Now the optical method has a 
big part to play where you are concerned with the community. 
What the community sees makes a lot of difference. If you keep 
the carbon out of that dust, it will make considerable difference. 
Keep the color down. 

In speaking of carbon in the dust, when you talk about your 
flue dust and your ash loss of carbon, you are talking of that 
which may be affecting the collecting efficiency of some types of 
collectors. Wheny 2 carbon present in your dust for any 
reason— and t been able to tell why that carbon 
has a tendene ough the collector—the collection is 
liable to be pooréthan when the carbon is not present. If you 
will take the dust sample by the thimble method from the gas as 
it enters your collector and test for carbon, you may find, say, 2 
per cent carbon in the dust. If you find 2 per cent carbon in that 
dust and then take another thimble of the Gust in the gases leaving 
your collector, you are liable to find 10, 15, or 20 per cent carbon in 
the dust passing the collector. The combustion efficiency of your 
boilers will undoubtedly affect the overall collection efficiency. 
For some reason that carbon upsets things. 

Another thing, on the stacks where you have no collection— 
look out for swirls in the gas up the stack. In one plant that I 
have in mind the loss was heavy and they could not understand it. 
Here they had a number of collectors, and they were working hard 
to hold down the dust loss. Finally some one had the idea of 
getting into an aeroplane and of flying back and forth over the 
stack, looking down. They could see what appeared to be 
cyclonic action in the stacks; the velocities were not uniform 
across the area of the stacks. If the gases could be baffled or 
fluted to stop such a swirl, the actual velocity of the dust-carrying 
gas through the stack would be greatly decreased and the natural 
dust drop-back due to the lack of carrying velocities of the gases 
would reduce the dust loss. Attempts are being made to accom- 
plish this in some plants by causing the stack gases to flow with 
as nearly uniform velocity as possible as they enter and pass up. 

The law of diminishing returns, spoken of awhile ago and to 
which I referred in speaking of the 90 per cent collection, most 
certainly applies in dust collection. If you put up a collector 
counting on 85 per cent efficiency, you may have a relatively 
small collector; to increase to 90 per cent collection efficiency you 
will probably have to add 50 per cent to the collector size; to 
95 per cent, you may have to double the size. The law of di- 
minishing returns works very fast when you come to handle the 
fine dust; and that dust is not only 300-mesh, but may be 1000- 
mesh or finer. If it were not fine, it would not be in the gases 
after simple collection had been applied. 
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from combustion data, and measurement by induced-draft fan 
performance, and an average value was taken because the three 
methods did not check. The average dust loading was 2.31 
grains per cu. ft. of flue gas, calculated to 29.92 in. mercury 
and 60 deg. fahr. The concentration varied from 1.35 to 4.45 
grains per cu. ft. The resistance to gas flow through the appa- 
ratus varied from 0.08 to 0.17 in. water, depending on the gas 
volume. The maximum velocity through the precipitator was 
limited to 13 ft. per sec. at 400 per cent boiler rating. 


Tue “THERMIX STACK” 


The operating principle of the Thermix Stack may be best real- 
ized from Fig. 12. The induced-draft fan concentrates the dust 
by means of a prolonged involute of the flue. From 5 to 15 per 
cent of the dust-laden gas is continuously withdrawn from the 
scroll and precipitated in a cyclone, the cleaned gas being returned 
from the cyclone to the suction side of the flue. The degree of 
elimination may be controlled by the skimming. 

Curve 7 of Fig. 1 shows the screen analysis of a powdered-coal 
flue dust collected with this apparatus, which is relatively 
quite coarse. The screen analysis is as follows: 


Over 80 mesh, per cent............ 1 

Through 80 and over 100 mesh, per cent............ 2 
Through 100 and over 160 mesh, per cent............ 14 
Through 160 and over 200 mesh, per cent............ 15 
Through 200 and over 250 mesh, per cent............ 27 
Through 250 mesh, per cent... . 

Total (5 per cent lost in analysis)................... 95 


The guarantees made were: 


93% elimination of dust passing 
85% elimination of dust passing 150 Tesh ¢ 
75% elimination of dust passing 250 mesh 


yer 200 mesh 
over 300 mesh 


It would be of value to know the elimination of the dust which 
passes through a 300-mesh sieve. 


CYCLONE TYPE 


Several tests made with ash from powdered fuel in a cyclone- 
type dust collector of the B. F. Sturtevant Company, their design 
No. 3, showed that 94 to 98 per cent of the ash dust was removed. 
The sample was caught on a 200-mesh sieve and shipped to the 
shop for test. Fig. 1 shows that such a dust represents but a 
small portion of the dust that may be encountered. 

From the foregoing review the general conclusion may be drawn 
that the problem of eliminating the flue dust from modern pul- 
verized-coal installations requires the removal of that major 
proportion of dust which is so fine that it passes through a 300- 
mesh sieve and that the size and type of apparatus required for 
the work depends upon the degree of dust removal it is desired to 
obtain. 

A great deal of credit must be given for the enterprise of those 
manufacturers who have done such extensive work in adapting 
principles to and developing apparatus for so difficult a problem, 
and it is to these pioneers that we are indebted for the foregoing 
review of the status of the art. 


Discussion 


Atspert R. Mumrorp.? The author has covered the field of 
dust collectors broadly, and the data will undoubtedly be of 
value to those facing the problem of dust emission. There are, 
however, some aspects of the matter that are not apparent in the 
paper. In general, the progress in design of dust collectors 
seems to be in the direction of complication. Moving machinery 
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of some kind is associated with the cleaning of a number of the 
types. In others it becomes obvious that additional fan power 
must be provided to overcome the resistance of the cyclone or 
system of baffle. In any case, an operation charge other than the 
transportation of the material collected is involved, and the oper- 
ating and maintenance costs are increased by that amount. I, 
addition in those types of collectors depending on draft losses 
for their efficiency, the operators are likely to bypass the collect«: 
at any time they need more draft. This is true of operation in 
general, and of course the dust emission at such a time will con- 
stitute at least a comparative nuisance. The writer wonders 
why the earliest type of collector is not the one to indicate the 
progress of development. 

It is toward simplification rather than complication that power- 
plant accessories should be developed, especially in the case of « 
dust collector, from which no economic return can be expected. 


SaMuEL B. Fiaaa.? The removal of flue dust is primarily « 
problem in cities, although it is encountered in plants that are 
adjacent to residential communities. The author points out one 
phase which will immediately be encountered when this problem 
is attacked—namely, the effect of the installation of such equip- 
ment upon the cost of building the station or plant. In one case 
that was studied during the last year or so, where there had been 
complaint of the precipitation of powdered-fuel dust, it was 
found almost impossible because of building limitations to get in 
more than one or two types. Another of the factors that had 
been considered as an argument for the installation was the re- 
duction of wear upon fan blades. After exhaustive study, how- 
ever, it was found that the cost of the investment for this sepa- 
rating equipment far outweighed the cost of the replacement of fan 
parts, even though that was quite serious in itself. 

From the nuisance standpoint I believe that in most cases it 
will be found that it is the coarser material that is the cause of the 
complaint. Such was the case in this instance to which I referred; 
and if that is the ground of the complaint or of the nuisance, the 
importance of eliminating the stuff that passes through the 300 
mesh becomes very much less. There is also a possibility of 
lessening need for dust eliminators if in the design of boiler baf- 
fling, breeching, and flues adequate provision is made for periodic 
removal of the heavy material which may be removed from 
hoppers, but which, if this provision is not made, will gradually 
fill to a point where the gas velocity will pick it up and carry it 
along and take it out of the stack. : 


H. G. LyxkKen.‘ I think it is the coarse material that bothers; 
it is the coarse material around the plant that it is necessary to 
remove, and I do not think that in any case there is any serious 
complaint with regard to the fine material, and that fortunately 
makes the question of dust removal that much easier. The 300 
mesh usually bothers the fellow in the next county, if anybody, 
and he is not in position to make much of a complaint. 


H. P. Rem.’ I must take exception to both Mr. Flagg and 
Mr. Lykken on the fineness problem. When I tell you that I am 
from the cement industry, that is enough for you people to know 
what we are up against. The fineness does bother; fines, extra- 
fines, superfines, down to below 1000-mesh material, bother at 4 
distance up to 10 miles or more; and you may find these fines 
coming back at you in the form of a lawsuit if you undertake to 
ignore them. 

I know of a lawsuit in New York State in which this very prob- 
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lem of fine dust settling at a distance from the plant was the main 
cause of complaint. In the case of another plant where they had 
a high stack by which it was thought they would be able to get 
clear of dust complaints, a man who lived about three miles away 
would drop in on his way to his office and say that on that par- 
ticular morning before he had started from home he had swept up 
the dust on his front porch and had it with him in acan. This he 
had brought to the laboratory of the cement mill to be analyzed 
for the nature and source of dust. The cement laboratory found 
75 per cent of it was cement dust. This, as I stated, was taken 
from three miles away. 

If you go into the history of the copper smelters in the West you 
will, I think, find that animals were killed from eating grass at 
some distance away from the smelters and that the United States 
Government stepped in and caused the smelters to erect dust- 
recovery systems. In these cases, I am told, the collectors 
proved a boon for the smelters also, for in recovering smelter dust 
enough gold was recovered to more than pay for the cost of 
collector installation. 

Commenting further on the paper, let me say of the remark 
made that cement dust pays for its collection, do not fool your- 
selves too much on that. We, of the cement industry, are up 
against the problem of the community, and few cement companies 
would put up dust-collection equipment for the value of the dust 
collected. The collected dust is often contaminated with sulphur 
and other impurities, and it may cost more to burn to clinker than 
it would to produce raw material to take its place. In one 
company of which I know they are collecting daily from 1000 to 
1800 tons of cement dust by the Cottrell method and find that 
this recovered dust requires extra burning. 

On the subject of testing out an apparatus and the cautions 
that are given in the paper, I would like to amplify. It is an 
uncertain proposition to take the dust to a laboratory set up with 
the test collector to find out what your collection is going to be. 
This has been done over and over. I have been on such tests 
where days were spent at the work, using the fly dust swept from 
roofs and that collected in various places around the plants. This 
dust was taken to the laboratory to have it tested on the labo- 
ratory dust collector. The atmosphere of the mill is not present 
in such collection tests. By that I mean in most of the flue gases 
you have moisture, you have gaseous chemical compounds, and 
you have temperatures present, all of which may tend to help 
form an atmosphere around each particle of dust. That atmos- 
phere is held in many cases by a strong surface tension, and the 
combined density of the atmosphere plus the particle of dust 
may be less at times than the density of the average gas itself. 
Such conditions make it absolutely impossible to make a labo- 
ratory test which will accurately reflect the mill conditions. In 
one such case a test was made where coal dust was used. The 
dust was swept from the roof of a coal-preparation mill where it 
had settled out of the atmosphere, and it was extremely fine. 
This dust was screened through a 300-mesh screen; the material 
minus this mesh was fed into a collector handling 4000 cu. ft. of 
atmospheric air per minute; 65 grams of this fine dust was dis- 
tributed as evenly as possible through a double series of feed fans 
over a period of three minutes, and the laboratory collector re- 
claimed 56 grams, or made 86 per cent collection. 

Such a collector, on the basis of these tests, was purchased and 
placed upon the mill from which this dust was collected. When 
operated upon that mill, it collected at less than 65 per cent 
efficiency. The mill atmosphere was different from that of the 
laboratory, 

The author also has cautioned you about the method of taking 
your sample of gas for trial collectors. That is very important. 
On the other hand, with the most careful methods you are still 
liable to err in that your test efficiency sometimes will show much 


higher on a small sample collector than you can ever obtain when 
operating on a larger collector of the same type. Therefore this 
would point to the value of more definite information from those 
who have collectors. 

Engineers of large companies using certain types of collectors 
have been asked what they thought of the collector. “Fine, 
fine,’ was the answer. ‘“‘Would you recommend this installa- 
tion?” ‘Surely we would; nothing better.”’ Yet within six 
months or a year they had torn the collector out, as it did not 
work well enough or they were planning installation of another 
type. There have been numerous installations of that kind in 
large companies—companies that you would think would be 
willing to tell the results that they had obtained. 

A good many people fool themselves upon the efficiency of the 
apparatus. When you talk about better than 90 per cent of dust 
collection on flue-gas dust, just go a little easy. One day you 
will look at the stacks and you will say, ‘“‘We have fine collec- 
tions.’ Walk around the other side of the stacks and look at 
them against another sky, and you will say they are not good. It 
depends upon the background when you judge the efficiency of a 
collector by the optical method. Now the optical method has a 
big part to play where you are concerned with the community. 
What the community sees makes a lot of difference. If you keep 
the carbon out of that dust, it will make considerable difference. 
Keep the color down. 

In speaking of carbon in the dust, when you talk about your 
flue dust and your ash loss of carbon, you are talking of that 
which may be affecting the collecting efficiency of some types of 
collectors. Wheny » carbon present in your dust for any 
reason—and t been able to tell why that carbon 
has a tendene ough the collector—the collection is 
liable to be pooréthan when the carbon is not present. If you 
will take the dust sample by the thimble method from the gas as 
it enters your collector and test for carbon, you may find, say, 2 
per cent carbon in the dust. If you find 2 per cent carbon in that 
dust and then take another thimble of the Gust in the gases leaving 
your collector, you are liable to find 10, 15, or 20 per cent carbon in 
the dust passing the collector. The combustion efficiency of your 
boilers will undoubtedly affect the overall collection efficiency. 
For some reason that carbon upsets things. 

Another thing, on the stacks where you have no collection— 
look out for swirls in the gas up the stack. In one plant that I 
have in mind the loss was heavy and they could not understand it. 
Here they had a number of collectors, and they were working hard 
to hold down the dust loss. Finally some one had the idea of 
getting into an aeroplane and of flying back and forth over the 
stack, looking down. They could see what appeared to be 
cyclonic action in the stacks; the velocities were not uniform 
across the area of the stacks. If the gases could be baffled or 
fluted to stop such a swirl, the actual velocity of the dust-carrying 
gas through the stack would be greatly decreased and the natural 
dust drop-back due to the lack of carrying velocities of the gases 
would reduce the dust loss. Attempts are being made to accom- 
plish this in some plants by causing the stack gases to flow with 
as nearly uniform velocity as possible as they enter and pass up. 

The law of diminishing returns, spoken of awhile ago and to 
which I referred in speaking of the 90 per cent collection, most 
certainly applies in dust collection. If you put up a collector 
counting on 85 per cent efficiency, you may have a relatively 
small collector; to increase to 90 per cent collection efficiency you 
will probably have to add 50 per cent to the collector size; to 
95 per cent, you may have to double the size. The law of di- 
minishing returns works very fast when you come to handle the 
fine dust; and that dust is not only 300-mesh, but may be 1000- 
mesh or finer. If it were not fine, it would not be in the gases 
after simple collection had been applied. 
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We have in operation at present Cottrell collectors collecting 
in all probability 1000 to 1500 tons of dust a day. We have 
cloth collectors or several different makes. We have the nozzle 
type collectors—referred to in the paper as the Vorticose and the 
By-Products—and we have the Cyclone collectors. These 
various collectors are affected differently by the dust. A Cottrell 
is apparently affected in its efficiency rather by the velocity of the 
gas than by the dust loading. If the velocity of the gas along the 
electrodes on the tube type of collector can be kept down below 
7 ft. per sec., and on the plate-type collectors below 12 or 15 ft. 
per sec. across the electrodes, you may expect good efficiency; 
but the minute you overload that with volume, look out. 

On the cloth collector the loading counts heavy, although vol- 
ume counts too; but if you start to load your cloth heavily you 
will soon build up a heavy resistance to the air passage through 
the cloth which will cause short-circuiting through small areas of 
the cloth and will cut holes in it. The capacity of a nozzle col- 
lector depends upon the width of the collector in number of 
nozzles; the depth of the collector in number of nozzles in series 
gives your efficiency. 

One collector of this nozzle type of which I know is built 10 
sections deep and is reported by the mill men to collect at about 
90 per cent efficiency. To get this collection up to 95 per cent 
it was estimated to require from 15 to 18 sections in depth. 

The old Cyclone is really in my estimation more valuable if 
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properly detailed, constructed, and operated than is the common 
opinion; the Cyclone modified is shown here. The principal 
trouble, I think you will find, with the average Cyclone is in- 
filtration allowed through the collected dust at the discharge enc. 
A small percentage of air infiltration allowed through this dust 
will cause the dust to get back into the base of the gas vortex and 
be carried out with the discharged gas; while an efficient trap 
allowing absolutely no air infiltration at that point will result in 
relatively high efficiency on many dusts. 

Recently I have had the opportunity of observing a test on a 
simple Cyclone collector, in which was attained an efficiency of 
83 to 85 per cent on coal dust; that is on the dust from the flue of 
a coal dryer. That in our experience is one of the hardest types 
of dust to catch. This efficiency of 83 to 85 per cent represented 
in this particular case a loss in the discharge gas of a little more 
than 1 grain per cubic foot of gas as discharged from the collector. 

Another thing to look out for—do not be talked into efficiencies 
too strongly. The author brings out that point in the paper 
It is not efficiency that counts after all, when you are collecting 
for the sake of your protection in the community. The com- 
munity does not as a general thing care whether you are collecting 
at 70 per cent or at 95 per cent efficiency; but it does care about 
the dust discharged, or in other words the dust per cubic foot of 
gas discharged. This represents the amount of the nuisance to 
the community. 
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Fineness of Pulverized Fuel as Affected by 
Mill Types 


By LINCOLN T. WORK,' NEW YORK, N. Y. 


Fineness of pulverized coal is increasingly important for small 
combustion space, as with Scotch marine, high-pressure, or small 
industrial boilers. The amounts of sieve size affect the complete- 
ness of combustion with correspondingly higher boiler efficiency and 
less smoke, while the amounts of superfine material affect the ease of 
combustion and the rate of radiation. 

This investigation shows that the various principles of mill action 
make fuels of different fineness. The hammer mills produce rela 
tively coarse coal with but little superfines, the roller mills produce 
widely differing fineness depending upon specific mill action and 
upon plant conditions, and the tube mills normally produce coal 
low in sieve mesh and high in superfines. 

Air-classifying schemes are shown to vary greatly, there being 
room for much development with most mills. The author's turbidi- 
metric method for measuring superfines is described. 

given new emphasis to fineness as a factor important in 


R combustion. The manner in which fineness of fuel plays 
a part in combustion, its bearing upon operation, the range of 
particle size commercially obtained, and the manner in which 
the mill types meet the demands for fineness comprise the scope 
of this investigation. 

The author has been privileged to visit and take samples from 
a variety of installations. With the exception of two demon- 
stration roller mills, no effort was made to select one plant in 
preference to another, nor was effort made to establish special 
conditions in the plant. In cases where it was not possible to 
secure samples, observations were made as to the conditions of 
grinding and of combustion. It must be understood that no 
single mill could safely be used as a basis for comparison. In 
spite of the fact that individual installations varied with con- 
ditions of design or operation, there could be observed from the 
overall effect of several the differences between the types—ham- 
mer mills, roller mills, and tube mills. This study is restricted 
to a comparison of these mill types with respect to their normal 
fineness and mill wear and the effect of fineness on combustion 
and heat transfer. 


ECENT developments in the field of pulverized coal have 


SIGNIFICANCE OF FINENESS 


it is natural in considering pulverization of coal that fineness 
should be of paramount importance; but there is a real question 
us to what is the proper fineness for suitable combustion and 
greatest operating economy. On that point the problems in 
the small plant and in the large plant are somewhat different. 

With the larger units, i.e., those having 5000 cu. ft. or more of 
combustion volume, there usually is sufficient distance for the 
flame to travel 20 ft. or more before striking a surface. Particles 
of relatively large size can be completely burned in that distance. 
In addition combustion is accelerated by the use of radiant re- 
fractory, and the boiler surfaces are kept well away from the 
flame or protected by a thin layer of refractory. This keeps the 
combustion chamber hot and makes possible the use of relatively 
slow-burning fuel. 

| is not surprising that in such installations the significant 


‘ Chemical Engineering Department, Columbia University. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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fineness is considered to be the percentage coarser than the 60- 
or 100-mesh sieve. Particles larger than this maximum for a 
given set of conditions are objectionable, for these reasons: 


1 They impinge on the walls while still hot, causing erosion 
or slag formation. 

2 They drop into the ashpit and are cooled before being burned 
out. This results in carbon loss in the ash. 

3 They serve as nuclei about which carbon monoxide may be 
formed. 

4 They pass out of the stack as smoke. 


The application of pulverized coal to the smaller units pre- 
sents somewhat different problems. Save in the case of specially 
designed settings, the dimensions are small and the path or length 
of flame travel is restricted. The furnace walls are occasionally 
air-cooled, but more frequently are solid refractory. They can- 
not safely be heated to incandescence. The boiler surfaces are 
close to the flame, often within 3 feet. In the extreme case of 
the Scotch marine boiler each combustion zone is almost entirely 
surrounded by water-cooled surface. As this tends to chill the 
flame a high heat release is necessary, i.e., completion of com- 
bustion in a short length of flame travel and rapid liberation of 
heat in the flame to prevent chilling. Jefferson and Evans? 
have indicated that these requirements can be met only by a 
large content of superfines and by extreme turbulence in mixing 
fuel with air. So far as fineness is concerned a fuel of which 80 
per cent or more is finer than 200 mesh permits material shorten- 
ing of the flame, as the coarse particles which take time to burn 
are lacking. But the superfine particles, which may be considered 
those less than '/; or '/i) of 200 mesh, well mixed with air, make 
the reaction approach more nearly to one of true gases and make 
the flame self-sustaining. Such a flame has greater solid radi- 
ating surface within it, and heat may be transferred rapidly 
from it to the boiler surface. 

While these more exacting requirements of high heat release 
have been necessary in the smaller units there are trends toward 
greater water-cooling of the combustion chamber and toward 
smaller boilers and settings at higher steam pressures. It becomes 
a matter of economics whether the increased cost of securing the 
fineness for higher heat release will be compensated for by savings 
in reduced setting cost and the lesser cost of the building to house 
the power plant. 

Thus it is evident that fineness is important, not only with 
respect to sieve sizes but also with respect to that impalpable 
powder called superfines which is an essential factor in rapid 
combustion. Along with turbulence it has made possible the 
use of pulverized coal in marine boilers. It is also of importance 
when this form of fuel is burned in any furnace of small volume 
or of short flame travel. There is indication that finer fuel will 
affect the future design of large installations. 


Types or CoaL-PULVERIZING MILLS 


Commercial machines for pulverizing coal to the required 
fineness may be classified according to the nature of the crushing 
action into three main types: the hammer mill, the roller mill, 


2 Jefferson and Evans, Paper No. 8, Society of Naval Architects 
and Marine Engineers, Nov., 1927, or Marine Journal, vol. 54, no. 26, 
p. 25, 1927. 
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and the tube mill. Although the operation and design of in- 
dividual units may vary, it is to be expected that mills of each 
type will show distinct fineness characteristics. 

Hammer Mill. Included in this class are mills operating at 
high speed which depend upon the hammer or impact action be- 
tween the rotating paddles and the stationary casing to cause 
breaking. This action affects primarily the larger particles, but 
of itself it does not positively eliminate all coarse particles. A 
stream of air through the mill sweeps out the finer particles and 
leaves the coarser pieces for further reduction. Depending upon 
the air flow in the individual installation, the action of the air 
is more or less effective in eliminating coarse particles from the 
final product. 


grinding action, such as mills having grinding surfaces in contact 
along a line and those in contact at a point. Mills of the former 
class might be expected to eliminate coarse particles without the 
production of excessive fine as the grinding surfaces must al- 
ways be separated by at least the size of the coarsest particles 
beneath them; while those in the latter class have a concentrated 
crushing action with the crushing parts in sufficiently close con- 
tact to give fines. A wide range of fineness may therefore he 
expected for roller mills. 

Tube Mill. There are included within this type the slow-speed 
mills in which the tumbling of balls or slugs within a rotating 
compartment produces pulverization. In the usual path of flow 
through a mill the large particles are subjected to crushing action, 


‘ 


H-1 H-2 


H-3 H-4 H-5 


PHOTOMICROGRAPHS OF TYPICAL HAMMER-MILL SAMPLES, MAGNIFIED 100 TIMES 
TABLE 1 HAMMER MILLS 


Sample No........ H-2 H-3 H-4 H-5 
| Pere ; ... Water tube Badenhausen Edge Moor Foster Foster 
780 250 237 237 
200 175 (ap.) 175 (ap.) 
Relative combustion space.. Medium Medium Medium but Medium Medium 
narrow 
Flame.... some Vertical, occasional Horizontal, but’ Vertical, some Vertical, some 
sparklers small sparkler sparklers sparklers sparklers 
Slagging and Deposit burn Deposit burn- 
of unburned erosion of end ing on ash ing on ash 
coal on bottom wall floor floor 
Proximate analysis: 
Moisture...... oe ‘a 0.23 0.44 0.27 0.05 0.05 
Volatile matter.......... 18.17 26.52 20.21 33.20 33.20 
Fixed carbon.... : 69.43 63.41 66.26 54.01 54.01 
12.17 9.63 13.26 2.74 12.74 
Sieve analysis, cumulative 
percentage: 
On 28 mesh... . 0.38 0.40 
0.37 0.18 2.60 1.89 85 
1.95 0.81 6.02 5.32 5.60 
ee 5.42 1.96 11.06 12.37 03 
reer 15.73 5.20 20.26 24.63 25.50 
On 150 mesh......... ; 32.26 11.73 32.37 38.66 40.15 
43.36 19.65 42.13 50.24 51.99 
Turbidimeter test: 
er ee 10.20 6.70 9.90 13.55 12.20 
Turbidimeter fineness... .. 1.13 1.90 1.15 0.82 0.92 


Roller Mill. This type is characterized by large balls or cyl- 
inders running in a die ring or on a revolving plate. The ball- 
ring mill and the more recent ball-plate mill, commonly known as 
the vertical ball mill, are included in this class because of the 
parallelism in grinding action and to distinguish them from the 
ball or tube mill, which is quite different in character. 

Crushing is obtained by pressure on the coal between the roll- 
ing ball or wheel and the ring or plate. The mill action is more 
positive than the hammer type in the elimination of coarse parti- 
cles. In so far as the rates and direction of solid flow make it 
necessary for all pieces to pass beneath the roller and to be sub- 
jected to crushing, a machine is positive in this respect. Mills 
of this type are usually air-swept, thus introducing a second factor 
in reducing the amount of coarse coal in the final product. 

Within this classification there are great differences in the 
design of individual mills, as reference to the ball-ring, ring- 
roller, ball-plate, and roller-plate mills indicates. It seems feasi- 
ble to further differentiate this class on the basis of the type of 


so that though there is no positive elimination the coarse parti- 
cles are effectively reduced. 

Mills of this type used for coal pulverization are as a rule 
swept with air. As with the other types the mill chamber or an 
external classifier controls the elimination of coarse particles. 
In a few cases the coal merely flows through the mill, and that 
which has been pulverized passes through slits or screens which 
retain the balls. 

Since grinding results from the cascading of the balls and from 
the pressure and movements of the balls within the charge, large 
and small particles alike are crushed by this action; and a large 
amount of superfine material should be produced for a given 
sieve fineness. 


SAMPLING PROCEDURES 


There are two sampling problems, one when the coal moves 
as a fluid stream and the other when the coal is carried in 4 
current of air. 
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In the former case the sampler already installed was used. In 
the latter case it is particularly important that all samples be 
taken similarly, since coal carried in air tends to segregate. The 
centrifugal throw of the fan, any change in direction of the pipe, 
and horizontal sections of pipe are important factors in this 
segregation.* The author took all samples in a manner similar 
to the present method of the American Society for Testing Ma- 
terials. One modification was made—the sampling tube was 
moved across two diameters of the pipe at right angles. To 
minimize segregation errors and make samples comparable, the 
axes of sampling were selected to include the estimated maximum 
and minimum content of coarse particles. 


Jackson turbidimeter has been adopted as a rapid method for 
comparing the fineness of the coal. It actually measures the 
hiding or light-dispersing power and thus emphasizes the effect 
of the finer particles. As the method is not commonly used for 
powdered coal, details are given here. 

A specified weight of 200 mg. of the powdered coal was _ren 
at 105 deg. cent. in about 25 cc. of an oil mixture consisting of 
11 parts kerosene to 1 part of lubricating oil. The mixture was 
cooled somewhat and diluted to exactly 150 cc. It was kept well 
mixed as it was poured into the tube of the turbidimeter. The 
depth of liquid just needed to obscure the electrically lighted 
X-slit at the bottom of the tube was recorded as an indication 


R-1 R-2 R-3 R-4 R-6 


PHOTOMICROGRAPHS OF TYPICAL ROLLER-MILL SAMPLES, MAGNIFIED 100 TIMES 


TABLE 2 ROLLER MILLS 


Sample No...... R-1 R-2e¢ R-4 R-5> R-62 R-72,6 R-8 
Cross drum Connelly Connelly None None 
Rating, hp.. pete 6om it 1250 1500 1500 Mill at nor- Mill at half Mill at nor- Mill at half 
Rating, per cent..... a - mal rating rating mal rating rating <8 
Relative combustion space. . Well type Large Large Small Small Medium Medium Medium 
Flame. . Horizontal Vertical, few Vertical, few Horizontal, Horizontal, Vertical, a few Vertical, a few Vertical, 
vortex, few sparklers sparklers bright and bright and sparklers sparklers sparklers 
sparklers smooth smooth noticeable 
Ash.. - ; . Side walls Fine dust Fine dust Fine dust Fine dust No slag; No slag; No slag; 
clean; ash some burn- some burn- some burn- 
removed as ing on ash ing on ash ing on ash 
slag floor floor floor 
Proximate analysis: 
Moisture........ . : 0.57 0.24 0.10 4.97 4.97 06 1.06 5.09 
Volatile matter... .. 35.83 32.60 24.27 16.00 16.00 32.93 32.93 32.03 
Fixed carbon........... 50.5: 58.15 66.01 71.57 71.57 54.58 54.58 49.7 
ae : 13.02 9.01 9.62 7.46 7.46 11.43 11.43 13.18 
Sieve analysis, cumulative 
percentage: 
On 28 mesh.... . net pas 1.76 0.44 0.06 0.04 0.23 
On 35 mesh.... 0.05 0.11 1.13 2.54 0.50 0.65 0.32 38 
On 48 mesh.... 0.44 60 3.29 3.71 0.55 2.90 1.58 4.93 
On 65 mesh.... . 1.93 2.52 6.75 4.89 0.62 6.94 4.76 10.83 
On 100 mesh.... .. 7.63 9.34 13.23 9.17 1.24 16.51 14.07 22.99 
On 150 mesh.... .. bee 16.33 19.25 22.24 14.37 2.48 28.41 24.96 36.64 
ee 23.26 28.57 30.73 19.90 3.70 39.86 37.10 49.56 
Turbidimeter test: 
Depth, cm. . 5.50 8.05 7.15 4.65 4.30 7.45 6.71 9.08 
T urbidimeter fineness..... 2.40 1.49 1.73 2.98 3.26 1.65 1.88 1.19 


a Sample taken from stream of settled coal. 
5 Mill at low rating. 


ANALYTICAL TESTS 


Proximate Analysis. The standard procedures of the Amer- 
ican Society for Testing Materials were used on the samples 
as taken. The determination of volatile matter was performed 
in platinum crucibles in an electric furnace at 950 deg. cent. 

Sieve Test. The sample was dried at 105 deg. cent. and placed 
on the 200-mesh sieve for a preliminary separation. The purpose 
of this was to eliminate the dust that so frequently adheres to 
the sieves in a nest. The material remaining on the 200-mesh 
Sieve was then shaken on a nest of Tyler sieves, the same 200- 
mesh sieve being the finest in the series. The results are reported 
as the cumulative total percentage coarser than any sieve. 


Turbidimeter Test. For the purpose of this investigation the 
’ Na ational Electric Light Association, Pulverized Fuel, p. 2, 
112-114, Aug., 1927. 
. Tentative Method of Test for Fineness of Powdered Coal, 
Proc. A.S.T.M., part I, 1926, pp. 898-902. 
* Standards, 1927, part II, pp. 542-547. 


All others taken from air stream. 


of the fineness. The less the depth the greater was the opacity 
and the greater was the fineness of the powder. 

To make these values more nearly comparable two samples 
were tested at different dilutions of oil, and from the curves so 
obtained the fineness of each of the samples was compared with 
that of the standards. These figures are a more direct measure 
of fineness, though based on an arbitrary scale, and they supple- 
ment the sieve data by emphasizing the extremely fine particles. 
In this article these values are given as Turbidimeter Fineness. 

Microscopic Count. Two of the coal samples were subjected 
to microscopic frequency count. After uniform slides were 
prepared several fields were projected in turn through the micro- 
scope onto a screen. All particles in each field were measured 
with a scale and assigned to their respective size intervals. On 
the assumption that the particles of all sizes were statistically 
similar in form and of the average diameter of the interval, the 
numbers of particles falling in each interval were calculated to 

6 Weigel, Bureau of Mines, Technical Paper no. 296, 1924. 
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Fic. 1 Sieve From Data 1n TABLE 1 oN HamMMER MILLS 


Cumulative Percentage Oversize 


Sieve Mesh 


Fig. 2 Sieve Vatvues From Data In TABLE 2 ON ROLLER MILLS 


Cumulative Percentage Oversize 


2 35 200 


Sieve Mesh 


Fie. 3 Sreve From Data In TABLE 3 oN TUBE MILLS 


the weight basis. The percentage in each interval was divide: 
by the size of the interval in microns (1 » = 0.001 mm.) 
to give the percentage by weight per micron. When these values 
are plotted against particle diameter, the resulting curve indi- 
cates the fineness of the powder. It is known as the fineness 
distribution curve. 

Photomicrographs. Slides were prepared and fields photo- 
graphed to represent approximately similar weights of coal. 


Data On TypicaL INSTALLATIONS 


A number of typical power-plant installations from which 
samples were secured are briefly described and the fineness 
data given in Tables 1, 2, and 3. The sieve values from these 
tables are presented graphically in Figs. 1, 2, and 3. To compare 
the screen-type tube mill, which is not air-swept, two samples 
of coal so pulverized were tested for sieve sizes and for turbidim- 
eter fineness, and the results are submitted in Table 4. All of 
the samples are compared graphically in Fig. 4 as to turbidimetor 
fineness, along with data on cumulative percentage coarser than 
the 100- and 200-mesh sieves. Microscopic data on samplvs 
typical of hammer and tube-mill action respectively are given in 
Table 5 and are represented graphically in Fig. 5. In this the 
calculated percentages by weight are based on 100 per cent less 
than 0.100 mm. (100 4). This is approximately the same as the 
200-mesh sieve size. Qualitative comparison in less than sieve 
sizes may be had from the photomicrographs. 


FINENESS AND COMBUSTION 


Observation shows that there is a marked difference |ve- 
tween coarse and fine fuel with respect to flame, smoke, and 
ash. 

When the coal consisted essentially of coarse particles, the 
flame was light in color, even partially transparent, and contained 
bright sparklers. Occasionally the fuel was so coarse that the 
largest pieces fell from the flame to continue burning on the floor 
of the combustion chamber. When the coal contained a large 
content of superfines, the flame was usually shorter in length, 
more uniform in appearance, and brighter in color. Even in the 
Scotch marine boiler the flame from the finer coal was so intense 
that it was not chilled out or unduly cooled by the proximity of 
the cold surface and the lack of hot refractory. The finer fuel, 
giving a self-sustaining flame, was also easy to ignite. It was 
evident that among other things the quality of each flame was 
determined by the amounts of different sized particles, both 
coarse and superfine. 

A view of the stack afforded a good indication of the fineness of 
the fuel. Dark smoke usually resulted from coarse particles 
that had passed through the flame and were chilled before being 
completely burned. Occasionally, however, an insufficiency of 
air magnified the effect or even caused the dark smoke. The 
last-named case was one of faulty air control which might be 
encountered at times with any installation. The field obser- 
vations are further substantiated by data to show that stack dust 
carries more combustible matter when carbon dioxide is high, 
i.e., excess air low, and when the fuel is coarse.” 

The ash problem varied widely in the different installations. 
At one plant the ash was tapped as slag from the base of the set- 
ting; at another no slag was produced, but small amounts 0! ash 
which settled in the furnace were removed by blowing it up the 
stack; while the conditions at the other plants ranged betwee? 
these two extremes. The source of greatest concern was usally 
the deposition of slag on the walls or of erosion and melting of 
the walls. In general the finer fuels, burned in a relatively cool 
setting, gave the least trouble in this respect. 


7 National Electric Light Association, Pulverized Fuel, 1927, p. 35- 
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FINENESS AND TyPE OF MILL 


Hammer Mills. In general the hammer mill produced coarse 
coal. Sieve values reported here and in the reports of the Prime 
Movers’ Committee* show that the fineness encountered with 
mills of this type is frequently but 40 to 65 per cent through the 
200-mesh sieve. There are also appreciable amounts of 60- or 
100-mesh material in most of these samples, because the scheme 
of air separation in use with these mills is not usually effective 
in eliminating coarse particles. 

The photographs indicate a scarcity of superfines in hammer- 
mill coal. This is substantiated by turbidimeter data which 
emphasize this range of size. The fineness distribution curve of 
a typical hammer-mill sample, H-3, shows the reason for this. 
The peak of the curve (Fig. 5) is 1.38 per cent per micron at 30 yu. 


Air-separation schemes are usually used, but they differ in 
their effectiveness with the different machines. It may be noted 
that samples R-4 and R-5 differ considerably in sieve mesh while 
samples R-6 and R-7 are similar in sieve mesh, the air velocities 
in each mill being maintained constant and the rate of feed cut 
in half. 

There is some evidence to indicate that the roller mills, particu- 
larly those of line contact, produce less superfines for a given 
sieve mesh. As an example samples R-2, R-3, and T-2 are 
produced from the same coal and carry about the same content 
on the 200-mesh sieve; while the relative content of superfines 
is 1.49 and 1.73 for the roller type, it is 1.92 for the air-swept tube 
mill. A comparison between the roller mill and the screen tube 
mill may be found in the literature.® 


or. 


T-1 T-2 T-3 T-5 T-6 
PHOTOMICROGRAPHS OF TYPICAL TUBE-MILL SAMPLES, MAGNIFIED 100 TIMES 
TABLE 3 TUBE MILLS 


Sample No...... T-1 T-2a 
Rating, per cent........... . 150 i 
Relative combustion space. . Medium but narrow Large 
Flame. . ; Horizontal, some Vertical, few 
sparklers sparklers 
Some slag accumulation Fine dust 
on side walls 
Proximate analysis: 
0.02 0.00 
Volatile matter... . 17.87 25.42 
Fixed carbon..... . 72.44 64.98 
Sieve analysis, cumulative per- 
centage: 
On 35 mesh.... ‘ 0.02 0.23 
On 48 mesh........ 0.27 0.87 
On 65 mesh..... fae 0.78 2.46 
On 100 mesh.... . 3.96 7.07 
On ves 13.76 16.39 
On 200 mesh........ ; 21.88 27.75 
Turbidimeter test: 
Depth, one 5.65 6.65 
Turbidimeter fimeness........ 2.34 1.92 


® Sample taken from stream of settled coal. 


The superfines are represented by the area beneath the curve 
in the fine sizes. Over the range of 0 to 10 u it is 4 per cent for 
sample H-3. Based on a coal of which 58 per cent passes 200- 
mesh, the amount of the total sample finer than 10 yu is less than 
2.5 per cent by weight. This curve emphasizes the commonly 
accepted picture of hammer-mill action—that it is predominantly 
upon coarse particles and that it produces but little superfines. 
From the nature of the curve wide variations of sieve mesh may 
be expected with different mill loads and with mill wear. 

Roller Mills. Machines of this type are used to prepare coals 
of widely differing fineness. The data and the literature show 
values of sieve mesh and of turbidimeter fineness, or superfines 
ranging from the region of the hammer-mill product to that of 
the tube-mill product. It should not be inferred that any design 
of mill need be capable of efficient grinding over the entire range 
of fineness, 

* National Electric Light Association, Pulverized Fuel, 1925, 


1926, 1927. 


T-3 T-4 T-5 1-6 
Edge Moor Coatesville Springfield Samuel Smith H.R.T. 
550 200 200 400-550 
175 150 (ap.) 175 175-225 
Medium Small, narrow Smail Small 
Horizontal, short Horizontal Horizontal Horizontal 
No slag; some No slag; some Noslag;some No slag; some ash 


ash dust in pit ash dust in ash dust in dust in pit 


pit pit 
0.27 0.43 0.36 0.26 
28.90 36.95 22.79 27.96 
55.88 2.66 67.97 62.56 
14.95 9.96 8.88 9.22 
0.08 0.05 0.05 0.32 
0.43 0.32 0.29 1.06 
1.43 1.28 1.44 2°95 
4.94 4.59 7.15 7.86 
12.38 11.05 18.75 16.84 
23.75 19.96 31.75 25.14 
5.75 5.50 6.95 5.80 
2.27 40 1.81 2.23 


All others taken from air stream. 


TABLE 4 FINENESS OF COAL, TUBE MILL NOT AIR-SWEPT 


Sample No. On100mesh,% On200mesh,% Turbidimeter fineness 
2 3.17 20.55 2.62 
111 2.35 13.64 3.14 


PERCENTAGE BY WEIGHT IN EACH MICRON 


TABLE 5 
INTERVAL OF DIAMETER 


Diameter, u Coal, H-3 Coal, T-1 
100. 00-75 .00 0.80 0.59 
75.00-—50 .00 1.03 0.91 
50. 00-37 . 50 1.28 1.18 
37 .50-25.00 1.46 0.93 
25.00-18.75 1.19 1.72 
18.75-12.50 0.80 2.04 
12.50- 9.38 0.97 Be 
9.38- 6.25 0.76 1.37 
6.25- 3.12 0.39 0.62 
3.12- 0.00 0.24 0.65 


“The tube mill product appears in part to contain a greater 
amount of the extreme fines under 75 » than the other mills, all 
of which show greatly similar curves for particles between 75 and 


9 Zeitschrift des Vereines deutscher Ingenieurs, 71, 1, Jan., 1927. 
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225 u. This may be explained by the fact that the fines in the 
tube mill are not as quickly removed and are therefore subjected 
to additional grinding.’’” 

These observations are further substantiated by the data on 
coal ground in the screen tube mill, i.e., without air removal 
(Table 4). 

Tube Mills. The tube mills consistently produced the finest 
coal. The screen-type mills, those not air-swept, which pulver- 


Tube Mills 


Hammer Roller 
Mills Mills 
AIR-SWEPT AIR-SWEPT Screen 
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Fic. 4 Tursipimeter FINENESS From Data on ALL MILLS 


ized the fuel for cement kilns gave a product having little ma- 


terial of sieve sizes and large amounts of superfines. The air- 
swept mills used in power plants prepared a fuel having 65 to 
85 per cent finer than 200-mesh, with but a few exceptions.!! 
The air-separation schemes were quite effective in the elimination 
of coarse particles, there being but little of 60- or 100-mesh size 
in these samples. 

With respect to superfines, the photomicrographs show many 
very fine particles, and the turbidimeter values confirm this 
quantitatively. A typical sample from an air-swept tube mill, 
T-1, sized microscopically, gave a peak of 1.94 per cent per u 
at 15 u (Fig. 5). The percentage at the peak was higher and the 
diameter less than with the hammer-mill sample. The large area 
under this curve at the smaller diameters represents a relatively 
large amount of superfines. Between 0 and 10 uz it is 9 per cent 
of the total area. Based on a sample of which 78 per cent passes 
the 200-mesh sieve, there is 7 per cent by weight of the total 
sample less than 10 uz. 


FINENESS AND MILL WEAR 


The information on mill wear reported to the author indicated 
that the hammer mills are shut down after one week to one month 
of steady operation, whether for rebalancing the rotor or for re- 
placement of blades; that the roller mills normally operate for 
a few months before replacement owing to wear is necessary, and 
that the ball or tube mill operates steadily for months without 
shutdown for repairs. The hammer-type mill and usually the 
roller are susceptible to sudden damage from tramp metal, while 
one of the tube-mill installations was using scrap metal in place 
of the ball charge. The factors of ruggedness and serviceability 
as well as of uniform fineness have played an important part in 
the selection of the tube mill for marine service. 

The report of the Prime Movers’ Committee" indicated vari- 


10 Power, March 15, 1927. 

11 National Electric Light Association, Pulverized Fuel, 1926, 
1927, and Society of Naval Architects and Marine Engineers, Papers 
Nos. 8 and 9, November, 1927. 

12 National Electric Light Association, Pulverized Fuel, 1927. 
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ation in fineness due to wear on the hammer mill. According to 
the statement made by the Ohio Public Service Company relative 
to Mahoningside station, “The fineness has been very erratic, 
due to the wear on the paddles or hammers and the wearing 
plates.” The report of the New Orleans Public Service Company 
relative to the installation at their Market Street station contains 
fineness data to substantiate this quotation, ‘The impact unit 
mills have shown considerable variation in fineness, depending 
largely on the condition of paddles and liners.” 

Further data have been given in connection with the Union 
Electric Light and Power Company’s statement showing the 
effect of wear on the unit hammer mills at Ashley Street station. 
This variation is much less with roller or tube mills. 


CONCLUSIONS 


1 The author's observations confirm the view that fineness of 
pulverized fuel is important both with respect to sieve sizes and 
with respect to the amount of superfines. 

2 Slagging and erosion of the walls, carbon loss in the ash, 
carbon monoxide in the stack gases, and dark smoke result from 
coal which is too coarse for a given setting. 

3 The flame from coal containing superfines is self-sustaining 
against rapid heat removal, and is shorter, smoother, more uni- 
form in texture, simpler to start, and easier to maintain than one 
from coarse coal. 
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4 By making for high heat release in the flame, the dual re- 
quirement of sieve mesh and superfines should affect the design 
of future large installations. 

5 There are variations in the pulverizing actions of different 
types of mills which usually show themselves in the resulting 
fineness of the fuel. 

6 The high-speed hammer mill normally acts on the coarse 
feed to produce more particles of sieve size and less super‘ines. 
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Such a fineness curve is likely to result in large variations in sieve 
mesh with air circulation, with mill load, and with mill wear. 

7 The roller mill is more positive in its elimination of coarse 
particles and usually produces a lower percentage of sieve sizes 
than the hammer mills. For a given sieve reduction it usually 
gives less superfines than the tube mill. 

8 The tube mill produces the finest coal. It acts upon both 
large and small particles, giving a large amount of superfines and a 
low percentage of sieves size. Air sweeping supplements the nor- 
mal mill action to eliminate coarse particles from the final product. 

9 Classifiers for separating coarse particles from the product 
and returning them to the mill for further grinding differ greatly 
in their effectiveness. This is a phase of the milling to which 
attention should be paid to secure material improvement in 
fineness and mill economy. 


NoTE 


In this study, which is limited to fineness and pulverizing equip- 
ment, it must be remembered that other factors—such as cost of 
installation, overall operating cost, furnace design and operation, 
premixing of air and fuel, the use of preheated air, and turbulence 
in the flame—are also important. 


Discussion 


Joun Buizarp.'® There is no doubt that the finer the coal 
in powdered-coal-fired boilers the better off you are, but one 
must not carry that te too general a conclusion. Tests were run 
in 1920 at Milwaukee which showed that the efficiencies were 
affected to no appreciable extent by increasing the coarseness 
of the coal so that only about 65 per cent passed through a 
200-mesh screen. What one must look to, therefore, is not the 
fineness of the coal, but the overall efficiency of the boiler unit; 
and I cannot help feeling that it is a little unfortunate that some 
figures in this paper have not been given showing what the com- 
bustible losses were with some of these different degrees of fine- 
ness, because it is the overall efficiency which counts. A boiler 
with which I am familiar generates 120,000 lb. of steam in a 
furnace volume of 5700 sq. ft., with coal running 60 to 70 per 
cent through a 200-mesh sieve, in which the combustible loss is 
certainly not over 2 per cent and there is no smoke. 

The author says that “hammer mills are shut down after one 
week to one month of steady operation, whether for rebalancing 
the rotor or for replacement of blades.” A hammer mill that 
is shut down once a week is decidedly a poor grade mill. Ac- 
tually one may shut it down once in two months and take half 
to three-quarters of an hour to replace the hammers, which is 
not a very important matter. But the author implies that it 
would be shut down weekly and not be put back on the line for 
some time, whereas at most one would expect it to go back within 
the hour. 

Rebalancing is unknown to me. Once the rotor is balanced it 
is required only to be careful to put on proper hammers when 
renewing the hammers. 


O.Lison Craia.'* There are two important factors that the 
author apparently has left out of this paper—one of them is the 
capacity with which these mills were operating when he took 
——a and the other is whether they all had the same kind of 
coal, 

In a given mill, with a normal rating of 5000 Ib. of coal an hour, 
if you feed 1000 Ib. an hour through that mill and take a sample, 


Teg: Head, Research Department, Foster Wheeler Corporation, New 
York, N, Y. Mem. A.S.M.E. 

‘Consulting Engineer, Riley Stoker Corporation, Worcester, 
Mass. Mem. A.S.M.E. 


and then you feed 2000 Ib. an hour through the mill and take a 
sample, and so on up to 5000 or possibly 6000 Ib., and then you 
plot the fineness, you will get a curve, and that curve will not 
be a straight horizontal line either; as a matter of fact, it will be 
probably somewhat parabolic in shape. : 

I rather take exception to the author’s fineness figures limiting 
the hammer-type mill to around 50 per cent or less through 200- 
mesh screen. I do not think that he has covered the field; he 
must have some particular selections. 1 could show him plenty 
of mills in operation, with most any kind of coal he wants to select, 
getting anywhere from 60 to 80 per cent through 200-mesh screen; 
and that again depending upon the kind of coal, the particular 
percentage of capacity to which the mill is operating, the possible 
moisture content in the coal that is being ground, and a number 
of other factors. The idea of presenting a figure of, say, 50 per 
cent or less through 200-mesh screen as being representative of 
that type of mill I think leads to erroneous conclusions. 

We certainly know that there is much difference in the fri- 
ability of different kinds of coal. Pocahontas coal or New 
River coal breaks down very easily; the Pittsburgh type of coal 
is tough and breaks down quite hard. So far as the paper is 
concerned, we do not know whether he has had one kind of coal 
in one case or another kind in another case; we do not know 
whether these comparisons have been made on a comparable 
basis as to the kind of coal and as to the percentage of capacity 
to which the mills are running, and this certainly is very im- 
portant information. 

As to the coarseness of the coal that one might get in a ball- 
tube mill, that will depend very much on capacity, not only on 
account of the opportunity that the ball gets to operate on the 
coal, but since in general that type of mill is controlled by the 
amount of air that goes through it and takes the coal out. It 
is of course true that the higher velocity of the air, the larger 
size of coal that can be carried in suspension. 

Do we know and do any of these figures show what the veloc- 
ities were through this mill, and was it running up to anything 
like the normal velocities for normal operation, or was it running 
at a subnormal velocity? 

As to the question of desirability of any particular degree or 
grade of fineness, the author apparently puts a great deal of 
stress on having a lot of extreme fines. The much more im- 
portant factor is having a very little of extreme coarse. If you 
grind coal about so fine for a given case, you do not gain much 
return in grinding it any finer. Probably most all of us at some 
time or other in going through school took a course in economics 
and you probably all remember what the law of diminishing re- 
turns is. They used to tell us that after you paid so much for 
a meal, you would not pay that much for another one like it; 
the same thing is true in grinding coal. As Mr. Blizard said, 2 
per cent carbon loss is probably a good carbon loss. Suppose 
that by grinding it finer you would get a 1 per cent carbon loss 
under conditions which would otherwise be exactly the same. A 
1 per cent recovery in carbon loss would mean 1 per cent in your 
overall efficiency, or if coals cost you $5 a ton you would save, 
say, 5 cents. Suppose the cost to you is 10 cents to get that 
extra fineness sufficient to gain that 1 per cent in carbon loss, you 
do not make money, you lose money. That is something that 
certainly must be taken into consideration in determining the 
amount of fineness that you are going to get; that is, whether 
you. will actually get a return on what you spend for that 
fineness. 

I want to bear out what Mr. Blizard said about wear in the 
so-called hammer type of mill. I think I could show the author 
mills which have run practically continuously—that is, on jobs 
where they run 24 hours a day for six days a week—in which 
there have been no replacements in five or six months; so that 
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at least it is not fair to set up a change of once a week for a 
hammer-type mill as being typical of that class. 

As to the question of efficiency in the marine type of boiler— 
that type of boiler which is internally fired in a fairly large flue— 
I do not think there is any doubt that in order to get a reasonable 
efficiency, at least an efficiency for which you would be justified 
in applying powdered coal to that type of boiler, you would have 
to use rather fine coal. The question there again arises as to 
whether it is going to pay for itself. 

The reports which are referred to indicate loss due to carbon 
running as high as 11 per cent of the heat in the coal. If we 
should have any such loss as that in stationary power-plant 
practice we would be kicked out of the plant. I think at least 
one company can show records for many years past, with stokers 
applied to the same type of boilers as referred to in those records, 
which secured at least as good or better efficiencies by stoker 
firing as was shown in these reports by powdered-coal firing; 
and what went out the stack was not a dense cloud of very black 
ash, which I understand was the case in the burning of the 
powdered coal on the marine boiler. 

I think that this question of losses as against the question of 
fineness is something that should always be given consideration 
any time that fineness or the desirability of fineness is discussed. 


H. W. Newron.” Did the author in his investigations of 
ball-tube grinders find any place where an attempt had been 
made to get the true value from proper circulating loads in the 
grinding of coal? In other work (investigations in the chemical 
and industrial fields where dry grinding is practiced) I have 
always found that the air separator or classifier is viewed as a 
safeguard against oversize in the products rather than as a 
means for a clean return to the grinder to allow the grinding 
media to have action upon the particles needing reduction rather 
than working on a mass of fines which cushion the action of the 
balls and prevent grinding, with the result that grinding costs 
are unnecessarily high. The average separator will probably 
send a return to grinding mill that will contain 35 or 40 per cent 
of finished material, whereas classification should result in re- 
turns containing less than 15 per cent and probably nearer 10 
per cent, in which case the ball mill, pebble mill, or whatever 
type of ball grinder used would have an opportunity to work on 
many unfinished particles rather than on a few and would afford 
increased grinding. 

We realize the value of large circulating loads in wet grinding 
where closed circuiting is used, as in the metallurgical field, 
and know that if you take care of the top sizes—in other words, 
the percentages that remain on the critical screen—the amount of 
superfines will care for themselves. If it is important, as I 
believe it is in coal grinding as well as in the grinding of other 
materials, properly applied air separators will also prevent the 
accidental oversizes always present in the products of single- 
passage grinding. 

Speaking of the three types of mills and the relative power con- 
sumptions at different loads, I can make a general statement on 
that subject. As to the characteristic of the curve you get with 
the ball tube in general, you get practically a horizontal line, 
while you get an upward sloping line with the hammer-mill type. 


H. G. Lyxxen.'® The whole subject of fineness is still a 
mooted question. The pulverized coal as applied to the boiler 
was first introduced under the natural assumption that there 
had to be a large percentage of 200 mesh and the value of the 
coal based on the percentage passing 200 mesh. 


© Conservation Engineer, Portland Cement Association, Chicago, 
Ill. 
16 Strong Sodl Mfg. Co., Minneapolis, Minn. 


There is only one thing that we all can agree on, and that 
is that the coal must be fine enough to burn and give the maxi- 
mum economic efficiency in the particular furnace. As to what 
that fineness is, I do not think anybody can definitely specify 
at this stage. It may be all passing 50 mesh, or all 75, or all 
100, depending upon the nature of the installation, the furnace, 
and the method of firing. In our development we have had 
considerable experience covering a variety of furnaces, and if 
practically all coal passes 50 mesh, there is nothing gained in 
grinding any finer. That of course may not be true in all types 
of furnaces and for all purposes. There are many things other 
than fineness that enter into the combustion of coal in suspension. 
There may be factors that make a large percentage of superfines 
a detriment rather than a benefit. One of the speakers has 
already touched upon the economic phase of fineness. It always 
nettles me when a man says that he must have 60, 70, or 80 per 
cent 200 mesh irrespective of the character of the coal. I can 
add to what Mr. Craig said that with a given type of mill 
in this case a hammer mill with all conditions, rates, and separa- 
tion, etc., as nearly the same as possible—one type of coal would 
give 30 per cent through 200-mesh wire, while another type of 
coal gave 80 per cent through 200-mesh. 

Based on extensive observation on a great variety of installa- 
tions, I am firmly of the opinion that there is no merit in a large 
percentage of superfines and have failed to find any advantage 
from the standpoint of overall efficiency, ratings, character of 
flame, or any other condition affecting operation. 

Before we can determine the value of superfines in pulverized 
coal it will be necessary to have experimental data where a 
given coal under given conditions is burned with varying per- 
centages of superfines. This test should be made with a variety 
of coals. Until such tests are made, the burden of proof as to 
the value of superfines remains on the man who asks for it. 

There are too many installations that are running at very 
high efficiencies with no other specifications than that the coal 
must all pass 50 or 60 or 40 mesh, or whatever that particular 
installation calls for. 


H. P. Rew.'? There is one thing about the characteristics of 
ball- and tube-mill grinding that is decidedly different from a 
hammer-mill and roller-mill grinding. In the average tube mi!! 
the feed comes in through one head and the discharge goes out 
through the other. With such a mill the rate of discharge de- 
pends upon the rate of feed. You can put through 10 tons an 
hour or you can put through 5 tons an hour with very little 
difference in your horsepower consumption but with a great 
difference in the fineness. This action is to a certain extent 


similar in the grinding in a ball mill because of the depth or mass 


of grinding media in both. 

If the rate of feed is so set that the output of the mill will 
give 90 per cent through 100 mesh, the relative amount of 
superfines is small compared with what they would be should 
that mill be set for 90 per cent through the 200-mesh screen. 

We have made some extensive grinding tests with mills as 
long as 22 ft., where we have taken the feed and analyzed it as 
it went in, run the mill for a given length of time, shut it down, 
and then have taken samples of material each successive {vot 
through the mill. With a fineness of 90 per cent through 200- 
mesh screen a quite definite amount of superfines is present. 
To increase that fineness to 95 per cent through 200-mesh screen 
you will find perhaps double the amount of superfines. The 
two curves of finenesses are not parallel nor straight lines; the 
coarser-material curve flattens out while the finer-material curve 
climbs up. 

These tests were not made with a 200-mesh screen as the limit, 


17 Universal Portland Cement Company, Chicago, IIl. 
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hut the minus 200 mesh was analyzed with air-separation meters 
with which we tested to a fineness equivalent of 2000 mesh. We 
found that it depends upon the length of the miil, the time of 
grinding, and attrition of the material between the balls; con- 
sequently, the material coming out of a tube and to a great 
extent also out of a ball mill in my mind is not comparable 
with material coming out of a hammer or roller mill. If you 
desire superfines, the ball type is what you want. If there is a 
doubt as to the value of the superfines, the tube and ball mills 
are not what you want. These mills are decidedly different from 
the hammer and roller mills in the character of their output. 


Joseen 8S. Bennerr.'® The fact that the selection of a fuel 
for firing with pulverized coal must be influenced by the “grind- 
ability’ of the coal is now being recognized more fully. This 
factor is of such great importance that at least one manufacturer 
has established a standard testing method for “grindability” 
which he uses to rate the various types of coal which he may 
encounter. One coal may cost three times as much to pulverize 
as another coal. This is a very serious limitation upon the use 
of pulverized coal which the user of stokers does not face. 


AvuTHOR’s CLOSURE 


I should be sorry if my brief discussion of the subject presented 
in this paper had any of the attitude of a polemic, for I was more 
interested in presenting facts as I have observed them in a number 
of installations rather than to say too strongly that a given 
degree of fineness was necessary as an arbitrary scale. In fact, 
as you go through the paper you will note such qualifications as 
“particles larger than this maximum for a given set of conditions 
are objectionable,” and “there is no question that some instal- 
lations are operating quite successfully and with a good overall 
economy with a relatively coarse coal and with no attention 
being paid to superfines; under other circumstances there are 
serious losses.” 

Those circumstances have been mentioned here, as to where 
the different factors may play a part, but I think that we must 
still regard the field as one in which much more investigative 
work and direct measurement must be undertaken before we 
can say definitely and rigidly for a given installation that we 
know the exact requirement of fineness. However, the trend 
is outlined here, and I think you can evaluate it for your own set 
conditions. 

What I was trying to do in comparing the mills was not to bring 
out any individual make of mill, but to try to evaluate the types 
of mills for the field of work in which they were suited. Some 
factors were not considered, as you will see from the note at the 
end of my conclusions, and those factors were not considered 
because the data available in this investigation were too limited 
to draw safe conclusions. ; 

The matter of combustion losses being greater with a finer 
coal is a striking illustration. I believe that case has been cited 
many times. The conditions of firing in other installations will 
sive you an entirely different case; in other words, that case as 
! understand it was cited because there was a short-circuiting 
of fine dust—the flame was fired vertically downward, and the 
fine dust drifted out of the flame and into the tube section without 
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burning. On the other hand, when the dust is fired horizontally, 
the tendency for coarse particles to fall out must be considered. 

With regard to rebalancing hammer mills, it is the practice 
of one of the large manufacturers of hammer mills to suggest 
when the blades are removed that they be reweighed and the 
old blades be used again when properly placed around the circum- 
ference of the rotor, and that was the condition of rebalancing 
of which I spoke; the worn blades do not have the identical 
weight of the new blades and must be distributed and tested at 
mill speed. 

Magnetic separators do not separate non-ferrous metals. 

As to the matter of certain variables which it was impossible 
to control, such as the kind of coal and whether the mill was oper- 
ating at load or not, these are things that can be smoothed out 
more or less in a statistical sense. We will regard this as not a 
measurement upon an individual mill, but that a group of tests— 
not merely those included here, but some which have been handed 
to me in confidence—have shown that the hammer mill falls 
into a certain class in the type of its operation when operating 
normally; i.e., when the mill that is put in to do a given job on 
a given boiler is operating under the normal conditions of that 
boiler. If the manufacturers have made a mistake, | cannot 
help that. 

One error was made in the particular comment that covered 
this—namely, that 50 per cent or less went through the 200 mesh 
and 50 per cent or less remained on 200 mesh. In other words, it 
was in the range of 35 to perhaps 60 per cent coarser than 200 
mesh; it was primarily less than 50 per cent on 200 mesh. 

The question raised by Mr. Newton is interesting, in conneec- 
tion with the true value of the proper circulating load, and I 
might say that so far as I have been able to observe any mill 
installations in which the load circulates to the separator and 
back to the mill, very little attention has been paid to that. 
Perhaps two makes of mills of those that I have encountered 
have had any very serious thought given to classifying action; 
in the others any effort to classify was made without a scientific 
analysis of the situation; so that there is a field that is wide open 
for investigation—namely, that of careful classification to sepa- 
rate at a given diameter and a maximum amount of circulating 
load, or a desirable amount of circulating load, coming out of the 
mill, going to the separator, and back again to the mill. 

It must be remembered, though, that the field of air separation 
and air classification is something more of a virgin field than the 
field of liquid treatment which has been under investigation for 
many years. 

The comment of Mr. Reid would almost suffice as a summary 
on my part—that where superfines are needed you can count on 
the tube mill to be the machine to produce them, and where 
superfines are not needed other types of mills may doit. I would 
not restrict it entirely to that, for some of our roller mills are 
furnishing some promising results which may be interesting in 
the production of superfines. 

With respect to the other factors which enter, it must be remem- 
bered that cost of installation, overall operating cost, furnace 
design and operation, preheated air, and turbulence in the flame 
are also important. The field could hardly be covered in one 
paper, and this investigation has not covered those phases; and 
until we have further data, we cannot evaluate and coordinate 
as effectively as we might otherwise. 
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Unit System of Coal Pulverizers for the 
Generation of Steam 


By JOHN BLIZARD,! 


HE unit system for pulverizing coal is taken here to mean a 
{ie wherein raw coal is fed directly to a pulverizer, in 

which it is pulverized, mixed with air, and then blown by a 
fan directly to the burners. The fan used to blow the mixture of 
coal and air usually is integral with the pulverizer, although with 
some systems the fan is driven by a separate motor. The princi- 
pal feature of this system of pulverizing coal is its simplicity. 
Neither driers nor bins for storing powdered coal are required, 
and no mechanical feeders are used to carry the coal to the 
burners. 

The extreme simplicity of the unit system rendered it at once 
the preferred method of firing small boilers with powdered coal, 
since it would not have been economical to use the more compli- 
cated system for small units. Not until comparatively recently 
has it been used to fire boilers delivering as much as 200,000 Ib. 
of steam an hour. 

The two obstacles which the unit system has had to surmount 
to enable it to enter the field in which the central system was pre- 
dominating were, first, those connected with the pulverizer, and 
second, those connected with distributing the pulverized coal to 
the burners. 

The pulverizer with the unit system has to pulverize and 
deliver the coal at a rate equal to the demand of the boiler and of a 
fineness required for good combustion. The central-system pul- 
verizer, on the other hand, can be operated at a constant load, and 
the fluctuation in load is taken care of by the variation in the rate 
of flow from the powdered-coal bin. 

With most mills used in the unit system, so small an amount of 
coal is present in the mill that the rate of flow of coal from the mill 
changes immediately with the rate of flow to the mill; this applies 
particularly to mills of the beater or impact type. With some 
other mills, however, a considerable amount of coal is present in 
the mill which renders the means for close regulation of the flow of 
coal more difficult. In general, therefore, the accurate supply of 
coal to the furnace involves a carefully designed means of regulat- 
ing the flow of coal to the mill. One method of doing this is by 
means of a rotating feed table, above which is a sleeve which can be 
moved in such a way as to vary the area across which the coal flows 
on the feed table. When a greater range of regulation is required 
than the movement of the sleeve will give, the revolutions of 
the feed table itself may be varied by driving it by means of a 
ee motor or by other simple means for altering its 
speed, 

The unit mill, if the simplicity of the plant is to be maintained, 
also must be able to pulverize coal with a reasonable amount of 
moisture. Since the power to drive the machine increases with 
the moisture content of the coal, a motor larger than would be 
required to pulverize the coal received during most of the time 
must be installed to enable batches of wet coal to be pulverized 
without reducing the load on the boiler. The power for pulverizing 
Wet coal is reduced by admitting preheated air or hot flue gas with 
the coal to the machine. This scheme for drying coal in the mill 
has been used also with pulverizers in the central system, but with 
this latter system usually it becomes necessary to vent the air used 
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to dry the coal, whereas with a unit pulverizer the air used for 
drying passes on with the coal to the furnace. 

The unit mill when operating at a low rate uses more power per 
ton of coal than when working at its full capacity, a feature com- 
mon to all machines, and for this reason one must expect the 
power consumption for pulverizing always to be higher than that 
with a machine operating at a constant load. But this does 
not mean that the total power with the unit system always is 
higher than with the central system, and the author is familiar 
with one plant where the power consumption with a unit mill is a 
little lower than the full power required to deliver dry and pul- 
verize the same amount of coal with the central system. The 
thermal efficiencies of the two systems in this plant with identical 
boilers are about the same. 


Unit Putverizers Must Be Burtt RuGGepLy 


Since spare pulverizers would both increase the cost of the in- 
stallation and take up valuable space in the boiler room, the unit 
pulverizers must be of rugged construction and so constructed 
that the wearing parts may be renewed in a short time. With the 
impact machine the paddles can be renewed inan hour. The unit 
pulverizer must have some means of regulating the machine so 
that the fineness does not vary greatly with the load or with the 
wear of the parts. This is done frequently by varying the rate of 
flow of the air carrying the coal through the machine. When 
the quantity of air carrying the coal through the machine is small, 
the density of the mixture of coal and air is greater than with a 
greater flow of air. This lower velocity causes the coal to remain 
longer in the mill and to be pulverized more finely. 

The obstacle with which the unit system has had to contend in 
distributing the coal lies in designing conduits which will enable 
the same amount of coal and of air to be delivered to each burner. 
This obstacle is the harder to surmount the greater the number of 
burners to each pulverizer. To obtain the correct mixture and 
quantity of coal and air at each burner, the coal and air must be 
mixed thoroughly before subdividing the stream. Where for 
some reason the mixture is uneven at the point of subdivision, it 
may be made more even by passing it through a cone converging 
in the direction of flow. Where space permits, this cone may be 
followed by a diverging cone to reduce the loss of head. When 
the mixture passes through a converging cone the air is accelerated 
more rapidly than the coal is accelerated, which causes the coal 
and air to mix. At the point of subdivision it is common to install 
some system of dampers to enable the quantities of coal and air to 
each burner to be regulated as required. 

In the conduits conveying the coal and air to the burners the 
velocity of the mixture must be kept up in order to prevent the 
coal and air from separating, since if this occurs coal will be de- 
livered in slugs, with consequent losses in combustion. 

The actual velocity to be maintained in these ducts depends 
upon the fineness of the coal and the shape of the duct. It should 
not be less than 30 ft. per sec., and commonly is higher. A chart 
found useful in designing ducts and burners is shown in Fig. 1. 
It shows the relation between the flow of coal per unit area of duct, 
the ratio of air to coal, and the velocity head of the mixture. 

The difficulties of subdivision of the coal-air mixture have been 
reduced by the use of large horizontal burners, which reduces the 
number of burners used. 
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Fig. 2 shows a unit pulverizer installation for a boiler of 4000 
sq. ft. of heating surface, equipped with a single impact pulverizer 
and with inclined burners of simple construction. Two burners 
are used to carry the normal load of the boiler, and on Sundays 
the lower small auxiliary burner is used to carry a load of about 
30 per cent of boiler rating. 

Fig. 3 shows a larger installation. It consists of a boiler of 
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Fig. 1 Cuart Usrerut 1n Designing Ducts anp BURNERS 
(Showing relation between coal, velocity of mixture, and velocity head for 
mixtures of coal and air at 200 deg. fahr.) 

8000 sq. ft. of heating surfdce, fired by a single pulverizer and 
two turbulent burners. This boiler has water walls on both sides 
and on the rear. These walls are made up of water tubes on 

which are shrunk cast-iron blocks. 

The foregoing gives the general features that distinguish the 
unit system from the central system of using pulverized coal. Its 
advantages consist of dispensing with driers, a system for trans- 
porting powdered coal from the pulverizer house to the boiler 
room, and feeders and bins for powdered coal. It has thus been 
particularly suitable for small boilers, and gradually its use has 
been extended to large boilers. The system, however, has some 
disadvantages as compared with the central system. These in- 
clude difficulties of distributing the coal evenly to the burners, 
higher power consumption for pulveriziag, and the lack of a sup- 
ply of powdered coal. But these difficulties have not prevented 
high efficiencies from being obtained, and the lack of a reserve of 
powdered coal has seldom been found inconvenient. 

The principles involved in burning the ooal with unit systems 
are similar to those with other systems, and these principles may 
be outlined as follows: 

On entering the furnace the coal is raised in temperature largely 
by radiation, either directly from the flame or indirectly through 
the radiation from the wall of the furnace. Of these two sources 
of radiation that from the flame itself must be the more intense 
since the wall must be at a temperature lower than that of the 
flame to receive heat from it. 
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Design SHoutp Errecr Rapin BurNinG 


Furnaces should be so designed that the entering pulverize: 
coal may be raised as rapidly as possible to a temperature at which 
it will begin to burn. This temperature varies with the chemic«] 
and physical properties of the coal, and in general is lower the 
higher the volatile content, the lower the ash and moisture con- 
tent, and the finer the pulverization. It will be reached the more 
rapidly the greater the surface exposed to radiation from the wall 
and flame, and the lower the heat capacity of the entering mixture 
of coal and air. Further, the more slowly the coal or mixture of 
coal and air is admitted the less distance will it have traveled for 
the same amount of radiation it has received. But while this slow 
admission of the coal and air has the effect of permitting the mix- 
ture to be heated in a shorter travel, this desirable feature may be 
carried too far, since by decreasing the velocity of the mixture too 
much the turbulence is reduced, and turbulence has the desira!le 
property of hastening the spread of flame through the mixture. 
In fact, the eddies set up by the entering mixture and the sur- 
rounding atmosphere in the furnace have a profound effect on 
hastening the flame propagation. 

The propagation of flame through the mixture proceeds at 
rates dependent on the turbulence, the quality, fineness, and ash 
content of the coal, and on the ratio of air to coal in the entering 
mixture. This means that for any coal of a particular fineness the 
air supplied with the coal may be proportioned so that the flame 
is propagated at the highest possible velocity. If the air supply 
is more or less than this amount, the rate of propagation is re- 
tarded. 

Once ignited, the coal is burned rapidly and with a fair degree of 
completeness in any furnace, but for modern power plants the 
furnaces must be designed so that the loss from coal leaving the 
furnace is negligible. It is this completeness of combustion witha 
small excess of air that has been somewhat difficult to achieve. 

The obvious methods of attaining it, once the flame is propa- 
gated through the mass of coal, is by keeping the coal in the fur- 


Fic. 2. Unit Putverizer 400-Hp. BorLer 


(Two burners carry the normal load, with an auxiliary burner to carry 
low loads on Sundays.) 


nace for as long as possible. This in turn is accomplished yy hav- 
ing a reasonably large furnace and by causing the flame to fill it. 

The actual time during which the coal remains in the furnace !s 
very brief. Thus in the ordinary powdered-coal furnace about 
1 lb. of coal is burned per hour per cubic foot of effective com- 
bustion space, which means that a mean of about 13 Ib. oi gas }8 
passing through each cubic foot of combustion space per hour. 
If the mean temperature of the gas is considered to be 210 deg. 
fahr., the corresponding mean volume of 1 Ib. will be about 64 CU. 
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ft., and the mean time taken by 13 lb. of gas per hour to sweep 


through a cubic foot will therefore be 5 x — 4.3 sec. 


This represents the mean time for the gas to pass through the 
furnace. Some portions of the gas will pass through more rapidly 
than other portions, and it will sweep through some parts of the 
furnace with a higher speed than it sweeps through others. Thus 
if the gas sweeps directly through a furnace of, say, 3000 cu. ft. 
volume, and if the gas is at a mean temperature of 1500 deg. fahr. 
for the first 1000 cu. ft., 2700 deg. fahr. for the second, and 2500 
deg. fahr. for the third, the relative times occupied by the gas in 
the first, second, and third sections will be 1.88 sec., 1.16 sec., 
and 1.25 sec. 

The mean velocity with which the gas moves depends upon its 
mean length of path through the furnace. But as seen previously 
the actual time the gas spends in the furnace depends solely on 
the effective volume of the furnace, and changing the shape of the 
furnace or the path of the gas through it cannot alter the mean 
duration of its stay, though it may change the speed with which it 
moves through the furnace. 

Now with the powdered coal it has been stated that the gas re- 
mains in the furnace for about 4 sec., but the mean velocity with 
which it passes through the furnace will depend on the mean path, 
which, if it is, say, 30 ft., will mean that the average velocity is 
about 7!/, ft. per sec. And the greater the increase in the travel 
of the particles of coal and the surrounding gas the higher will the 
velocity be. The time occupied by the coal in any volume of the 
furnace depends solely on the mass present per unit volume of 
furnace and mass flow, and if as in a fuel bed the coal can be main- 
tained in the furnace in dense form it will increase the mean time 
it remains in the furnace. Unfortunately in some ways powdered 
coal has to move through a furnace with a mean velocity about 
equal to that of the surrounding atmosphere, and it is not there- 
fore possible to keep the coal in the furnace in suspension for a 
time even approximating the time it remains in a stoker-fired 
furnace. 


Points IN BURNER DESIGN 


It is partly with the view of keeping up the velocity and con- 
sequently the turbulence of the flame that the U-shaped flame 
is used, though this is not the sole merit of this flame, since not 
only does it enable radiation from the flame as it turns upward to 
be received by the entering mixture, but it also enables the coarser 
particles of coal to take a longer path before being burned than do 
the smaller particles that take less time to burn. With powdered 
coal, burners with plain openings throughout their length and 
burners designed to give a very turbulent mixture are used. The 
plain burners are generally used where the flame is projected 
a and the turbulent burners for horizontally fired 

_ The choice of the type of firing depends upon the general de- 
sign of furnace. Turbulent burners are constructed with the view 
of obtaining a rapid relative velocity of air and coal at the mouth 
of the burner. This is accomplished commonly by causing the 
mixture of coal and air to whirl on its way to the burner outlet. 
This in turn compels the coal to move in a path tangentially out- 
ward on leaving the burner at a greater speed than the air moves 
outward, thus compelling the coal to move relatively to the air. 
These burners have undoubtedly shortened the flame, and for 
horizontally fired boilers they have reduced the impingement on 
the rear wall. They also enable the flame to fill the furnace better 
than do plain horizontal burners. Plain burners when pointing 
downward so as to form a flame which moves first downward and 
then upward also fill the furnace well; and with a reasonably large 
combustion space and good pulverization they enable the fuel to 
burn with little loss. The velocity of the coal and air leaving the 


burner should not be less than 30 ft. per sec., and velocities much 
higher than this are used frequently with success. The pounds of 
primary air per pound of coal varies from about 2 to 10. This 
ratio changes usually with the rating, being lower at the high than 
the low ratings. Secondary air is admitted through ports in the 
front wall with vertical or inclined burners, and to some extent 
around the burner itself. With horizontal turbulent burners the 
bulk of the secondary air is admitted at the burner itself. 

If an air heater is used, the air will be under a pressure so that 
it may be admitted to the furnace under a higher velocity than if 
it is admitted under natural furnace draft, and this higher velocity 
improves the rapidity of mixing of the air and coal. In most 
furnaces, however, the secondary air is drawn into the furnace 
under a suction which varies from about '/1 in. at the top of the 
furnace to about !/; in. at the bottom of the furnace. In small 
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Fic. 3 Unit Putverizer Instatuation, 800-Hp. BorLer 


(There are two turbulent burners, and water walls on both sides and 
at rear.) 


plants where simplicity is desired this method of admitting second- 
ary air has been found to be practical and economical Pre- 
heating the secondary air, while necessary to reduce the tem- 
perature of the flue gases to a temperature below that of the boiler 
if no economizer is used, has some disadvantages in operation, 
since in order to insure that practically all the air used for com- 
bustion goes through the air heater, it is necessary to take care 
that no air leaks into the furnace from ash hoppers or other open- 
ings. 

In addition to designing the furnace so as to insure that the coal 
may be burned almost completely, it is necessary to design it so 
that the cost of maintenance will be low and so that the ash 
may be removed without difficulty. To reduce maintenance the 
walls of these furnaces are frequently protected in part or 
altogether by water tubes. Where the expense of water cooling is 
not warranted, the brick walls are cooled by air, and this air is 
drawn into the mill to aid in drying the coal. Large furnaces are 
usually cooled by water tubes, at least in part, but with small 
furnaces, wherein for the same rate of heat liberation per unit of 
volume the surface exposed by the boiler tubes is greater, the 
walls are often of refractory. 

Troubles from slag adhering to the refractory can be lessened by 
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insuring that the flame does not impinge on the walls and by 
carrying a slightly greater supply of excess air. The base of the 
furnace commonly is equipped with a water-cooled hearth of 
sloping walls to assist in the removal of the ash through the ash 
gates at the bottom. This ash should not be allowed to accumu- 
late. If it does accumulate it may attain a depth sufficient to 
so retard the flow of heat to the water-cooled floor that the ash 
will slag. 


Discussion 


GeorGeE C. Dantets.? The fact should be emphasized that 
the amount of excess air required with the unit system should be 
greater than with the bin system for the reason that there is less 
uniformity of feed with the unit pulverizing; that is, in any in- 
stant the coal passing through the mill may be greater or less 
than at some previous or succeeding instant. 

We ran a series of tests recently with a unit system in which 
the amount of excess air was varied, keeping everything else 
constant. It was found that at 14 per cent of CO, there was 
obtained the greatest efficiency. The efficiency fell off as the 
CO, went up and also as it went down below 14 per cent, although 
the loss at 16 per cent CO, was greater than it was at 12 per cent. 
In other words, it is more desirable to keep the CO, at 14 per 
cent or less than to keep it above. This might not apply in 
all installations of unit systems, although in general it appears 
that the excess air in the unit system has to be greater than in 
the bin system. 

One point that should be brought out in the unit system is that 
its flexibility is not as great as the bin system. The burners are 
limited in capacity between the minimum and maximum, and the 
number of burners cannot be regulated as readily as with the 
bin system. 

In some recently designed small plants this has been a handicap 
that was not sufficiently recognized when the plant was built. 
In large central stations, where there are a sufficient number 
of boilers, they can be operated without jeopardizing the plant 
for lack of flexibility. 


E. H. Tenney.* Our concern has now had about two years of 
experience in the operation of unit pulverizers as applied to 
larger boilers. As to whether there has been found to be an 
outstanding advantage of this system of fuel supply as compared 
to the storage system, it might be said, first, that the perform- 
ance of the unit-mill-fired boilers and furnaces is equal as to 
boiler efficiency and capacity in every respect to the performance 
of exactly similar furnaces supplied with fuel by the storage 
system. In some respects the result with the unit-fired boilers 
is much better than with the others. The most outstanding 
advantage from an operating standpoint is the greater ease and 
lesser expense with which the unit-milling equipment may be 
maintained. If the time has come when worn parts should be 
renewed, the small mills may be opened up in the morning and 
all or part of the renewals made and the mill put back in service 
for the evening load. In the case of the large slow-speed mills, 
when maintenance replacement becomes necessary it is a long, 
heavy, cumbersome job which keeps the mill out of service for 
days and sometimes weeks at a time. 

Such in general is one of the main features of the unit mill ex- 
perience in the St. Louis plants. The results obtained on these 
unit-mill installations are satisfactory in every respect; in fact, 
they are working out even better than had been expected. The 
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mill-maintenance cost is 7.2 cents per ton of coal, about 30 
per cent less than with the big mills, and the operating costs 
are less. 

The application of the unit mills to the 1800 hp. boilers at 
Cahokia and the smaller boilers at Ashley Street Plant has re- 
sulted in higher capacity and better economy and is far more 
satisfactory than any other installations in these plants. 


Lincotn T. Work.‘ The paper suggests discussion along two 
lines—one, a comparison of the unit system with the storage 
system, and the other in connection with the principles of burner 
design. 

Among the variables mentioned in comparing the storage 
system with the unit system, there is one that has not been given 
proper cognizance, and that is the factor of insurance. With 
the minimum explosion-hazard insurance rates of 3'/, cents on 
$100 for any building housing stored pulverized coal as against a ' , 
cent figure for the unit system, there is a large margin to work 
against. The unit system, however, has the disadvantage in 
central station operation that many small units should be installed 
so that when one is used it may be operated at nearly normal ca- 
pacity, whereas large units may be installed with the storage 
system. Those two factors are often the ones which should de- 
termine the selection of a system for central-station operation. 

With reference to an earlier paper and to burner design, this 
factor is affected by the fineness of the coal. Reference has 
been made to short-circuiting of dust, but there is another 
factor in that coarse particles are segregated by curves in the 
incoming piping and are thrown out at the bottom of a burner, 
so that they do not travel through the flame. The better burners 
of today arrange the path of flow so that the coarse particles 
are thrown up to keep their trajectory within the flame, and the 
fine particles are allowed to spread out and give the basis on 
which the flame carries. 


M. A. Turtie.’ There is a question which has not yet been 
covered and that is about the size of the fuel—how is the capac- 
ity of the mill from the power input standpoint affected by 
the size of coal into the mill; whether, say, minus !/, in. would 
be worth while, although there is an increased ash content. 

About the easiest and cheapest way for the Middle West coal 
producers in cleaning coals is to take out the minus !/;. or minus 
1/,, which in some instance runs as high as 20 per cent ash, but 
at present is unmarketable. 


Georce C. Squier.* In 1924 it appeared that the installation 
of powdered-coal apparatus was making considerable advance, 
and it was thought necessary to ascertain which of our coals was 
best suited to this type of equipment; in other words, what 
effect the coal could have on the operation. There have been 
discussions upon the efficiency of the operation, and curves 
have been shown illustrating it, but no reference has been made 
as to what effect the coal would have. 

We have 28 mines, located in two geological measures in fout 
seams and over a considerable area. After considerable in- 
vestigation the probable effect of the coal on the operation was 
determined. The mill, whatever its design, had some unit of 
work it would perform. This was affected by the size of the 
coal, and to unify this work it was necessary to have the coal 
as near one size as possible and to have an even and continuous 
flow of coal into the mill. We therefore decided in 1925 to pro 
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duce a coal of minus-*/s-in. size. Over a small beginning in 1925 
we last year merchandized 600,000 tons of that size coal. This 
year it will be around 750,000 tons and may possibly reach 
1,000,000 tons. 

The usual method of selling this type of apparatus is to inform 
the purchaser that it will pulverize anything. This is not a 
fact, if quality of work and output are to be considered. 
have found also that to consider this small size coal as an inferior 
article was not a business success to the coal producer. 

To accomplish this we have in some instances changed the 
method of mining; instead of cutting a seam where coal is poorest 
and gobbing we now cut the good coal. 

It will be of benefit to the manufacturers of this type of mer- 
chandise to get together with the coal producers and supply 
some definite information that will be of benefit to both 
parties. 


Ouuison Craic.? As to the size of the coal to feed, most 
any of the unit mills will feed coal of '/, to 1'/,in. A difficulty 
is that when one gets coal of that size, part of the time he may 
be getting a lot of coarse coal and part of the time he may be 
getting a lot of fine coal. 

The average density of that coal for a given feed opening, say 
on a revolving table, will be different; that is, a given setting of 
a feed knife, if that is what is being used, will give more coal with 
the fine coal than it will with the large lumps. 

If one wants to secure a wide range of operation, he has to cut 
his coal feed down sometimes to a very small amount. That 
means he is going to have a small opening through which he will 
feed this coal. If he then has 1'/,-in. size, it may interfere with 
the flow by pieces of coal plugging against each other, so that in 
general the small size of coal will feed much more uniformly as to 
rate—that is, with the different settings of the feeder—and it 
will maintain a continuity of rate, so that both from the view- 
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point of being able to operate at a low rate of feed and being 
able to get a uniform control, the fine size of coal is better. That 
is particularly true if automatic control is to be applied to the 
operation; for example, if one has an automatic device which is 
hooked up to the coal feeder and hooked up to your dir supply, 
assuming that there is forced draft, he will then want a feed 
which will give a straight-line curve. With various increments of 
setting there will be correspondingly equal increments of rate 
of coal feed, and unless that can be had there will not result very 
good success with automatic control. With automatic control, 
then, it is still more desirable to have this smaller size. 


AvuTHOR’s CLOSURE 


Mr. Tenney’s experience enables him to compare the central 
and unit systems operating in the same power plant. 

Mr. Daniels spoke about 14 per cent CO, with unit pulverizers 
giving the best efficiency. The author is inclined to think that 
16 per cent CO, is not so common as it was with any form of 
powdered-coal firing, and 14 to 15 per cent CO, is found to give 
better operation and efficiency. 

It is impossible to state specifically as to how wet the coal may 
be and still be suitable for delivery to a unit mill. The author 
has seen a hammer mill operating with water literally running 
off the feed table. 

On the other hand, a small slack coal with surface moisture, 
probably occasioned by rain or snow, will shut down the mill. 
That cannot be given in percentages because while the mill may 
run without trouble sometimes with a coal containing 12 or 13 
per cent moisture, on the other hand it may be unable to run 
with a wet, fine coal, perhaps with clay substance in it. This 
latter coal will gum the mill up and stop it, although its total 
moisture content may not exceed 10 to 12 per cent. 

With the hammer type of mill one can operate with a reason- 
able power consumption with wetter coal than with other types. 
One certainly can operate with what might be called “wet” coal; 
the power consumption will go up, but the mill can get along. 
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The Need for 


FSP-50-62 
Coal Research 


By F. R. WADLEIGH,' NEW YORK, N. Y. 


Never has there been so imperative a need for research in 

coal. And, paradoxically, there is being carried on today 
more coal research activity, both in this country and abroad, than 
ever before. There is a greater realization of its economic value 
and of the necessity for additions to our knowledge regarding 
our greatest natural resource. 

Hydrogenation of coal, carbonization, the extraction of motor 
fuels, oils, and the other important by-products; pulverized coal 
use; hitherto unheard of efficiencies and capacities in boiler opera- 
tion using coal as fuel; new types of house-heating equipment for 
coal burning—all of these, the result of research, are given more 
attention than ever before. But with all these research dis- 
coveries, we also are learning how little we actually know about 
coal, even of its constitution and the exact nature of the coal 
conglomerate, as it has been called; that we have much to learn 
before we can make the most effective use of coal. 

For such knowledge and the certain benefit that will follow we 
must look to research. We must have, not scattered and partial 
research activity, but a definite, systematic, far-reaching and in- 
clusive research plan, under competent direction and adequately 
financed over a definite period of years. 

Our Federal Government, which should be the leader in coal 
research, has not taken advantage of its leadership possibilities. 
The U. 8. Bureau of Mines and the U.S. Geological Survey, the 
two bureaus to which we must look for coal research work, have 
been sadly handicapped by the apparent inability of our legis- 
lators to see its importance and value. Both of these bodies are 
doing less actual coal research work today than they did in pre- 
war days. 

It is so obvious that coal is our greatest natural resource and 
that its wise and provident handling, as a result of greater knowl- 
edge to be acquired only by research, will benefit all, regardless 
of their interest in other fuels, that those whose work is concerned 
with other fuels should be willing to assist in bringing about the 
plans proposed for more research work in coal. 

All of our present practices in production and use, our practical 
knowledge of coal geology and chemistry, of the constitution of 
coal, have been made possible by vision and research. Every 
great use of coal was brought into being by research. The loco- 
motive, the power plant, the coke oven, the gas retort, the very 
use of fire from the combustion of coal—all have been the result 
of research and its development. In order to present a picture 
of the wide and important fields open for coal research, a general 
outline is given. The subjects listed represent the general fields 
open for coal research. The five main fields are: 


T HE study of coal is one of the importaat problems of today. 


The formation and occurrence of coal 
The constitution of coal 

The production of coal 

The utilization of coal 

Economies of coal. 


cr 


All these main divisions are more or less closely interrelated; 
research activities in any one will be concerned with one or more 
of the others. The main fields may be sub-divided as follows: 


1 Formation and occurrence. In this division, as regards 
coal research, the following named sciences are involved: 
_' Consulting Engineer. Mem. A.S.M.E. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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Geology 
Paleontology 
Morphology 
Geochemistry 
Microscopy and micro-photography 
X-ray examinations. 
These lead up to and are involved in: 
2 The constitution of coal, which includes, in addition: 
Effect of solvents, reagents and oxidation 
Chemistry of coal—sampling and analysis; chemical 
characteristics 
Physics—structure and other physical characteristics 
Classification of coal, scientific. 
3 The production of coal 
Geology and stratigraphy 
Coal beds, occurrences and characteristics 
Prospecting, methods of 
Development, methods of 
Methods and systemsof mining 
Ventilation and gases 
Materials and equipment 
Preparation of coal at mines—cleaning; sizing 
The human element of production—safety; physiology 
and health; welfare, industrial; psychology; 
management; labor relations. 
4 The utilization of coal 
Commercial analyses and tests 
Various uses of coal in its raw state—combustion in vari- 
ous types of furnace; carbonization and gasifica- 
tion, by-product recovery; other processing of 
coal, the products obtained, their nature and uses; 
minor uses of coal; by-products obtained from coal, 
nature and commercial uses 
Ash or mineral matter in coal, nature and effect in use 
Volatile matter in coal, its composition and use effects 
Moisture in coal, its nature and use effects 
Pulverized coal, its preparation and use 
Classification of coal by uses 
Handling and storage. 
5 Economics of coal 
Distribution and consumption 
Marketing and purchasing 
Statistics, their use and meaning 
International trade 
Financing 
Consolidations. 


No one of our principal industries needs thorough, intelligent, 
and effective research so much as does the coal industry, more 
particularly the bituminous branch, which has, from the nature 
and characteristics of its product and by reason of its tremendous 
production capacity, far greater possibilities lying before it for 
important and far-reaching discoveries than has anthracite. To 
mention a few important use subjects that are concerned with 
bituminous coal only—the entire field of carbonization and by- 
products extraction, hydrogenation or liquefaction of coal—these 
are sufficient to bring out the wide difference between the two 
ranks of coal as regards research possibilities. 

But the whole industry will benefit, directly or indirectly, from 
well-directed, sustained, systematic research; and not only tech- 
nical, scientific research is meant, but also economic research— 
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distribution, marketing, statistics, the economies of the industry. 

A striking difference in attitude toward coal research (for which 
our coal industry is not, however, responsible) is shown by 
comparing the reports of the two last governmental commissions 
appointed to get at the facts and arrive at recommendations for 
the improvement of conditions, both internal and as regards the 
public, in the coal industry. 

The U.S. Coal Commission, which functioned during the year 
beginning September 22, 1922, has in its final report in five vol- 
umes and 3235 pages, including 516 pages of statistics, but one 
indexed item under research, and that is covered in three lines in 
one of 36 labor-relations recommendations to the effect that ‘““We 
therefore suggest the importance within the union of continuous 
facilities for research which will collect and interpret facts and 
aid and enlighten union policy.”’ 

The Royal British Coal Commission, which functioned from 
September 5, 1925, to January 14, 1926, issued its report in July, 
1926. The index of this report lists 23 items on coal research. 
It devotes 12 pages of the commission's final report to discussion 
and recommendations for research and several additional pages to 
the statements of various highly qualified witnesses on the subject. 

While the possibilities of research in coal may be recognized in 
this country as much as in Great Britain, much more active inter- 
est is shown and more actual work is done in the latter country. 
It is true that conditions as regards coal and its use differ con- 
siderably as between the two countries, but our coals and coal 
industry need research activities just as much, if not more, es- 
pecially along certain lines. 

But conditions in research have improved, as shown by the 
recognition by the National Coal Association of the need for re- 
search and the appointment of a Research Committee three years 
ago. The association has for two years supported a fellowship 
at the Carnegie Institute of Technology for research work in coal. 
It has also issued, with the help of Messrs. Fieldner and Hood of 
the U. S. Bureau of Mines, a pamphlet entitled, “A World-Wide 
Picture of Bituminous Coal Research.” 

A conference to consider coal research was called recently 
(February 9, 1928) by the association, to which various consum- 
ers’ associations and technical bodies were invited to send repre- 
sentatives. There was an interesting discussion at this confer- 
ence, and the chairman was authorized to appoint a committee, 
from the organizations represented or invited, to formulate some 
definite plan. This committee is made up of seven members, 
representing the following organizations: National Coal Associa- 
tion, American Gas Association, American Society of Mechanical 
Engineers, American Institute of Mining & Metallurgical En- 
gineers, American Society for Heating & Ventilating Engineers, 
National Electric Light Association, U. S. Bureau of Mines. 

At its last meeting, there was submitted a definite, concrete 
proposal and plan for coal research, to be offered to the con- 
stituent bodies for their approval. The plan offered specifies 
definite research projects, such as seem of the most immediate im- 
portance, and outlines the financial requirements for the work, 
with the idea of presenting the whole proposal to the Federal 
Government and having, as an objective, inclusion of the neces- 
sary funds in the Bureau of Mines appropriations. If the de- 
sired support can be secured, financial and otherwise, there is a 
fine opportunity offered for carrying on coal research activities 
that will be of untold benefit to both the coal industry and the 


consumer. 

Perhaps the most important action in the way of definite, 
concrete plans for coal research in this country had previously 
been taken by the American Society of Mechanical Engineers. 
It includes, it is true, research in fuels generally and not coal alone, 
but the program approved and adopted by the Society includes 
the most important coal research problems of today. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Without going into details of the formulation and final adoption 


of a definite plan, I shall outline the program adopted and now 


included among the Society’s research activities. 


After the appointment last year of a Fuels Survey Committee 


to present a plan for fuels research, a program, recommended by 
the committee, was approved by the Main Research Committee 
in December, 1927, and a Fuels Research Committee carefully 
selected, including some not members of the Society at that time. 
Quoting from the program, the scope and purpose of research were 
said to be: 


(a) The gathering and correlation of results obtained and 
of studies being pursued, in fuel research; with the idea 
of making known and available, as far as possible, the 
progress made and the different phases under investiga- 
tion 

(b) The direction, to such extent as may be possible and 
advisable, of the lines of fuel research being and to he 
pursued, with the adoption of plans for carrying them on 

(c) The development and conduct of definite research 
projects in fuels which will involve the selection of per- 
sonnel and facilities for research and the securing of 
necessary funds for the carrying on of such projects. 


Research in fuels is so broad, complicated, and important, both 
to industry and the professions, that the scope and purpose of the 
recommended project as outlined would be of immense value if 
carried out. The committee suggested that, acting as a neutral 
medium between all groups, producers, distributors, and consum- 
ers, it could be the means of: 


(a) Securing all existing fuels research data 

(b) Making it available to those interested 

(c) Focusing attention upon fuels research projects that 
are being studied or that need investigation 

(d) Securing the necessary aid for carrying on various re- 
search projects, as deemed advisable. 


“As preliminary to organizing actual research work, the com- 
mittee, at its first meeting, recognizing the necessity for and value 
of obtaining exact and definite knowledge regarding research 
work now being carried on or planned, decided to assign to each 
member the work of securing the desired information regarding 
his particular field, as included in the broad, general subjects for 
research determined upon.”’ 

The specific research subjects assigned are as follows: 


The constitution of coal 

High-temperature carbonization of coal 

Low-temperature carbonization of coal 

Complete gasification of coal 

Other methods of processing coal 

Combustion in domestic furnaces (all fuels) 

Combustion in central power stations (all fuels) 

Combustion in locomotive furnaces (all fuels) 

Combustion in metallurgical and industrial furnaces (all 
fuels) 

10 Preparation of coal 

11 Petroleum products as fuel; processes and use; their 

economic relationships to other fuels. 


“After the available data has been secured, as outlined, the 
committee purposes to decide upon the actual research activities 
to be inaugurated, with plans for carrying them on and for se- 
curing the necessary personnel funds and facilities.”’ 

It will be seen from the program that coal enters largely into 
the proposed fuel research activities, as is entirely proper whe 
we consider its relative importance as a fuel and as a source of 
by-products, with their fast-growing uses and their ramifications 
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in our business and home activities. The specific subjects con- 
cerned with coal research were considered by the committee to be 
of the first importance, especially from the standpoint of produc- 
tive and profitable research developments. 

All in all, we believe that one of the vital needs of the coal in- 
dustry today, and just as important to the coal user, is more re- 
search—pure research, industrial research, economic research; 
pure “‘seientifie” research, because the pure research of today 
leads to the more intelligent, more efficient practice of the future. 

Today there are a number of workers in coal research, men 
who have accomplished a great deal and added greatly to our 
knowledge of coal and its efficient use, but there are far too few of 
them, and there is far too little financial aid given them or given 
any coal-research activities. 

What has the industry or those engaged in it done for research, 
either commercial or scientific? Practically nothing. What coal 
companies, large or small, have their own staff of chemists and 
research workers continually striving to find new and more profit- 
able methods or products or in maintaining and improving the 
quality of their product, as have those in other industries? Or 
engaged in the study of economic problems of trade or in educat- 
ing their salesmen and the buyer? There is but one answer 
possible, if it is to be a true one—practically none. 

Every one of the important uses of coal and use methods— 
carbonization in its various phases, automatic stokers, the various 
uses of pulverized coal, the boiler furnace, the use of coal as a 
locomotive fuel, the development of the house-heating furnace and 
grates, hydrogenation and liquefaction, colloidal fuel, the great 
coal by-product industries—originated with and was developed 
by men outside of the industry, the users, the engineers, the 
chemists. 

On research, the coal industry spends a few hundred dollars a 
year. The manufactured-gas industry, the offspring of coal and 
dependent upon it for existence, spends through its extremely 
efficient organization, the American Gas Association, as many 
hundred thousand dollars. 

“Coal is a resource requisite to the functioning of every other 
resource. Coal is the basis of organized life. . . . Otherraw 
materials are merely parts of the social fabric—incidental to it; 

. but coal is comfort and energy as well as a commodity. 
Coal, therefore, in its far-reaching consequences, has assumed a 
responsibility equaled by no other substance.” 

The foregoing statement by Pogue and Gilbert is, we believe, 
absolutely true today. But does coal live up to its responsibility? 
Is it being mined, distributed, and used to the best advantage? 


As the principal source of power, the basis of modern civilization, 
those who control its mining, distribution, and use have a re- 
sponsibility they cannot avoid. 

The time may come, and is coming, when no bituminous coal 
will be burned in its raw state. Leading chemists and engineers 
have many times expressed the opinion that the use of coal ‘“‘as 
is’ should not and will not be tolerated much longer; that such 
use is an economic waste of our raw material that is sure to be 
eliminated in the not-far-distant future, when we have reached a 
full realization of the truth of the ages-old maxim, that waste 
makes want. 

The coal industry and users of coal must therefore recognize 
the practical, financial value of well-organized and properly 
directed research, and the fact that every new use of coal has 
been brought about by the discoveries of the scientific research 
worker. 

Research costs something; cheapness is not one of its attributes; 
but the results that it has shown and will show in increased mar- 
kets, in stabilization, in conservation, in higher standards of 
operation, in greater diffusion of knowledge—all of these and 
their accompanying benefits will pay heavy interest on the prin- 
cipal expended. 

If the soft coal producers were to tax themselves one-tenth of 
a cent per ton produced, they would have a fund sufficiently large 
to inaugurate and carry on broad, systematic, and effective 
plans for research that would, if past experience is a criterion, be 
of untold benefit not only to every man engaged in the coal in- 
dustry, but also to the nation generally. 

As it stands today, our work on coal research, both governmental 
and private, is distinctively behind similar work undertaken and 
now carried on by foreign governments, technical bodies, and 
trade associations. Are we to be contented with such a state of 
affairs? We cannot afford to be nor should we allow other lead- 
ing industries, petroleum for instance, to remain so far ahead of 
the coal industry as at present, with respect to research. 

The coal-consuming industries generally have in the past paid 
too little attention to the technology and chemistry of coal. 
They have given close attention to production and sales methods, 
but have devoted comparatively little attention and money to 
coal research, to studies of the more-efficient-use methods, to the 
discovery and effect of new uses and their products. But the 
tide is turning, and there is in evidence a growing appreciation 
of the importance of coal as a productive material and the need 
for increased and more accurate knowledge of its characteristics 
and possibilities. 
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Selection of Power-Plant Equipment | 


Only Correct Methods of Evaluating Bids Are Those That Determine the Minimum Sum 
of Fixed and Operating Charges, Taking Account of Price, Thermal Performance, 
Other Operating Costs, and Influence Upon Other Plant Design or Equipment 
By F. M. VAN DEVENTER,'! NEW YORK, N. Y. 


After reviewing the customary procedure in obtaining competitive 
bids on equipment, the author discusses critically the commonly 
used criteria of relative value. Definite conclusions are drawn 
concerning the correctness and merit of each. Two illustrative 
examples are presented to demonstrate the author’s conclusions, and 
the recommended method is summarized. 


S THE major equipment used in the power plant is becom- 
ing more and more highly developed, the selection of such 
equipment becomes a more complicated and important 

function of the engineering and purchasing departments. By 
way of a generalized outline it may be said that the several 
steps involved in the placing of a contract, as practiced by 
major companies, are as follows: 

(a) The engineering department, having determined the size, 
type, and general characteristics desired in the equipment, pre- 
pares a specification covering these data and other essential 
and supplementary information.? 

(b) The purchasing department submits the specifications to 
the various manufacturers from whom bids are desired, with a 
formal request for proposals. 

(c) The manufacturers submit to the purchasing agent their 
formal proposals. These proposals embody a bid price (or set 
of prices for various combinations of equipment), tabulations of 
the operating characteristics of the equipment under conditions 
stated in the engineers’ specifications, and they either accept 
the purchaser’s specification (with or without exceptions) or 
embody a complete specification in detail covering the particular 
equipment offered. 

(d) The engineering and purchasing departments confer 
and concur in a decision as to which bidder offers the equipment 
that is the most desirable. A formal contract is then executed 
between the purchasing agent and the manufacturer. 

While the foregoing outline is general and brief, many varia- 
tions in the method of procedure for the individual steps are 
practiced by different companies. For example, a popular and 
very satisfactory method of handling step d is more specifically 
as follows: 

(4) The purchasing agent, upon receipt of proposals, de- 
taches price data from engineering data, filing the former and re- 
ferring the latter to the engineers. 

(2) The engineers, uninformed concerning prices, scrutinize 
the proposals carefully, to determine the relative value of the 
several proffers, noting credit or debit for superior or inferior 
characteristics, respectively. As a result of this study, a figure is 
deduced for each proposal, expressed in dollars, which when 
added to the bid price gives a figure which represents the com- 
pensated cost price, all tangible factors considered. For con- 


‘Mechanical Engineer, Construction Department, Henry L. 
Doherty & Company. Mem. A.S.M.E. 
i, Refer to standard specifications prepared by Prime Movers 
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P resented at the Second National Meeting of the A.S.M.E. Fuels 
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venience, the sum of the compensating figures may be called 
the “compensating index,’’ and when added to the cost price, 
the result may be called the “compensated cost index.” The 
latter is inversely proportional to the economic value of the 
various proffers. 

(ds) The purchasing agent, preferably in conference with the 
engineers, combines the price data and the compensating indices, 
and obtains the ‘‘“compensated cost index.” 

The present paper will deal in detail only with function d,, the 
determination of economic value, or its inverse, cost, as affected 
by operating characteristics. Its presentation was inspired by 
revelations resulting from the discussion of a previous paper® and 
informal discussions on the subject of purchasing methods. 


Various CRITERIA OF VALUE 


The various data most commonly used in comparing the rela- 
tive worth of proposals are: 


1 Lowest first cost 

2 Lowest first cost per unit of surface, unit of capacity, ete. 

3 Lowest first cost per pound of material 

4 Highest efficiency or lowest fuel cost 

5 Highest rate of return on investment 

6 Shortest time required for fuel saving or net saving to 
equal first cost 

7 Highest net saving or minimum production cost. 


Each of the foregoing will be briefly discussed in the folowing 
paragraphs: 

1 Lowest First Cost. If the various tenders were on a par so 
far as operating characteristics and general suitability are con- 
cerned, the choice would obviously be the one embodying the 
lowest bid price and consequent lowest carrying charges. In pur- 
chases for municipal works, an attempt is usually made to pre- 
pare specifications in such form that all bids will cover identical 
work or materials. Tenders are then sealed by bidders and 
opened in public, the contract being awarded to the lowest 
bidder. The design of power-plant equipment, however, is 
largely affected by patents, basic designs, standards, use of exist- 
ing patterns or dies, ete. As a result tenders are seldom on a 
sufficiently common basis that bid price alone is a suitable 
criterion. Not infrequently it is found that the equipment with 
highest first cost has sufficient merit over all others to render it 
the most desirable one economically. Therefore while it is de- 
sirable as a general proposition to minimize the overall plant cost, 
equipment cannot logically be purchased on that basis, since it 
is probable that while the carrying charges would be minimized, 
operating costs would be sufficiently high to more than offset the 
saving in carrying charges. 

2 Lowest First Cost per Unit of Surface, Unit of Capacity, etc. 
While the specifications may call for an equipment of a given 
nominal size or capacity, it often happens that the design of 


3 The Economics of Air Preheater Applications, by F. M. Van 
Deventer, First National Fuels Meeting, A.S.M.E., 1927. 
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one bidder’s equipment permits the carrying of greater over- 
loads than others. ..Such marginal capacity should be evaluated 
and credited in the set-up. However, while “dollars per square 
foot,” or “dollars per kilowatt,’’ ete., gives an indication of the 
relative cost per unit of size, selection should not be made on 
this basis alone. 

3 Lowest First Cost per Pound of Material. This is obviously 
not a criterion of value and should not be used for selection. 
However, if two designs are sufficiently alike that machine work 
and fabrication are relatively identical, an excessive price per 
pound indicates that the marginal cost of the higher bid goes to 
excessive overhead or profit to the manufacturer and that no 
corresponding value will accrue to the purchaser. This datum 
is therefore one of Secondary importance in comparing bids. 

4 Highest Efficiency or Lowest Fuel Cost. This datum is un- 
doubtedly more commonly misused than any other. Maximum 
efficiency is of course desirable, but not at the sacrifice of exces- 
sive costs unaffected by efficiency. It may safely be said that 
any existing or proposed plant or component piece of equipment 
could be designed for higher efficiency, but in most cases, al- 
though fuel expense would be less, the actual cost of producing 
energy would be higher, because of excessive fixed charges. The 
importance of these charges may be emphasized by pointing to 
the fact that in the average plant fixed charges exceed fuel cost 
by a considerable margin. Therefore in design practice efficiency 
is of a secondary importance to first cost. As an additional 
example of the importance of fixed charges, in some specific 
cases it may be said that several cases are known to the author 
in which the annual expenditure for taxes (including not only 
generating station, but transmission system, substations, and 
distribution equipment) exceeds the annual expenditure for fuel 
in the generating plant. 

5 Highest Rate of Return on Investment. The fallacy of the 
use of this datum undoubtedly results from considerations of 
personal investment. If one has a definite sum of money to 
invest, it is natural that he should seek the highest rate of return, 
since that is a true measure of the value of his investment (ignor- 
ing the element of security, etc.). From this fact it is often 
erroneously concluded that in the case of competitive bidding 
the best proposition is that which yields the greatest return on 


TABLE 1 


Essential Data: 

1 Surface, sq. ft.. 

2 Capitalized annual fuel cost, ‘dollars. . GS 

2a Capitalized annual fuel saving, dollars...... 

3 Capitalized annual operating cost for fans, 
4 Value of plant capacity reserved to — ate fans, dollars......... 
5 Compensating index, dollars. . 
6 Cost delivered and erected, dollars. . 

7 Compensated cost index, dollars. . 


Supplementary Data for Illustrative Purposes Ss: 


8 Capitalized net saving, aollars.. 

9 Annual net saving, dollars...... 

10 Net return on investment, dollars. . : 

11 Annual net saving per increment of ‘surface, dollars. . 


12 Net return on investment for increment of surlace, dollars.......... 


13. Annual fuel saving, dollars....... 
14 ‘Time required tor fuel saving to equal first cost, "years... 


15 ‘Time required tor net saving to equal first cost, years... .. 


the investment. This is not a true rule, and its use cannot be 
depended upon to indicate the best selection. The explanation 
of this paradox will appear in an example in another part of this 
paper. 

6 Shortest Time Required for Fuel Saving or Net Saving to 
Eqval First Cost. This datum is the inverse of “return on invest- 
ment”; and since the same limitations apply to it, it should not be 
used in rating the merits of competitive bids. It is often desirable 
to compute this datum, or the rate of return on the investment, 
in order to determine whether the savings on a proposed invest- 
ment are of sufficient magnitude to render it attractive, but it 
gives no reliable relative evaluation of alternatives. 


7 Highest Net Saving or Minimum Production Cost. This 
datum is the proper one for the evaluation of bids or for economic 
studies to determine the optimum arrangement of equipment. 
Since all costs incidental to the production and delivery of energy 
may be classified as either fixed charges or operating charges, it is 
obvious that the most desirable combination and arrangement of 
equipment is that which renders the sum of these costs a minimum. 
The set-up for each proposition may be made by determining 
the sum of the annual outlay for fuel, operation of auxiliaries, 
etc., and the fixed charges on the first cost of the equipment. 

An alternative method which is more convenient in the appli- 
cation of steps d, and d;, previously outlined, uses capitalized 
values. This is the method used in the two examples which 
follow. The amount of fuel required annually to operate the 
plant with the proposed equipment is determined and capitalized 
at the fixed-charge rate properly applying to the project or to 
the particular piece of equipment under consideration. The 
annual cost of operating dependent auxiliaries and other annua! 
costs requiring inter-bid compensation are determined and capi- 
talized. The sum of these data constitutes the “compensating 
index”’ determined by the engineers. The purchasing agent then 
has merely to add the bid price to determine the “‘compensated 
cost price.’’ The proposition for which the compensated price 
is a minimum is the economic choice. 

If the equipment under consideration is of a supplementary 
nature, such as economizer, air preheater, extraction feedwater 
heaters, etc., added to enhance overall thermal economy, « 
parallel set-up may be made on the plant without such equip- 
ment. Then the difference between the compensated cost 
index of any set-up and the index for the set-up without such 
equipment is the capitalized net saving due to the proposed 
equipment. The proposal which indicates maximum net saving 
is the economic choice, and this datum will coincide with mini- 
mum “compensated cost index.” 


ILLUSTRATIVE EXAMPLES OF CORRECT AND ERRONEOUS METHODS 
OF EVALUATION 


The principles outlined can best be demonstrated by the 


two examples which follow. The first is a determination of the 
optimum size of a specific type of heat-absorbing equipment, 


SET-UP OF ECONOMIC FACTORS FOR THE DETERMINATION OF OPTIMUM SURFACE IN AN AIR PREHEATER 
(Data used for Fig. 1. Explanation of all items appears in Appendix) 


0 10,000 15,000 20,000 25,000 
891,500 850,000 840,000 830,800 825,400 
0 41,500 51,500 60,700 66,100 

0 1,278 1,392 1,540 1,675 

0 6,510 6,440 6,510 6,500 
891,500 857,788 847,832 838,850 833,935 
10,000 15,000 20,000 25,000 

891,500 867,788 862,832 858,850 858,935 
0 23,712 28,668 32,650 2,565 

0 3,082 3,727 4,244 4.233 

0 30.8 24.8 21.2 16.6 

0 3,082 645 517 —11 

0 30.8 12.9 10.3 —0.22 

0 5,400 6,700 7.900 600 
1.8 2.2 2.5 2.9 
3.3 4.0 4.9 6.0 


and the second is the evaluation of competitive bids on such 
equipment. 

The data in the paper previously referred to® serve for this 
example. The problem consists of the determination of the 
optimum amount of air-preheater surface for a specific appli- 
cation. The operating characteristics of the plant and deter- 
mination of efficiencies, fuel consumption, etc., with various 
extents of surface, are obtainable from the previous paper and 
need not be repeated here. In Table 1, herewith, items 2, 3, 
and 4, extrapolated to 50,000 sq. ft., are brought forward from 
Table 1 of the previous paper. The calculations for the other 
items in the table are given in the appendix hereto. 
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The pertinent data from Table 1 are shown graphically in 
Fig. 1, the numbers of the curves corresponding to the numbered 
items in Table 1. 

Curve 2a shows the capitalized value of fuel saved by heaters 
of various sizes. Note that a heater of 20,000 sq. ft. saves 50 
per cent more heat than one of 10,000 sq. fi., but one of 50,000 
sq. ft. saves only 1 per cent more than one of 40,000 sq. ft. 

By deducting from the ordinates of curve 2a the corresponding 
first cost and capitalized operating charges (items 3, 4, and 6) 
there results curve 8, which shows capitalized net saving. Since 
this curve has a maximum value at about 23,000 sq. ft., that is 
the optimum size for the conditions of this particular analysis. 
If item 7 of Table 1 (compensated cost index) were plotted, its 
curvature would be the opposite of that of curve 8 and its mini- 
mum value would occur at 23,000 sq. ft., also indicating the 
optimum size. Either this curve or curve 8 correctly indicates 
the proper size to install from an overall economic standpoint. 

Curve 10 indicates the net return on investment for the various 
sizes. An inspection of this curve shows that it gives no indica- 
tion of the optimum size. The only significant point is the end 
point where the net return is zero. This point does and should 
coincide with the surface at which the capitalized net saving is 
zero. This means that although the capitalized fuel saving 
resulting from the installation of a 50,000 sq. ft. heater would be 
$75,000, the fixed charges and operating cost for draft equipment, 
ete., would entirely offset the saving, and consequently the cost 
of production would be the same as though no preheater were 
used at all. It is pertinent to note that the general charac- 
teristic of curve 10 is that the return on investment bears an 
inverse relation to extent of surface and that in the general form 
the curve does not have a peak (although if exact relative costs 
could be accounted for, there would be a maximum value at 
about 1000 or 2000 sq. ft.). In the light of this fact it is sur- 
prising that at least three manufacturers of air preheaters refer 
in their advertisements and discussions to the “high return on 
the investment’? due to the installation of their apparatus. 
Such a statement does not indicate relative merit of their equip- 
ment, since it is possible that the purchaser might have accepted 
some other proposal at a higher price and lower net return on 
the investment, but in spite of this fact made a higher net 
saving resulting in a lower production cost. A further objec- 
tion to the use of these statements is that they are likely to lead 
a purchaser inadvertently to make his comparisons on that abso- 


TABLE 2 ECONOMIC COMPARISON 


lutely unsound basis. The author has seen numerous such 
comparisons. 

Curve 12 shows the net return on the last increment of surface 
of a heater of any size. The noteworthy feature of this curve is 


that it becomes zero at 23,000 sq. ft. This means that while 
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OF SIX PROPOSALS ON AIR PREHEATERS 


(Explanation of all items appears in Appendix) 


20 Proposition 


Essential Data for Proper Evaluation: 
21 Relative overall efficiency, per cent... . 
22 Annual fuel cost, dollars... . 
23 Capitalized annual fuel cost, dollars. ; 
24 : apitalized annual cost to operate fans, dollars oe 
25 Value of plant capacity reserved for fans, dollars. . 
26 Compensating index, dollars........ 
27 delivered, and erected, dollars 
28 Compensated cost index, dollars 


4ubplementary Data os Illustrative 
30 Surface, square feet. 

32 Capitalized net saving, dollars. 

33 Annual net saving, dollars. 

34 Net return on investment, per 

35 Cost per square foot, 

36 Cost per pound, dollars. 

37 Annual fuel saving, dollars. . 
d Time required for fuel saving to equal first cost, years.... 

39 Time required for net saving to equal first cost, years. .. . 


Rank: 


Highest net return on investment. 

~ Shortest time for fuel saving to equal first ‘cost. 

43 Shortest time for net saving to —* first cost. 
4 Highest efficiency or lowest fuel cost. : 

45 Lowest first cost. 

46 Lowest cost per sq. ft. 

47 Lowest cost per Ib.. 


Marginal economic value as compared to poorest ‘proposition, dollars... .. 


0 Lowest compensated cost or greatest net 


A B Cc D E F 
86.08 87.04 86.50 86.20 85.00 87.10 
109,200 108,000 108,550 109, 110,600 107,800 
840,000 830,800 835,000 838,500 850,000 829,200 
1,392 1,540 1,620 1,500 1,420 1,700 
6,440 6,510 7,200 6,200 5,800 6,400 
847,832 838,850 843,820 846,200 857,220 837,300 
15,000 20,000 26,000 18,000 14,000 26,800 
862,832 858,850 869,820 864,200 871,220 864,100 
8,388 12,370 1,400 7,020 0 7,120 
15,000 20,000 24,000 20,000 15,000 25,000 
105,000 136,000 210,000 130,000 108,000 214,000 
28,668 32,650 21,680 27,300 20,280 27 400 
3,727 4,244 2.818 3,549 2,636 3,562 
24.8 21.2 10.8 19.7 18.8 13.3 
1.00 1.00 1.08 0.90 0.93 1.07 
0.143 0.147 0.124 0.138 0.130 0.125 
6,700 7,900 7,350 6,900 5,300 8,100 
2.24 2.43 3.44 2.61 2.64 3.31 
4.03 4.72 9.22 5.08 5.31 7.52 
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the last few square feet of a heater of this size are recovering 
considerable heat (as indicated by the fact that curve 2a is 
still rising) the fixed charges and operating costs on that incre- 
mental surface are such as exactly to offset the saving. If 
surface is added beyond this point, debits will exceed savings 
and net saving will decrease as shown by curve 8. Conversely 
if smaller surfaces be considered, savings decrease faster than 
fixed and operating costs and again net saving would decrease. 
Thus the zero intercept of curve 12 is a true indication of optimum 
size. It has been pointed out by others‘ that since this curve 
has asharpzero intercept it indicates optimum size more accurately 
than curve 8, which is flat at the peak. While this is true, all 
such problems involve estimated data such as load factor, fuel 
cost, installation cost, etc., the accuracy of which is not reliable 
within 5 or 10 per cent. Since curve 8 indicates that the surface 
selected may be 20 per cent greater or less than the optimum 
without affecting the net saving more than 6 per cent, the 
author doubts that the increased accuracy obtained by the use 
of curve 12 warrants the additional trouble of setting up the 
data. 

Curves 14 and 15 show the time required for fuel saving and 
net saving to equal first cost. A comparison of these curves 
with curve 8 proves that they are not criteria of economic worth 
and have the same limitations as the return on investment 
method. 


EVALUATION OF CoMPETITIVE 


Table 2 is a tabular set-up of six bids on preheaters. A and 
B are assumed to be alternates from a single bidder for two 
sizes and are actually the 15,000 and 20,000 sq. ft. columns from 
Table 1. The other four are selected to represent the spread of 
price, efficiency, etc., that usually occurs in practice. 

The first section of this table determines the compensated 
price index as recommended by the author. Since the index 
(item 28) is lowest for proposition B, that one is indicated as the 
most desirable from an economic standpoint. Item 29 is added 
to show the marginal or additional economic value of each 
proposition as compared to the poorest proposition, EZ. Thus 
proposition B has an economic value of $12,370 greater than 
proposition EZ, even after the difference in cost ($6000) has been 
taken into consideration. Similarly, proposition B is worth 
$3982 more than proposition A in addition to the $5000 price 
differential. 

In the second section of the table supplementary data are 
given in order to compare with the foregoing the indicated selec- 
tions by the other methods which the author has criticized. 
Finally, a rank table is appended which shows the rank order 
in which the six propositions would be classed by the several 
criteria. The following comments are numbered to correspond 
to the items in the rank table: 

40 Proposition B is the choice by the correct method of evalu- 
ation. 

41, 42, and 43 Proposition A is indicated by the highest net 
return on the investment and shortest time for fuel saving or 
net saving to equal first cost. (These three items concur be- 
cause of their interrelation.) 

44 Proposition F is indicated by maximum efficiency or 
lowest fuel cost. 

45 Proposition £ is indicated by lowest first cost. 

46 Proposition D is indicated by lowest cost per square 
foot. 

47 Proposition C is indicated by lowest cost per pound. 

Thus each of the five propositions is indicated as best by at 
least one of the several criteria of value, but obviously only one 
can be correct. 


4H. S. Colby’s Discussion of Paper.? 


CONCLUSIONS 


The author concludes and contends: 

1 That the only correct methods of evaluating bids or estab- 
lishing optimum arrangements are those that are equivalent to 
determining the minimum sum of fixed and operating charges, 
taking due account of price, thermal performance, other oper- 
ating costs, and influence upon other plant equipment or design 
if any. 

2 That such considerations as return on investment, time 
required for savings to liquidate first cost, cost per unit of weight, 
capacity, or surface, etc., do not indicate economic value and 
should not be used in the evaluation of bids. 


SuMMARY OF RECOMMENDED oF EvauuatTING Bips 


The application of the method used in the illustrative example 
of Table 2 consists essentially of establishing the compensating 
index for each bid. This index comprises two classes of items 
viz., those affecting operating expense, and those affecting capi- 
tal costs. 

The major item of operating expense is fuel. The performance 
of turbines, condensers, boilers, economizers, air preheaters, 
extraction heaters, stokers, ete., all affect the amount of fue! 
required for plant output. Furthermore they require the burn- 
ing of additional fuel for the operation of their auxiliaries (fans, 
pumps, exhausters, etc.). The annual cost of repairs and main- 
tenance, lubrication, etc., may be different for the various propo- 
sitions, and if possible these should be evaluated. Since the 
foregoing items are annual operating expenses, they must be 
capitalized at the fixed-charge rate before being combined into 
the compensating index. 

Capital items comprise: Bid price (entered separately if 
withheld by the purchasing agent), cost of delivering and erecting 
the equipment (if not included in bid price), building space, 
foundations and supporting steel, and the value of prime plant 
capacity used by auxiliaries under peak-load operating con- 
ditions. Being capital items, these are added directly into the 
compensating index. 

Since it is only the difference between the compensated cost 
index for the several set-ups that measures their relative eco- 
nomic worth, the various compensating factors may be handled 
by using differences or by using the full amount of the several 
factors. 

APPENDIX 
(Explanation of Items in Table 1)5 

Item 2—Annual fuel cost is determined from overall efficiency and 
assumed load-duration data. 

Item 2a—Annual fuel cost + fixed charge rate. 

Item 3—Annual cost of fuel to operate fans chargeable to air pre- 
heater, capitalized at fixed charge rate. 

Item 4—Cost of increasing plant capacity by marginal amount 
equal to power consumption of fans chargeable to air preheater when 
plant carries peak load. 

Item 5—Sum of items 2, 3, and 4. 

Item 6—Manufacturer’s bid. 

Item 7—Item 5 + item 6. 

Item 8—Item 7 for no preheater—item 7 = 891,500—item 7. 

Item 9—Item 8 X fixed charge rate. 

Item 10—Item 9 + item 6. 

Item 11—Difference between adjacent columns of item 9. 

Item 12—Item 11 + cost of increment of surface. Plotted mid- 
way between adjacent even surfaces; that is —0.22 per cent !5 
plotted between 20,000 and 25,000, or at 22,500 sq. ft. 

Item 13—Item 2 for no preheater —item 2 X fixed charge rate. 

Item 14—Item 6 + item 13. 

Item 15—Item 6 + item 9. 


(Explanation of Items in Table 2) 
Item 21—Determined from gas-release temperature. 


5 For more complete explanation and full discussion of calculations, 
refer to author’s paper, Trans. A.S.M.E., FSP-50-16. 
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Item 22—Annual fuel cost is calculated from efficiency and assumed 
loading. 

Item 23—Capitalized annual fuel cost = item 22 + fixed charge 
rate. 

Item 24—Annual cost of fuel for operation of fans chargeable t: 
air preheater, capitalized at fixed charge rate. 

Item 25—Cost of increasing plant capacity by marginal amount 
equal to power consumption of fans chargeable to air preheater when 
plant carries peak load. 

Item 26—Sum of items 23, 24, and 25. 

Item 27—Manufacturer’s bid. 

Item 28—Sum of items 26 and 27. 

Item 29—8S71,220—item 28. 

Item 32—Compensated cost index of set-up without preheater — 
item 28 = 891,500—item 28. 

Item 33—Item 32 X fixed charge rate. 

Item 34—Item 33 + item 27. 

Item 35—Item 27 + item 30. 

Item 36—Item 27 + item 31. 

Item 37—Annual fuel cost without preheater—item 22 = 115,900 
—item 22. 

Item 38—Item 27 + item 37. 

Item 39—Item 27 + item 33. 


Discussion 


GeorGe F. Kuiern.* The subject matter of the paper and its 
method of solution are based on the premise that all equipment 
which meets a certain specification is alike in construction, 
appearance, and performance. As a matter of fact, competitive 
pieces of apparatus that will meet the same specification do not 
so agree, and there exists always that “something” which makes 
one manufacturer’s equipment appear best suited for the job 
at hand. This “something” is largely a matter of opinion of the 
engineer making the decision, but there are tangible differences 
not brought out in an economic comparison as made by the 
author of this paper. For example, the matter of spare parts, 
the investment required for the same, their interchangeability, 
and ease of replacement are factors. The simplicity of con- 
struction; the class of labor required to operate the equipment; 
the service organization of the manufacturer; the relative im- 
portance of the equipment to be purchased to the balance of the 
plant—all should be considered in purchasing power-plant 
equipment. For each selection of equipment the purchasing 
department should be advised of the compensating cost index 
as stated by the author of this paper, but at the same time be 
corrected by a factor evaluated from the various items that I 
have mentioned that cannot be overlooked in the selection of 
equipment. 

There are many important pieces of power-plant equipment 
that will not lend themselves readily to a set-up as used by the 
author in order to determine the compensating index. Heat- 
recovery apparatus lends itself readily to such a method, but if 
the fuel saving were the same in each case the answer would not 
be so apparent. Boilers, generators, motors, and pumping 
equipment can be obtained with practically the same efficiency, 
lessening the effect of the coal component in the compensating 
index; hence, the buyer must resort to some other factor for 
making his choice. This could be called the desirability factor. 

The matter of efficiency should not be stressed too greatly, 
since manufacturers can become overly optimistic, and the 
guaranteed efficiencies fall off as much or more than the differ- 
ence which helped to decide a choice. Few, if any, industrial 
plants are equipped to check the guaranteed performance, and 
unless the guaranteed efficiencies are rational, the compensating 
index will serve as an incorrect guide. 

Another factor should be applied to the purchasing of power- 
plant equipment for industrial plants. Granted that the com- 


i ° Power Engineer, A. E. Staley Manufacturing Company, Decatur, 


pensating cost index indicates that certain equipment should be 
purchased for the power-generating equipment, the economic 
value of that equipment to the entire plant and production must 
be considered. The central station and the industrial power 
plant differ materially in that the central station’s problem is one 
of generating power most economically and efficiently, whereas 
the problem in the industrial power plant is one in common with 
the entire plant, and that is to produce a unit of output most 
economically. In many cases, large savings can be shown in in- 
dustrial power plants in the selection of equipment, but the same 
investment as applied to plant processes or extensions would 
have a relative greater effect in reducing the cost of production. 


The author has treated the subject 
clearly and quite completely. He also has left opportunity 
for further discussion, a feature of a good paper. Among the 
items which he has not taken the space to discuss in full is the 
matter of the influence of such factors as (1) delivery date, (2) 
rate of depreciation, (3) capital-carrying cost, (4) value of space 
used, (5) auxiliary power costs, (6) cost of replacement of parts, 
(7) operating and maintenance labor. 

The evaluation of the time saved by earlier delivery must be 
made on the basis of the particular conditions. No two cases 
are exactly alike. 

Obviously the conclusions reached even by the method recom- 
mended by the author may often be changed completely by a 
change in the rate used in capitalizing the savings. The rate 
used for depreciation also has its effect. 

The author has used the “cost delivered and erected.” He 
also has included the value of plant capacity required for oper- 
ating the equipment. It is assumed but not indicated definitely 
that he has included all costs directly or indirectly incurred by 
the installation, including piping. 

Even the value of space should be capitalized, particularly if 
additional building space must be provided for one type of 
equipment and not for another. If the space is already avail- 
able, then the proposed equipment should be charged only with 
the highest value which can be obtained for the particular space 
needed. In other words, if a new piece of equipment requires 
space which is of value for some other use, then that value 
should be charged against it, but if the space cannot be used, 
then no charge should be assessed. 

Certainly care should be used in the determination of unit 
charges, particularly those used for auxiliary power, operating 
labor, maintenance, and overhead charges. 


James C. Hosss.’ 


W. H. Katser.* The method the author outlines differs 
considerably from the method we use. We do not go into the 
matter in such detail. Probably we have been making a mis- 
take, and I will outline the procedure that is usual with us and 
then would like to have the author tell if we are spending our 
money foolishly. 

Assuming that manufacturers are bidding upon equipment of 
the same capacity, and that all equipment is satisfactory me- 
chanically,so that the only points under consideration are economy 
of operation and cost of equipment, we would figure the total 
operating expense based on an assumed load curve, and includ- 
ing repairs and other expenses peculiar to the equipment. We 
would then take the cost of the equipment installed and multiply 
by the fixed-charge percentage, and add the fixed charges so 
obtained to the operating cost. The equipment then showing 
the lowest total for fixed and operating cost would probably be 


7 Superintendent of Power, Diamond Alkali Company, Paines- 
ville, Ohio. Mem. A.S.M.E. 
8 The Grasselli Chemical Company, Cleveland, Ohio. 
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the equipment we would buy, providing that we felt the manu- 
facturer of the equipment was reliable and reputable. 

I might also say that some industrial concerns place a great deal 
of importance upon the standing of the manufacturer in his own 
industry. There is a tendency to buy from the concern from 
which you know you will get reliable equipment and satisfactory 
service. This is an important item and should not be overlooked. 

I notice the author in his paper tabulates capital costs, and I 
would like to have him explain how he arrives at those costs. 


W. E. Srarx.* There are a few things said by both the 
author and by those who have discussed this paper that struck 
fairly close to home. The item of spare parts is one that ought 
to receive considerable weight in making up an evaluation of this 
kind—both the number of spare parts that are required and 
that would have to be replaced—and then the liability of having 
to use those parts. Then the standing of the manufacturer in 
his own line of endeavor ought to receive consideration. Those 
things are rather intangible and one cannot very easily evaluate 
them. It depends more upon the personal opinion of the one 
who ts making that evaluation. 


D. D. PenpLeton.” I would like to ask the author why in 
his Table 2 proposition A is not the proper one to select. He 
has three firsts in that column against one in the other. He has 
of course $4000 more cost, with a slightly lower efficiency. He 
has 15,000 sq. ft. against 20,000 sq. ft. The depreciation on 
the material, the replacement of parts, should be less, and the 
tume element is 0.69 years difference in which to pay for that 
$4000, which is only 50 per cent more than the economic ad- 
vantages compared to B. 


E. B. Riptey.'! My discussion has to do primarily with the 
detail of arriving at these figures, rather than the actual choice 
of the equipment after the figures are once set up. I am think- 
ing particularly of the notes in the appendix on Table 1, item 2. 
The note states that the annual fuel cost is determined from the 
overall efficiency and assumed load duration data. I am speaking 
of course from the point of view of the central station, and I 
want to question the matter of the use of the load-duration curve. 
As most of you know who have worked with this at all, the load- 
duration curve is a plot of the number of hours in any given 
period that certain loads occur. And those hours are not 
necessarily continuous; that is, if a load occurs on the 4th of 
January at 4 o’clock and again on the 25th of December, in a 
given year, that load is credited with two hours, and so forth 
for every load during the year. It would be fine if you could 
look back on past history and operate from that point with full 
knowledge of what your next hour's load was to be like. The 
difficulty comes in a power system which has interconnection 
with other companies or, more particularly, where there is a 
hydro load which is of course almost entirely unpredictable 
that is, within certain limits. 

The use of such a load-duration curve 1s not correct, because 
of the necessity of having additional units for a standby and for 
protection against unforeseen loads, against failure of other 
machines, and that sort of thing. The load-duration curve as 
assumed is figured from the total system load, almost necessarily. 
It is almost impossible from the view of the man making the 
calculation to determine the load-duration curve on a given 
plant, and beyond that it is even more difficult to predict it on a 
given piece of machinery. For this reason it is often necessary to 
assume ‘various sets of conditions; in other words, if you are 


* Bryant Heater Company, Cleveland, Ohio. 
© Foster-Wheeler Corporation, Pittsburgh, Pa. 
1! Connecticut Light and Power Company, Waterbury, Conn. 


dealing with a hydro, you have to make four or five set-ups—a 
maximum hydro, a minimum hydro, and an average hydro, and 
perhaps two or three other values. 

This sort of calculation, where it is necessary to set the thing 
up from hour to hour in order to arrive at a result, is very labori- 
ous. I would like to inquire if the author has had any experience 
with incorrect solutions due to the use of a duration curve and 
if he has a method which will take into account the necessary 
standbys and the necessary precautions which may affect that 
duration curve. 


R. M. Gares.'? From the trend of the discussion it is quite 
plain that we could very easily develop methods of calculating 
the economic value of equipment into such a complicated state 
that it would lose all the benefits that might be derived from our 
efforts along this line. There are two problems facing many of 
us: One is that of reaching out into the field of the unknown 
either as to capacity or function which an equipment is to per- 
form. This, being developed along different lines of thought, 
brings up the second problem, that of evaluating the com- 
parison of two or more different schools of thinking on this 
subject—the true valuation of operation and maintenance, and 
by the time that we have sufficient data available for this the 
equipment is ofttimes obsolete. 

Therefore, I would suggest that in thinking of this subject we 
bear in mind that the complicated formula of the scientist will 
be impracticable for the problem. What we should do then is 
to set up an empirical formula, having in mind, of course, that 
even with this formula the unknown factor of good judgment 
must be given liberal leeway. 

Many times the merits or demerits of an apparatus for a par- 
ticular job are measured by personal feelings, and it is to counter- 
act this and to give us a truer picture of the subject that we ar> 
endeavoring to place definite values. Therefore, the best result 
obtainable can only be approximate, and should be made as 
direct and with as little complication as possible. Let us evolve 
a simple, direct formula to which we can apply the best judgment 
available at the time the decision is made. 


AvuTHorR’s CLOSURE 


Mr. Klein and Mr. Hobbs have suggested a number of con- 
siderations which affect the relative value or desirability of 
competitive equipments. Mr. Klein also referred to an intangi- 
ble value which he called ‘‘something.” Mr. Gates referred to 
the same consideration as “the factor G-J,”’ representing good 
judgment. Concerning these considerations, the author sul- 
mits that all differences which are susceptible of monetary 
evaluation should be entered in the tabulation. Such considera- 
tions as cannot be evaluated may be ignored until the section 
has been narrowed to two or three propositions. Then the 
intangible factors may be applied. 

Mr. Klein pointed out that the problem in the central station 
is only that of producing energy economically, whereas in the 
industrial plant the problem is to make the plant product most 
economically, and that power becomes more or less incidental. 
While the statement is true, it is unfortunate that many manu- 
facturing executives consider their power plants as necessary 
evils, which even if uneconomical are responsible for only 
fraction of the gross operating cost, and therefore are not ‘e- 
serving of the same consideration as the production depart- 
ments. Until a few years ago, even the large steel companies 
seemed to assume that attitude, and the true situation was not 
fully appreciated until a group of plants was considered together. 

In a specific case, a survey was made of the steel mills uncer 
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one corporate head within a radius of 30 miles in one of the 
large steel centers. It was found that $3,000,000 worth of coal 
was used yearly for steam raising, in addition to that produced 
from waste heat. The investigation showed further that if all 
the steam-producing and consuming equipment were replaced 
with modern equipment, then the waste heat alone would pro- 
duce all the steam required and there would be a surplus sufficient 
to produce energy having an annual value of $2,500,000. The 
gross saving would then be $5,500,000, which would justify an 
expenditure of at least $40,000,000 for improvements. When 
viewed in this light, the importance of economy in the power 
departments has a real significance, even though the cost of 
power constitutes only a moderate part of the gross operating 
expense. 

To be sure, it is probable that a higher return on the investment 
might result from the expenditure of some of this money on 
rolling mills, ete., but if the company has sufficient financing 
power, the greatest net saving and highest return on the stock- 
holders’ money would result from the coincident expenditure for 
improvements in both departments. 

Mr. Kaiser outlines the method which he uses and asks where- 
in his method is erroneous. His method is absolutely correct 
and basic, and as a matter of fact, the author’s method is a 
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modification of it. The two, if properly applied, will result in 
identical conclusions, and the proper relative evaluation of the 
Several propositions. 

Whereas Mr. Kaiser combines annual operating cost with 
fixed charges on the investment to obtain the annual cost of 
Owning and operating the equipment, the author combines in- 
vestment and capitalized value of operating expenses to obtain a 


figure which represents the capitalized cost of owning and oper- 
ating the equipment. The method of and reason for capitalizing 
the operating items is explained in the paper under the general 
heading, “Summary of Recommended Method of Evaluating 
Bids.” 

Each of the foregoing methods has its advantages. Mr. 
Kaiser’s method shows the total annual production cost directly, 
provided all items of production expense have been considered 
and accurately evaluated. The author's method does not show 
total production cost, but involves much less detail, since only 
the items need be considered which have different values in the 
various propositions, and then only the differences need be 
determined. There is also some merit in item 29, Table 2, 
which shows the marginal economic value between various 
propositions, as explained in the text. 

Mr. Pendleton referred to Table 2 and asked why proposition 
A is not the best selection since it ranks first in items 41, 42, 
and 43. As was explained in the paper, items 42 and 43 are 
dependent upon item 41, so that in reality proposition A ranks 
first only in one consideration, which is, highest rate of return 
on investment. 

Referring to the discussions of both Mr. Pendleton and Mr. 
Kaiser, it is enlightening to compare propositions A and B by 
the methods proposed by Mr. Kaiser and by the author. 

By Mr. Kaiser’s method the annual operating cost for proposi- 
tion A is the sum of fuel cost for steam production and for fan 
operation, or item 22 plus 13 per cent of item 24, which equals 
$109,380. The annual carrying charge is equal to the fixed 
charges on the installation cost and plant capacity reserved for 
the fans on peak load, or 13 per cent of items 25 and 27, which 
equals $2787. .The total annual production cost would be 
$109,380 plus $2787, or $112,167. For proposition B, the 
operating cost would be $108,200. Carrying charges would be 
$3446, and the total production cost $111,646. Thus the saving 
of proposition B over proposition A would be $521 per year. 
Capitalized at 13 per cent, this would justify an additional 
expenditure of $3982 for proposition B, aside from the $5000 
difference in price. In other words, B has an economic value 
of $3982 more than A. This, it will be noted, confirms item 
29 Of the author’s method. 

Mr. Ripley pointed out that it is usually impossible to fore- 
cast accurately a load-duration curve and inquires concerning the 
effect of such inaccuracies. Fuel cost, efficiencies, water rate, 
and draft losses are other factors which cannot be foretold with 
accuracy. The best that any one can do is to assume a reason- 
able value for each factor, based upon the information available. 
Here the factor ‘“G-J,” or good judgment, becomes paramount. 

Figs. 2 and 3, used in a previous paper, are reprinted here to 
show the effect of erroneous assumptions concerning fuel cost and 
use factor upon the economics of heat-absorption equipment. 

Referring to Fig. 2, suppose that design is based upon a fuel 
cost of $3 per ton; 28,000 sq. ft. would be indicated as the 
optimum surface. Now suppose the actual cost of fuel to be 
$4, which is 33 per cent more than the design value, the optimum 
surface for this fuel cost is 32,000 sq. ft., or 14 per cent greater 
than that selected, but due to the flatness of the net saving curve 
near the optimum points, the actual saving resulting from the 
28,000 sq. ft. heater with $4 coal would be within about 1 per cent 
of the saving resulting from 32,000 sq. ft. with the same fuel cost. 

Similarly, in Fig. 3, for a given use factor, there is one definite 
extent of surface which will result in the maximum saving, but 
due to the flatness of the R curves this surface might be varied 
considerably due to an erroneous load-duration assumption 
without affecting the net saving appreciably. 

However, since there are numerous factors involved, the 
cumulative effect of a fraction of 1 per cent in each may result 
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in the waste of thousands of dollars per year in a large plant. 
Therefore, it is the designer’s duty to evaluate each factor—e.g., 
load curve, etc.—as accurately as possible and accept the proposi- 


tion which a true economic comparison (possibly compensated 


for intangible factors) indicates as the best. 
should produce energy at the minimum cost. 


A plant so designed 
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Boiler-Furnace Refractories 


This Group of Materials Includes Brick and Tile, and Also the Wall Mortars, Plastic Com- 
pounds and So-Called High-Temperature Cements 


By C. F. HIRSHFELD! anp W. A. CARTER? 


A field survey of the conditions to which refractories were sub- 
jected in different kinds of service was made along with laboratory 
investigation such as analyses of fuel and petrographic study of 
new and used refractories. The work had as its object the deter- 
mination of the chemical and physical phenomena occurring in 
boiler-furnace refractories to work out data to aid in choice of 
firebrick for specific purposes. Each type of furnace construc- 
tion, each method of firing, each variety of fuel, and each set of 
operating conditions calls for an unique solution. 


HE group of words which serves as the title of this paper is 

used to name inclusively a group of materials which is 

most heterogeneous with respect to chemical composition, 
method of manufacture, shape, and use. In general the name is 
given to fire-resistant material made from earthy substances 
which is used to construct boiber-furnace walls, including under 
this head arches and baffles as well as the side walls and bottom 
of the furnace. In general, also, boiler-furnace refractories are 
made of clays of different sorts, differently blended and differently 
treated. It will be observed that, strictly speaking, the term 
boiler-furnace refractories includes not only the brick and tile 
which we commonly think of as falling under that designation, 
but also such things as finely ground material for use as mortar 
in furnace walls, plastic compounds, and the so-called high- 
temperature cements. 

The great variety of boiler-furnace refractories and the greatly 
divergent conditions of use have made it exceedingly difficult to 
obtain simple but comprehensive methods of describing them or 
of determining their worth. We are accustomed to use a long 
list of properties and characteristics in our effort to find some 
satisfactory method of handling this angle of the situation. The 
properties that most commonly are referred to in connection 
with firebrick and special shapes are: 


1 Fusion temperature, more accurately described as the 
pyrometric cone equivalent or simply P.C.E. 
Resistance to spalling, by which is most commonly under- 
stood the ability of a firebrick shape to resist rupture 
under rapid and wide change of temperature 
3 Density, both apparent and real 
4 Porosity 
5 Compressive strength hot, or ability to carry a com- 
pressive load without deformation when hot 
6 Volume stability, determined by extent of change of 
volume under repeated heating and cooling due to 
chemical changes 
Resistance to slag erosion—that is, ability to withstand 
the action of such material as comes in contact with it 
in a hot furnace and tends to cause a fusion and wastage 
of the surface exposed to the fire 
8 Thermal conductivity 
9 Chemical composition 
10 Uniformity with respect to all characteristics, both 
within single pieces and as between different pieces of 
the same or successive purchases 
‘Chief of Research Department, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 
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11 Color 
12 Variation from nominal dimensions, which is generally 
referred to in terms of dimensional tolerances. 


The complexity of the subject and the great dearth of technical 
information regarding the conditions to which boiler-furnace 
refractories are subjected in use have led to many misconceptions. 
This is true with respect both to the service conditions to which 
refractories are subjected and to the significance of various chemi- 
cal and physical characteristics. An appreciation of such facts 
led to the initiation of an extensive research program in this field 
in 1924. 

The necessary funds were obtained by the generous contri- 
butions of firebrick manufacturers, users of firebrick for boiler 
furnaces, and manufacturers of apparatus closely associated with 
the use of firebrick, such as boilers and combustion equipment. 
A cooperative arrangement was entered into with the U. S. 
Bureau of Mines, the bureau furnishing men and equipment as 
required. Later, the research program was taken over by a 
special committee of the A.S.M.E. which is known as the 
A.S.M.E. Special Research Committee on Boiler-Furnace Refrac- 
tories. The assistance of the U. 8S. Bureau of Standards was 
also enlisted shortly after the initiation of this research program. 
Recently the Ceramic Department of the University of Illinois 
has also cooperated with the committee. 

The program outlined at the start of the work has been followed 
with little variation. The first logical step was conceived to be 
an extensive qualitative and quantitative field survey for the 
purpose of determining more or less accurately the conditions to 
which refractories actually are subjected in different kinds of 
service. It was felt that until exact knowledge of this sort be- 
came available there could be little hope of making real progress 
in the study of the significance of chemical or physical properties. 
This survey has been completed. It included observations and 
measurements in some 42 plants burning oil, bituminous coal of 
various sorts, and anthracite coal and that were using chain 
grates, underfeed stokers, and pulverized-fuel equipment. Fur- 
naces with various degrees of protection through the use of air- 
cooling, radiant-type superheaters, and water-cooled walls were 
included. 

In all cases, samples of fuel, slag, furnace refuse, and new and 
used refractories were obtained and stored for future reference 
and use. In addition careful observations of furnace character- 
istics and operating methods were made and recorded. In many 
cases the survey included determination of the chemical compo- 
sition of furnace gases at various points in the furnace, the tem- 
perature at various points in the furnace, the composition and 
characteristics of fly ash at different points, the temperature of 
the fire face of the refractory, variation of temperature through 
the refractory under different conditions, and many other factors 
which it was thought would prove significant. 

Certain laboratory studies were made in parallel with the field 
survey. These included analysis of fuel, petrographic study of 
new and used refractories, and other items which it was hoped 
might assist in interpretation of the field observations. As the 
work progressed it was found desirable to add to the laboratory 
program so that now work is in hand which definitely has for its 
object the determination in the laboratory of the chemical and 
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physical phenomena occurring in boiler-furnace refractories and 
the development of laboratory tests which shall be of greater use 
in the choice of firebrick for specific purposes than any that appear 
to be available at present. 

The work to date has shown conclusively, as might have been 
expected, that there is no royal road to the proper choice and use 
of boiler-furnace refractories and that there is no known simple 
criterion or test, by means of which suitable refractories can be 
chosen for any given job. Each type of furnace construction, 
each method of firing, each variety of fuel, and each set of oper- 
ating conditions calls for a more or less unique solution. A 
commercially satisfactory solution is obtained only when all 
these factors are properly taken into account, and that refractory 
is chosen which will give the best compromise between many 
conflicting factors. On the other hand, the work to date, in- 
complete as it still is, does give promise of yielding results that 
will make the determination of a proper refractory a much more 
simple and more exact procedure than it is at present. 

The most widespread misconception regarding desirable char- 
acteristics of boiler-furnace refractories has to do with fusion 
temperature. It is commonly believed that the refractory which 
has the highest fusing temperature is the best and that the higher 
the fusing temperature the better the result. This idea has led in 
recent years to the production of so-called super-refractories, and 
many a firebrick salesman is now proudly displaying samples of 
such refractories with very high fusion temperatures. Many of 
the customers of such vendors find to their sorrow that the super- 
refractory is such only under laboratory conditions; at least, it 
does not give evidence of such marked superiority when installed 
in the boiler furnace. 

There is nothing mysterious about this. Measurements of the 
temperatures of the fire surfaces of refractory-boiler-furnace 
walls show that these temperatures practically never exceed a 
temperature of. 2800 deg. fahr., a value well below the fusing 
temperature of almost all high-grade firebrick. It is therefore 
obvious that some other item or items must control. It has long 
been known to many that failure of the refractory walls of coal- 
burning furnaces was in some way connected with the character 
of the fly ash, and it was suspected that the ash and firebrick 
formed a chemical combination of lower fusing point than the 
original brick. This led to the development of a number of tests 
in which ash obtained from the fuel to be used is placed in some 
way in contact with the brick under test and the fusing temper- 
ature of the combination is more or less accurately determined. 
A modification of this type of test determines the penetration of 
the resultant slag. 

The field measurements have shown that the chemical com- 
position of the fly ash which strikes the wall is in general quite 
different from that ash which finds its way to the ashpit or that 
originally in the coal being burned. They also have shown 
marked variations in the characteristics of the furnace gases 
passing over the walls. For example, it is quite common to find 
a highly reducing atmosphere near the furnace wall under con- 
ditions representing commercially perfect combustion and with 
flue gases showing a satisfactory excess of air. Since the action 
of the ash upon the brick and the fusion temperature of the re- 
sultant mixture both depend among other things upon the chemi- 
cal composition of the fly ash which impinges on the wall and the 
characteristics of the furnace atmosphere at that wall, it is ob- 
vious that none of the simple laboratory tests referred to can be 
considered as having much general value. However, the work 
that has been done and that is being done gives promise of bring- 
ing about a much better understanding of the principles involved, 
and it is hoped that workable and significant laboratory tests 
may ultimately emerge from it. 

The misconception regarding the significance of the fusion 


temperature of the firebrick itself is given color by the fact that 
refractories in many boiler furnaces wash away exactly as though 
they were melting at the ends exposed to the fire. In some cases 
the melted material appears to flow downward until it ultimately 
flows over the fuel bed or lands on a refractory hearth or congeals 
at some point where it is struck by comparatively cold air. In 
other cases part or all of the melted material seems to disappear 
as though it evaporated. In practically all cases it is a chemical 
combination of coal ash and firebrick that is the slag which is 
observed to melt. Just what happens after that depends upon 
the character of the slags and the furnace conditions. The slags 
which are very viscous when melted flow very slowly, while those 
which are much less viscous flow much more rapidly. A very 
viscous slag is hardly affected by a blast of gas, such as may im- 
pinge on furnace walls and particularly on low arches, whereas 
a very liquid slag may be picked up by such a blast and carried 
away or else moved to another part of the wall where the temper- 
ature is lower. Slag formed during a period of operation when 
temperatures are high may freeze when temperatures drop and 
later melt again when the temperatures rise. Thus slag which 
has begun to flow may congeal with dropping temperature and 
again begin to flow with increasing furnace temperatures. In 
severe cases slag may flow down in large quantities from thie 
upper parts of furnace walls and congeal just above the fuel bed 
or at some other point at which its temperature falls below the 
fusion value. Such molten material is often continuously sup- 
plied from above so that there is a fairly rapid accumulation of 
frozen material at the point where the temperature drops, with 
the result that a “shelf” of slag is formed. This may interfere 
with the progression of the fuel bed in the case 0 stokers or 
may interfere with proper combustion in other ways, so that it 
must be broken off if operation is to be continued. This break- 
ing off of slag very frequently results in the removal of brick as 
well, a particularly undesirable result when the brick is removed 
from the fire face at the bottom of a high, vertical wall. 

Enough has been said to indicate that it is not, in most Cases at 
least, the fusion temperature of the brick which is important. 
The significant factor is the fusion temperature of that material 
which results from the chemieal interaction of hot fly ash and hot 
brick. This material is a rather complicated mixture of minerals. 
The respective compositions of these minerals depend upon the 
constituents present in the ash and in the firebrick, upon the 
existing temperature of the mixture, and upon the length of time 
at which it has been maintained at that temperature. The 
composition is also affected by the furnace atmosphere in imme- 
diate contact with the wall. If this is highly reducing, the min- 
erals formed generally have lower fusion temperatures than if the 
atmosphere is highly oxidizing. It is also probable that the 
sulphur content of the furnace gases and the content of other 
materials not commonly determined have definite effects upon 
the composition and fusion temperature of the slag. 

It is obvious that any rational attack on the firebrick pro! lem 
should include a detailed study of the minerals formed under 
different conditions and if possible a determination of their 
physical characteristics. Out of such a study might come ul- 
timately such complete knowledge of fundamentals as will make 
it possible to choose the most advantageous brick compositio® 
when the kind of fuel and the conditions of use are known. Fer 
this reason there is now in progress at the Bureau of Standards 
Ceramics Laboratory at Columbus, Ohio, a very delicate and 
complicated research along such lines. The research is directed 
toward the determination of the equilibrium conditions of a four 
component system. This system consists of the oxides of cal- 
cium, aluminum, silicon, and iron, the four major constituents 0! 
the slags formed in boiler furnaces. 

At the same time there is being developed at the Ceramic 
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Laboratory of the University of Illinois a laboratory-test method 
which it is hoped will yield a more ready but less basic method of 
attack for the practical selection of firebrick for given purposes. 
This test is arranged to subject a large number of brick of different 
kinds to the action of coal ash of a given kind under conditions 
which simulate closely those existing in real furnaces. If it 
proves as good as it now promises it will enable an operator to 
try rather quickly and inexpensively a number of different brick 
with his particular coal and to thus determine which of the brick 
available to him are best able to meet the conditions of his plant. 

Another very common misconception has to do with the matter 
of spalling. This term commonly has been used to designate the 
breaking of brick under rapidly changing temperature and the 
consequent falling away of solid material on the fire side. As a 
matter of fact this sort of wastage of brick can occur in several 
different ways, and the term is now being used to describe any 
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areas near the fire end of the brick. If the brick does not reach 
a softening temperature before this load becomes too great, relief 
must be obtained by rupture of the brick in such a way as to 
relieve the strain. Such rupture is quite characteristic and 
similar to that which occurs with such material when tested under 
compression in the laboratory. The tendency is for corners or 
edges to break off at characteristic angles, but variations from a 
uniform structure sometimes cause slices to fall off. In some 
cases pieces flake off so as to give a close approximation to a con- 
choidal fracture. 

Another way in which rupture of this sort can occur is fre- 
quently overlooked. During the “firing” of firebrick in the 
manufacturing process certain rather complicated mineralogical 
changes occur in the material of which the brick is composed. 
These are accompanied by marked volume changes. These 
mineralogical changes are practically never completed in the kiln, 
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action which results in the breaking away of solid pieces from the 
end or side of the brick or shape which is subjected to the fire. 

One cause of such wastage is that just described—namely, the 
cracking of the brick under rapid temperature changes. As a 
general rule the most dense brick are most subject to such trouble 
and the most porous or least dense are least subject to it; but this 
rule is far from exact. Lack of uniformity in the mix from which 
the brick is made may cause a very porous brick to spall more 
readily than a much denser brick. The safne result can also be 
obtained in other ways. 

Another cause of such wastage is a purely mechanical pinching 
of the inner ends of the brick in the furnace wall. This may 
result from several causes. For example, when the furnace wall 
is heated the temperature grades from a very high value at the 
inner surface to a very low value at the outer surface. This is 
well shown by the curves of Fig. 1, which were obtained during 
the field survey referred to. Since the increase of temperature is 
accompanied by what is called thermal expansion and since the 
amount of this expansion is roughly proportional to the increase 
of temperature, it follows that the inner or fire end of the brick 
will expand more rapidly and to a greater extent than does the 
other end. Asa result each brick tends to become wedge-shaped 
with the big end toward the fire. Such action obviously tends 
to concentrate the load of the wall, or any other compressive load 
to which the individual bricks are subjected, upon very small 


but do run to completion if the brick is held at a high temperature 
in the wall of the furnace. It is obvious that if the resultant 
volume changes are of such character as to cause an increase of 
volume and that if this occurs below the softening temperature, 
a pinching action and consequent breakage may occur. 

It has also been found that when slag has been formed on the 
fire end of a brick and has then penetrated into the brick for a 
short distance there develops a section which is exceedingly 
brittle. Rupture at this section due to strains induced in any 
way will naturally give the appearance of spalling in the older 
sense of that word. 

Another very common misconception concerns the value of the 
cold compressive strength. It is realized by many that the brick 
near the bottom of a high furnace wall carry an appreciable load 
due to the weight of the superimposed masonry. It is frequently 
assumed that a test of the compressive strength of the brick when 
cold may be used as indicating its ability to carry such a load in 
service. The determining factor is the ability of the brick to 
carry a load when hot, and unfortunately we are not yet in posi- 
tion to correlate the strength cold and the strength hot. Many 
bricks having a high compressive strength when cold deform 
under comparatively low loads when at furnace-wall tempera- 
tures. 

The effect of density upon the cold compressive strength of the 
brick together with the belief that a dense brick is less subject to 
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slagging action than one of a more porous variety has in many 
cases led to the idea that great density is a very desirable property. 
The first part of this argument has been covered. With respect 
to the second, it is undoubtedly true that a dense brick is not 
penetrated as easily by slag as is a porous one when all other 
things are equal. But all other things may not be equal. The 
dense brick may form slag at a lower temperature than the porous 
brick or slag of a very different chemical composition and much 
more destructive in its effects. In addition, a very dense brick 
is nearly always much more sensitive to rapid changes of temper- 
ature than a brick of similar material but porous. Conversely 
the idea that porous brick are necessarily best because of their 
resistance to spalling is also not of general applicability. 

It is also believed by some that the color of brick may be used 
as a criterion of quality. It is true that when one considers only 
the brick from one kiln charge the variation of color from brick 
to brick does tell a lot about the uniformity of the kiln process; 
but the color of bricks as a basic criterion of value is not in general 
a safe guide to quality. The color varies markedly with the 
atmosphere and temperature within the kiln toward the end of 
the firing process as well as with the iron content and with more 
obscure phenomena. The widespread belief that color can be 
used as a criterion of the degree of burn and therefore of the 
degree of freedom from troublesome volume changes later ob- 
viously rests on a very slender foundation. It may be used to a 
certain extent in choosing bricks from a given manufacturing 
batch, but as between batches made under unknown conditions 
it is practically valueless. 

There is also in some quarters a belief that the chemical com- 
position of firebrick may be used as a criterion of value. If we 
knew enough about the slagging process, a knowledge of the 
chemical compositions of brick and fly ash would help a lot, but 
we do not have the necessary information. Chemical analysis 
does help in determining whether a given brick is highly siliceous 
or highly aluminous or whether it contains an excessive quantity 
of iron or other easily identifiable material. It may therefore 
serve as a guide in the choice of brick when sufficient experience 
under given conditions is at hand, but chemical analysis is not at 
present a sufficiently developed criterion for general choice of 
refractories. 

And last but by no means least, there are still many who be- 
lieve that existing laboratory tests will enable one to choose with 
certainty the best brick for a given set of conditions. We do have 
many useful laboratory tests which may be used for comparing 
bricks of different kinds with respect to certain properties. 
Sometimes these properties have some direct relation to service 
conditions and service value, and sometimes they have none at all. 
The truth is that laboratory tests in the hands of trained men 
may be used with a reasonable degree of certainty in separating 
very bad brick from very good brick when well-known and well- 
understood conditions of service are to be met. But even then, 
mistakes may be made. The ultimate and the only real test at 
present is that of service. 

It appears desirable to say something here about service tests. 
Such tests are not as easily made as many believe. Frequently 
such tests are made by building into the wall a few brick of the 
make to be tested or even by inserting such brick into an old wall. 
The life and the behavior of these brick are then compared with 
the life and the behavior of the rest of the wall. Sometimes 
samples of several different varieties are similarly placed in a 
wall of other make, for the purpose of comparing them among 
themselves and with the brick of which the major part of the wall 
is constructed. In all such cases the test is apt to be vitiated by 
two things. The first is the interaction of the slag products of 
one kind of brick with the other. The second is the unavoidable 
variation of conditions from place to place along the furnace wall. 
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In addition there are always the questions of relative expansions 
and contractions between different makes or kinds of brick with 
the resultant possibility of excessive strains or the abnormal 
absence of strains, and there is also frequently the question of 
whether the test brick have been so inserted that their behavior 
may be considered normal. 

Such tests may be quite satisfactory for specific purposes. For 
example, one may be searching for a brick which can be built into 
a particular small part of the furnace wall to resist a local action 
of some sort. In such a case the placing of test bricks in suf- 
ficient number and under conditions the same as those that wil! 
exist in normal use of the material if it is decided on will most 
certainly test the bricks fairly. But even then, if two or more 
grades or makes are to be compared, the comparison may not be 
as fairas one might assume. For example, if one make is installed 
in a certain location in the furnace of one boiler with a wall of a 
given brick and the other make is installed in the same location in 
another furnace with a wall of the same brick as the first, one 
might assume that the test would be incontestably fair. But 
such is not the case unless both furnaces are fired with the same 
fuel and in effectively the same way. Small variations in draft 
control or in the condition of the fire may entirely vitiate any 
comparison. 

In general, service tests should be made with the largest possil le 
panels of the brick under test and with wall construction and 
other mechanical features as nearly normal as possible. In 
general, also, comparative tests are of little basic significance 
unless it can be shown that fire and furnace conditions were the 
same during all tests. One must conclude that at present even 
service tests are frequently of questionable worth. 

After such a presentation of our general ignorance regarding 
boiler-furnace refractories and of the lack of really simple and 
useful tests it is easy to realize why so many engineers have 
adopted water-cooled walls of one sort or another as a way out of 
their difficulties. Particularly, the use of pulverized fuel at high 
rates of combustion served to bring out so forcefully the limita- 
tions of refractories under such conditions that the water-cooled 
wall offered a logical solution. The rapid adoption of water- 
cooled walls has led many to ask why research in boiler-furnace 
refractories should be continued, evidently assuming that the 
water-cooled wall will ultimately be universally adopted. 

It is exceedingly difficult to predict in any field, and particularly 
so in engineering. But one may at least study the history of the 
art and attempt to predict on a basis of parallelism tempered 
with a reasonable amount of common sense. If the development 
of water-cooled walls is viewed in such a way, it appears to the 
writers that they must be regarded merely as another tool added 
to those available for producing the best solutions for different 
cases. That is, after the penchant for putting in what is new 
has run its course and engineers have had time to study costs and 
performances, it will be discovered that the water-cooled wall 
offers a satisfactory commercial solution under certain sets of 
conditions, but that it is not commercially universally applicable. 
Similarly, the air-cooled refractory wall and the solid refractory 
wall will each be found to have its place. Even at this early 
stage in the development of the water-cooled wall such tendencies 
appear to be quite noticeable. 

If this attempt to anticipate the outcome approximates the 
truth, it is obvious that real knowledge regarding the properties 
of refractories will be useful to the engineer in the future, «s it 
would have been in the past had it been available. Moreover, it 
is quite probable that the accumulation of real technical informa- 
tion will extend the range through which refractories can be 
used in place of expensive water-cooled walls. In short, the 
authors believe that research in this field and of the types referred 
to in this paper is not amply justified by commercial consider- 
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ations, but is practically necessary it the power-plant designer and 
operator are to do their jobs properly. 

As a matter of fact, many refractory walls now give much 
poorer and more costly service than would be the case if their 
designers and operators were familiar with all the information 
that is now available regarding such materials and structures. 
It is not at all uncommon to find firebrick walls constructed of 
such materials and in such ways as to yield almost the shortest 
possible life, whereas the conditions of use are such as to permit 
much better commercial solutions. It may therefore be worth 
while to review here certain considerations which, when under- 
stood, should lead to a more rational use of firebrick in boiler 
furnaces. Practically all these have appeared once or more in 
the technical literature; the only justification for including them 
here is that the collection of all in one place may serve a useful 
purpose. 

It has been stated that at present there is no simple and direct 
way in which the best refractory for a given set of conditions can 
be discovered. If, therefore, a designer or operator is looking for 
a refractory for a given installation, he must proceed by more or 
less indirect routes. Generally, the freight rates on different 
makes restrict the field to some extent, but such restriction should 
not be given too great weight, since a very satisfactory refractory 
with a high delivery cost may prove cheaper in use than one 
costing initially much less. Generally also local experience, in 
the plant in question or in neighboring territory, will serve to 
eliminate some of the available refractories as unsuited for use 
with the character of coal and other conditions of use that are 
contemplated, Beyond such minor guidance as may be furnished 
in these ways one starts with a practically clear field. 

it must be realized at the start that the finished furnace will of 
necessity represent a compromise between many considerations. 
If the ideal refractory could be found, the furnace would be given 
a particular shape and the furnace wall a particular construction. 
But in the absence of such an ideal, furnace shape and construc- 
tion must be modified to comply with certain restrictions set by 
the refractory. Similarly, if the ash or method of firing is of such 
character as to cause rapid wastage of even the best refractory 
known or available, the design of furnace and wall must be 
modified so as to reduce to a minimum the seriousness of this 
restriction. Frequently the problem is not attacked in this way. 
Instead, the designer decides on a certain type of furnace and a 
certain construction of wall and then starts out to find a refractory 
which can be used under such conditions. 

The more rational method is to consider at the start all the 
difficulties that can be anticipated and to then design so as to 
nhunimize their effects. After that one should look for the re- 
fractory which is satisfactory under such conditions. Guidance 
can be obtained locally or far afield, but it will seldom be true 
that all controlling conditions are similar so that some judgment 
8 necessary in interpreting results. Eventually certain re- 
fractories will be found which appear promising. Choice between 
these can seldom be made at present except through actual trial 
under the conditions of use. This may mean an arbitrary de- 
Cision at the start with modification as experience is collected or 
it may mean the building of several furnaces of different materials 
and competitive operation until their relative merits are dis- 
covered, 

A few of the considerations which should be borne in mind 
during furnace design and operation will now be enumerated. 

_ Many do not appreciate the fact that the normal boiler furnace 
's much like a chimney. It is filled with very hot gases, and in 
modern designs it generally has considerable height. This 
column of gases must “create a draft” just as it would in a chim- 
hey. If, for example, the draft is measured at different elevations 
in an ordinary updraft furnace with a stoker at the bottom, it will 


be discovered that the drafts with respect to atmosphere at the 
same elevations as the respective measurements will decrease 
from bottom to top. It is actually possible to have a com- 
paratively high draft at the bottom of such a furnace and a 
positive pressure—i.e., pressure above atmosphere—at the top. 
This must be taken into account in design and operation because 
the condition of positive pressure will cause rapid deterioration 
of refractory walls. There is no mystery about this action. If 
there is a draft on the furnace side of the wall, atmospheric air will 
be continuously drawn in through the brick with the results that 
the brick will be cooled and that its inner end will be immersed in 
an oxidizing atmosphere. The cooling obviously protects the 
brick both against softening under load and against slag action. 
The oxidizing atmosphere retards slag action and gives higher 
softening temperatures. On the other hand, if a positive pressure 
is built up on the furnace side of the wall, hot furnace gases work 
their way out through the brick, and a certain amount of com- 
bustion probably occurs on or within the surface of the brick as 
a “surface combustion’ phenomenon. In addition, the at- 
mosphere in which the brick is immersed is almost certain to be 
reducing instead of oxidizing. It will be recognized that the 
service which the brick is called upon to perform is much more 
severe than when there is a slight in-leakage of air. It is obvious 
that any attempt to operate with “balanced draft’’ at the bottom 
of such a high furnace is likely to end disastrously for the upper 
part of the furnace wall if operated at high ratings. Similarly, 
the application of pastes or paints, particularly to the upper part 
of the wall, for the purpose of preventing air infiltration, may 
actually serve to cause undesirably rapid deterioration of the 


brickwork. An unbelievably high degree of protection is af- 


forded by permitting furnace walls to breathe inward; and, under 
conditions which are correct, the amount of air breathed into a 
large modern furnace through the brick of the walls is not detri- 
mental to combustion efficiency. 

Again, many do not really appreciate the physical behavior of 
masonry when subjected to wide temperature changes and par- 
ticularly when these are brought about by heating one side of a 
masonry wall. The way in which the individual bricks tend to 
become larger at the fire end than at the other has already been 
explained. It also has been indicated that part of such excessive 
expansion at the fire end may become permanent through min- 
eralogical changes in the structure of the brick when held at a 
high temperature. The tendency to spall or break away under 
such action has also been explained. There is, however, another 
action which has not yet been referred to and which results from 
temperature change. 

It is obvious that as the temperature of the wall rises the in- 
dividual bricks and the wall as a whole must expand. This ex- 
pansion will be a solid expansion; that is, it will occur in a vertical 
direction and in two horizontal directions which are at right- 
angles to each other. In terms of the real wall, the vertical 
expansion will generally be upward because of a solid foundation 
under the wall; the horizontal expansion in the plane of the wall 
will be toward the two vertical ends; the horizontal expansion 
at right-angles to the plane of the wall will be either into or out of 
the furnace, or both, depending upon the way in which the wall is 
held by brick stays, columns, and other structural members. 

It is easy to provide for vertical expansion by merely leaving 
the wall free to expand vertically without coming into contact 
with structural steel or other similar obstruction and without 
having to push out of its way horizontal beams partly or wholly 
embedded in it and tied to building or boiler columns on the ends. 
The vertical contraction occurring during cooling takes care of 
itself, since the wall settles back under its own weight when 
permitted to do so. 

Horizontal expansion and the following contraction in the 
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plane of the wall are not so easily taken care of. The expansion 
can be cared for by an expansion joint at one end of the wall or 
by expansion joints at both ends. Such joints are merely vertical 
openings in the masonry which are loosely packed with some 
elastic and heat-resisting fibrous material such as asbestos or 
mineral wool. As the wall heats up it will expand into such 
joints, compressing the elastic material to such extent as re- 
quired to accommodate that part of the increase of horizontal 
length which is not taken care of by crushing small irregularities 
on abutting surfaces of the brick, closing up of vertical joints 
between adjacent bricks, and bending or buckling of the wall 
in or out. It is obvious that in the case of a wide wall very 
large forces are required to bodily push huge sections of that wall 
toward an expansion joint and that crushing and buckling forces 
of magnitude are involved. 

When the wall contracts, the phenomena are quite different. 
In the extreme case, the wall may be regarded as a collection of 
individual blocks, each of which will tend to contract as an indi- 
vidual and to thus pull away from its neighbors with respect to 
vertical contacts. If this action occurred as pictured, the wall as 
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a whole would remain in substantially its expanded position and 
each individual brick would contract in situ. But the real wall 
does not behave that way. The pull of slag on the inner face, the 
friction between bricks, and the lack of uniformity in cooling all 
tend to make parts of the wall hang more or less together and pull 
away from other parts. The result is the development of cracks 
during cooling. Some of these cracks are along joints between 
bricks and some of them pass through individual bricks. One 
may say that the masonry structure has no inherent, uniformly 
distributed tensile strength, but that in practice it behaves during 
cooling as though it possessed a low order of tensile strength 
erratically distributed. 

It is obvious that, with other things equal, the best method of 
taking care of such horizontal contraction would be to build the 
wall so that each brick can contract individually in a lateral 
direction without resistance of any sort. Various approxima- 
tions to this have been tried, extending all the way from a wall 
consisting of individually suspended blocks which are perfectly 
free both vertically and horizontally to a solid masonry structure 
in which all vertical joints near the fire side of the wall are left 
open. The degree of success achieved appears to depend upon 
the degree to which complete vertical and horizontal freedom are 
permitted. But we do not yet know whether this is due to the 
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fact that the greater degree of infiltration with the more open 
structure with through joints protects the brick against high 
temperature effects or whether the action is purely mechanical 
in the sense pictured in the foregoing. It is probable that a com- 
bination of both effects is responsible. 

It should be noted that the solid masonry wall with open ver- 
tical joints on the fire side is frequently disappointing in perform- 
ance. If the joints are made wide, they expose both the ends and 
the sides of the brick to high temperature and to slagging. I/ 
the joints are made narrow, they have a tendency to fill up with 
ash and slag and to ultimately become useless for the purpose 
originally intended. 

Experience shows that with solid masonry walls reasonably 
satisfactory results are obtained by using large vertical expansion 
joints every 5 or 6 feet. Such joints are made 1 inch to 1'/2 inches 
wide and are packed as described in the foregoing. Examples 
are given in Fig. 2 which show both corner joints and pane! 
joints. They do not fill with slag to any extent, and they form 
a line of weakness upon which slag is apt to crack when con- 
tracting, thus tending to hold the panels between joints intact 
instead of pulling the wall apart. Such slag when fused into a 
glass has a high tensile strength when solid, solidifies rapidly as 
the interior of the furnace cools, and contracts to a marked degree. 
It thus brings about peculiar phenomena during its cooling which 
frequently result in pulling loose pieces of brick, opening up 
cracks, and generally deteriorating the structure. 

It is obvious that the character of the slag that will form and 
the provisions for expansion and contraction must both be taken 
into account in initial design and that the action of the refractory 
will be largely determined by these factors. 

Another result of temperature effects may well be noted at this 
point. The temperature gradient through a furnace wall has 
been found to be something like that shown in Fig. 1 for average 
conditions. It is obvious that, with other things equal, the wall 
tends to curve out of a vertical plane when heated because the 
fire side is so much hotter than the exposed side. It is also ob)- 
vious that the degree of expansion at points through the thickness 
of the wall will follow exactly the curve of temperature gradient if 
the same material is used throughout, if the coefficient of thermal 
expansion is independent of temperature, and if parasitic changes 
of volume due to mineralogical changes do not occur. At any 
rate, the curve representing thermal-volume changes through the 
wall may be expected to be a smooth one. However, if the inner 
part of the wall be built of one kind of brick and the outer part of 
another kind with a radically different coefficient of expansion, 
there should be a marked break in the curve representing net 
expansion, at the point at which the change of type occurs. 

This would not be of particular significance with a wall of smal! 
dimension, since the accumulated differential expansion at any 
point would be within what one might call the factor of looseness 
of the wall. But with walls of large dimensions the situation is 
quite different. The accumulated differential may well become 
sufficient to pull the wall apart, or to shear bonding brick, or 
otherwise mechanically disrupt the structure. 

The practice of using common brick for the outer part of the 
wall is very bad in this respect and is gradually passing out of use. 
Its place is being taken by the use of second-grade firebrick for 
the outer section. But it should be noted that the wall is headed 
for early destruction if the thermal expansion coefficient’of the 
second-grade brick is not substantially the same as that of the 
first-grade used on the fire side of the wall. 

Still another action of temperature is also frequently over- 
looked. Attention has already been called to the greatly lowered 
compressive strength of firebrick at elevated temperatures. 
Frequently walls are built so high that the load upon the lower 
brick is quite sufficient to distort them when at high temperatures. 
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It can be seen that such distortion could not go far before the 
outer sections of the wall which are at lower temperature will take 
up the greater part of the load. But the result is the substitution 
of shear strength for compressive strength, an expedient of 
doubtful value. 

The better and safer solution appears to be the use of one or 
more arches to unload the lower parts of the wall. Such arches 
may be used to support the upper sections so that the most 
heavily loaded brick is still well within its hot compressive 
strength when supporting the superincumbent wall. Such arches 
must naturally be well supported at their ends, and it is obvious 
that provision must be made for the free vertical expansion of the 
wall below them. This is commonly done by using a packed 
expansion joint between the lower surface of the arch and the 
upper surface of the wall below it. It is absolutely essential that 
the bricks in such arches fit properly so that there will be face-to- 
face contact. 

The desirability of using a so-called high-temperature cement 
between bricks is often raised. It is frequently assumed that 
such a cement can be used to bond firebrick so as to obtain a 
closer resemblance to a monolithic structure. In other words, it 
is assumed that a uniformly distributed tensile strength can be 
obtained by such means. 

Cements with such characteristics may exist, but the authors 
have not yet found one. In general, the available cements may 
be divided into two classes—those which set to a certain extent 
without heating and those which do not set until fired. So far as 
the authors’ experience goes, it indicates that cold-setting ce- 
ments have undesirable fluxing properties when hot and that it is 
exceedingly difficult to do a good masonry job with hot-setting 
cements because of the quaky character of the wall before the 
cement has been set by firing. In addition, the hot-setting ce- 
ments probably only set perfectly for a short distance into the 
wall, the distance naturally depending upon the temperature 
required to bring about the necessary chemical action. It is also 
to be noted that the use of any such cement may bring into the 
field of reaction a number of additional chemical substances so 
that the problem presented by chemical combination of brick 
and fly ash may be complicated still further and in comparatively 
unknown or little-understood ways. 

Experience indicates that the best results are obtained when 
brick are laid up as closely as possible, at least as far as the hori- 
zontal joints are concerned. In the more advanced modern 
practice this is carried as far as commercially possible, the top of 
each course being rubbed to a substantially plane surface with 
silicon-carbide brick or other abrasive before the next course is 
placed. Moreover, the quantity of material placed between 
courses is limited to that required to fill unavoidable depressions 
For this purpose a very thin “slurry’’ of 
fire clay is used. . This slurry is best made of about 60 per cent of 
calcined clay and about 40 per cent of raw clay, both of the same 
composition as the material used in making the brick. All should 
be ground to pass through a 40-mesh sieve. The quantity of 
water used with this material should be sufficient to give the 
mixture the consistency of thick cream. The brick should be 
dipped in this slurry before laying and then rubbed and tapped 
into place. No “buttering’’ of brick should be permitted. 

It is also important to note that in laying up a wall of this sort 
ho void spaces should be permitted. The mason will always place 
the brick so as to bring the ends or faces of the bricks respectively 
flush with the inner and outer surfaces of the wall. This pro- 
cedure frequently results in leaving a vertical opening within the 
wall, this opening being as wide and high as the brick which is 
being laid, Since the temperature gradient through the wall is 
determined by its conductivity as well as by the rate of heat 
receipt by the fire surface and the rate of loss of heat from the 


outer surface, it follows that any such opening must alter the 
temperature gradient by locally altering the thermal conductivity. 
This phenomenon may lead to overheating of the inner brick of 
the wall due to the effective breaking of the continuity of the 
structure, thus causing a local softening and possible disruption 
of the wall through local failure. 

Such considerations as have been referred to lead to a recogni- 
tion of the value of having brick run uniform in size. Exact 
uniformity is not possible with present manufacturing processes, 
and certain tolerances from nominal dimensions must be per- 
mitted. However, well-made brick should fall within small 
tolerances, and brick with such characteristics should be used for 
large settings. The better manufacturers are now able to meet 
the following schedule of tolerances: 

“Variations of 2 per cent, plus or minus, from specified dimen- 
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sions (covering both shrinkage and warpage) on length, width, 
and thickness.”’ 

In the designing of settings it is frequently convenient to con- 
sider the use of special refractory shapes of various sorts. This 
should be done with a full appreciation of its significance. Prac- 
tically all the better manufacturers produce the common sizes 
of brick by machine and some extend the practice into the com- 
mon stock sizes of other shapes. Special shapes must usually be 
made by hand, and an inferior and less uniform product is likely 
to result. Very large shapes may require the use of several balls 
of clay, with resultant planes of weakness in the finished product 
due to imperfect union in the raw state. Further, special shapes 
should always have one dimension which does not exceed 5 inches, 
as greater thickness makes satisfactory kiln treatment extremely 
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difficult. It should also be noted that each special shape is likely 
to introduce new problems in each step of the manufacturing 
process so that the quality of the finished article is more or less of 
a gamble. Special shapes cost appreciably more on a tonnage 
basis than do standard shapes. It would appear from these facts 
that special shapes should be used only when they can be amply 
justified and that even then satisfactory performance must be 
recognized as depending upon design which takes account of 
manufacturing limitations. 

In certain types of settings an inner wall is carried up part way 
and the top of it overlaps the fire side of another wall, as shown in 
Fig. 3, in which all details of construction have been omitted. 
This arrangement has been used most frequently in the front wall 
of boiler furnaces fired by underfeed stokers. The intention is to 
make it possible to replace easily that part of the wall immedi- 
ately above the stoker where rapid deterioration is frequently 
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(A, angle of absorption, 25 deg. B, angle of radiation, 95 deg.) 


experienced without endangering the stability of the remainder 
of the front wall. In addition, the stepping back, or out, of the 
upper part of the front wall carries it away from direct impact of 
gases and thus reduces the severity of service. 

If the lower part of the wall is to be independent of the upper 
part, a slip joint is necessary, as indicated in Fig. 3. Many de- 
signers and operators have overlooked the potentialities for 
trouble resident in this part of the construction. It is obvious 
that wastage of the fire side of the lower piece of wall, wedging 
action of the brick in that wall, and wedging action of ash and slag 
that may find its way into the slip joint will all tend to cause the 
top of this wall to work inward toward the fire. The very act of 
expanding vertically upward over the roughened inner surface of 
the upper wall would produce such an effect. If the construction 
is to be successful, such tumbling in must be avoided as far as 
possible. 

This can be accomplished by using the type of construction 
shown in Fig. 4. The shelf serves to keep slag from dripping into 
the slip joint and fly ash or other solid from being blown into it. 
The soft packing serves to maintain a satisfactory air seal. The 
tile course which is tied back to the steelwork tends to hold the 
top of the wall from working inward. 
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One point that is frequently overlooked in designing refractory 
furnaces is the effect of radiation of heat. Engineers who have 
used chain-grate stokers are familiar with some of the effects of 
radiation from fuel bed to wall and from wall to fuel bed in con- 
nection with the effect upon the ignition and combustion of the 
fuel. Much less thought has in general been given to the effect 
of radiation on the wall itself, although this matter has been 
widely discussed recently in connection with water-cooled furnace 
walls. 

Practically all furnace walls receive radiant heat continuous! y 
from the fuel bed, the flames and hot gases, and the solid particles 
carried by these gases. As all hot bodies radiate heat the walls 
also radiate to anything that they can “‘see.”’ 

The temperatures reached by the fire faces of the walls with 
everything in a steady state will be that temperature at which 
receipt of heat and loss of heat just balance. Radiant-heat 
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transfer is the most effective method of heat loss under boiler- 
furnace conditions, and this will be greatest when the walls ‘‘sce” 
the maximum amount of low-temperature surface. It follows 
that a refractory wall so placed that it sees only the fuel bed, 
flames, and other hot wall will be subjected to much more severe 
service than a wall which can also see the comparatively cold 
boiler tubes. The difference is illustrated in Figs. 5 and 6, in 
which the angles marked illustrate approximately the differences 
for a single point on two typical bridge walls of opposite types. 

This principle of protecting walls by so placing them that they 
have the best opportunity to radiate to cold surfaces, and if 
possible the poorest facility for the reception of heat by radiation 
from very hot bodies, is of wide applicability in the hands of 4 
skillful designer. 

Reference has been made in an earlier part of this paper to the 
wastage resulting from the carrying away of molten slag from the 
face of firebrick by a blast of furnace gases. This phenomenon 
should also be given due recognition in the design of furnaces. 
It is particularly applicable to arches which are placed over the 
fire for the purpose of influencing ignition and combustion, but 
the same phenomenon frequently becomes important in other 
constructions. In the case of arches, these are frequently built 
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so that they lie substantially parallel to the fuel bed or incline 
upward in the direction of gas flow to a slight extent only. At 
high rates of combustion the gas-delivery ends of such arches 
frequently waste rapidly, and with some constructions large 
quantities of fused slag are carried to the boiler tubes, with the 
well-known results. Such undesirable conditions are generally 
easily prevented by tipping or stepping the arch to such a degree 
that the gas velocities do not reach such high values. Actual 
cases are on record where comparatively small changes of this 
sort changed a weekly maintenance schedule into maintenance 
once in three to six months. 

It is obvious that phenomena of this sort are to a certain extent 
tied to the rate of combustion. Arrangements which are or 
appear to be satisfactory at low rates of combustion frequently 
develop obvious weaknesses at higher rates. As a general rule, 
it may be said that when refractories waste because of the blast 
action of gases the surest cure is to move the refractory back so 
that the degree of impingement is materially decreased or so that 
the velocity of the impinging gases is decreased. 

When a designer studies the construction of refractory boiler 
furnaces along such lines as indicated before constructing one for 
a particular job, he is much more likely to turn out a product 
which will be characterized by low maintenance and high use 
factor for invested capital. If he is sufficiently skilled, he cer- 
tainly will find it desirable to use radically different constructions 
in different cases. In one, the suspended type of construction 
may appear the correct solution; in another, solid masonry con- 
struction. In one, vertical walls may seem the best, and in 
another, the inclined type of wall may be indicated. At best 
much depends on judgment based on the experience of the de- 
signer or of others. We are not yet in position to give quantita- 
tive measure to all the factors which enter the problem. 

After the designer has mapped out his overall design a closer 
study of details will frequently indicate sections of the wall which 
are still of questionable value in that they may be expected to 
have short life. At this point it becomes desirable to consider 
local remedial measures. These should vary with the type and 
degree of trouble anticipated, the character of fuel being burned, 
and the method of burning. In some cases the use of a costly 
refractory, even silicon carbide, in the places in which trouble is 
expected will be all that is required. In others, the use of hollow 
refractories with provision for air cooling will give sufficient pro- 
tection. In more severe cases, hollow refractories which are 
cooled by air that blows into the fire through them may be re- 
quired. As already explained, these act not only by presenting a 
cooler face to slag attack, but also by bathing that face in an 
oxidizing atmosphere and thus raising the fusing temperature of 
the slag. In extreme cases sections of water-cooled surface may 
have to be used. 


Discussion 


THEopoRE Maynz.* I have been building boiler walls and 
having work to do with boiler walls for a good many years, but 
the paper has showed me that I knew less about them than I 
thought I did. I have left in expansion joints all over the place, 
but the walls never cracked there. The authors’ question of 
fundamentals is very good. When you are with a big central 
Station, you should try to get back to fundamentals, and nothing 
should stop us from doing so, but there often are times in indus- 
trial plants where there is a failure and when we have to make a 
quick and ready guess and to guess correctly. 

We have built quite a few monolithic walls with the Cleveland 
Electric Iuminating Company. Some lasted and some did not. 


* Consulting Engineer, Cleveland, Ohio. Mem. A.S.M.E. 
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In the matter of common brick, I have taken down a lot of in- 
dustrial furnaces, especially on horizontal return-tubular boilers 
and small boilers with high walls, and I would say that about 70 
per cent of the bonding brick were broken when we pulled them 
out. So Iam not using common brick any more. : 

In connection with the suspended wall, I have found one thing 
that helps quite a little. I am not so fond of relieving arches 
when you rebuild the wall. I have used a section of suspended- 
arch and steel-supported walls so that my wall is never over 10 ft. 
high. That prevents falling inward and allows expansion and 
makes it easy to rebuild. Roughly speaking, on a 500-hp. 
Stirling it costs about $400, or $200 for each, for just the material. 

I do not agree altogether with the paper’s statement on slip 
walls. I have used them. I have never had them drop out, but 
I always have seen that a section of the wall was bonded with tile 
to the steelwork and that there was a sufficient amount of brick 
on top of the bond to do some good. If you lay only three or four 
rows of brick on top of the bonding tile, it will not help at all. 
You have to put 4 ft. of wall above the bonding tile so that the 
bonding tile really does some work. 

In connection with bonding tile, I have been using something 
that might be of some interest, as it seems to work out well. I 
do not like the usual wall construction. I like 9 in. of No. 1 
quality firebrick. That makes a nasty bond. I have been using 
at every fifth and sixth course two rows of 13'/,-in. brick. One 
course is liable to shear. Two courses help considerably. It is 
expensive. That brick will cost about three times as much as 
the ordinary 9-in. shape, but it is worth it. 

In connection with water walls, I believe that some day we are 
going to come to water walls for practically all furnaces when we 
raise combustion rates. But the water conditioning, even when 
you do condition, is so far from perfect that you have to be careful 
of water walls. 


Watrer W. Oaktey.‘ In the glass industry we not only have 
to take care of the walls, but the “‘slag’’ is our product, so that we 
must study it carefully. The paper stated that the chemical 
composition as determined by analysis was no guide to the quality 
of abrick. It isnot; but I think that is because a firebrick is not 
a uniform product. The brick manufacturer takes three or four 
clays and mixes them. Those clays have quite different proper- 
ties and chemical compositions, and the analysis depends upon 
the perfection of the sampling system. Then again, these brick 
are probably 90 per cent of alumina and silica and 10 per cent of 
five impurities, if you want to call them that, of which it is diffi- 
cult to get an accurate analysis. So if you send a brick to a 
laboratory familiar with that kind of analytical work, you will not 
get exactly the same analysis for two lots of the same brick. 
Alkalies, which may run over 2 per cent, are the major factors in 
the variation in the fusion point of a No. 1 firebrick. You may, 
therefore, readily see that care in sampling and analytical work 
to the last detail are of paramount importance if anything is to be 
judged from it. Unfortunately care is often lacking in this 
detail. 

Another thing, these impurities have the effect of changing the 
rate of softening of the brick so that a brick with one set of im- 
purities may start softening at cone 28 and a brick with a different 
analysis may start at cone 26. This is the startling thing about 
the weakening in compressive strength where bricks may have 
the same pyrometric cone equivalent test. 

The most astonishing statement I have run across on the effect 
of impurities on the rate of softening and solution due to im- 
purities is by a man who has succeeded his father in the business 
of importing one clay for many years. He stated that titanium 


‘Engineer in Charge of Furnaces and Refractory Materials, 
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oxide in clay, which generally ran 1.3 per cent, was one of the 
major factors. 

Reference has been made to the construction of joints. Care 
should be taken in noting the effect of using a mortar or a fireclay 
of a different composition than the brick because at the surface of 
the brick there is a clay composition which is neither brick nor 
clay, but a combination of the two. 

Finally, spalling—we avoided as much as possible materials 
that spalled easily. Our latest experience is that it is a good deal 
better to take care in heating up a good material that spalls 
easily than to use a brick which will not spall easily and then suffer 
from other difficulties due to poor structure, mixing, etc. In 
other words, the brick that does not spall is likely to be highly 
porous and presents other difficult problems. 

Also when people talk about No. 1 firebrick they are talking 
about a hazy thing. No. 1 brick may cost $40 on the market. 
If you want to build walls that stay up, get away from No. 1 
grade and watch your maintenance costs and not the first cost of 
the brick. 


A. SHERMAN.’ It is certainly very interesting and 
helpful to us of the bureau who have been working for the past 
four years on this problem to hear this discussion of the investi- 
gation in the light of and with the background of the authors’ 
very broad experience with the actual use of refractories. 

We have inherited from this work and from our numerous 
publications a legacy, which is sometimes rather embarrassing, 
in the form of numerous inquiries as to what kind of brick should 
be used for a certain service. Now, it may be rather surprising 
to some that after four years work we cannot answer such a 
question; if we cannot, we frankly say we cannot, but if we can 
help in any way we are glad to do so. 

Viewed generally, the work has not disclosed any startling or 
revolutionary facts on the causes of the failure of refractories. 
The results may therefore carry some measure of disappointment 
to any who may have anticipated that the field investigation 
might disclose some new factor which would bring about an early 
solution of the many difficulties with boiler-furnace refractories; 
however, a negative answer is valuable, and the investigation has 
eliminated such possibilities and has given us a more assured 
knowledge of conditions that do or may occur. As Mr. Hirshfeld 
has pointed out, it has furnished data which can be of value for 
immediate useful application by the furnace designer, user, and 
manufacturer of refractories, and it is believed that it has fulfilled 
its originally conceived purpose which was to provide the neces- 
sary and hitherto unavailable data for an intelligent attack on 
the ceramic laboratory phase of the problem. 

Mr. Maynz. I would like to ask a question in regard to ex- 
pansion joints. They have bothered me alot. The packing was 
mineral wool. Does Dr. Hirshfeld leave an inch and a half or 
an inch right to the inside line and make them a separate wall or 
does he put the brick together separately in the furnace wall? 


SamvuE. B. Fuiaaa.* I would like to ask how far in from the 
surface of the*wall does he find it advisable to extend that ex- 
pansion joint? 

Mr. HirsHFretp. My own personal practice is to put the joint 
all the way through the wall, but not as a continuous opening. 
It is arranged as a “zigzag” consisting of two openings or slits 
perpendicular to the wall, one in the furnace side and one in the 
outer side, and joined by a contact or slip joint parallel to the 
wall surface. This is shown in Fig. 2 of the paper. 


6 Fuel Engineer, U. S. Bureau of Mines, Pittsburgh, Pa. Assoc- 
Mem. A.S.M.E. 

‘Fuel Expert, Electric Bond & Share Company, New York, 
N.Y. Mem. A.8.M.E. 
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Harrison E. Kuerrev.’ I believe the New York Edison 
Company has used that type of joint for a number of years and 
found it very successful. 


Davin M. Arcuer.’ I would like to ask Dr. Hirshfeld if in 
his experience he has found that the molding of brick during its 
manufacture has any effect upon its behavior and service. 

Mr. Hirsuretp. Very much so. We have found that after 
we discover the bricks which seem to be best suited for our 
purpose it is practically essential that we go to the manufacturer's 
plant and discover what sort of practice is in use there in the 
manufacture of brick, and that refers to everything from the time 
he receives or mines the clay until he turns out the brick. It 
makes a great difference how the material is mixed and how the 
clay is ultimately molded into the brick to be dried and burned. 


Loyp R. Stowe.’ For hung arches, what are the merits of the 
dry process compared with those of wet brick? 

Mr. HirsHretp. That is one of the things that I cannot 
answer with yesorno. I take it that you mean suspended arches. 
To begin with, my personal experience with suspended arches is 
not as wide as with other types of construction. I may be giving 
you a picture arrived at from viewing a small part of the field. 
As the cross-section of the tile is reduced in size down to the place 
where it can be made from one wad, you get material which per- 
forms better and better. The extent to which you suspend the 
tile so that each acts independently of the other, the better the 
life of the tile. I think the brick that is the most dense will give 
you the best service. 

Mr. Stowe. That would be dry-pressed brick. 


Mr. L. Beers.” It may be of interest to know that we are 
making a stoker installation in connection with a suspended wall 
supported by steelwork, and it will have asbestos board on the 
outside and air will be forced through the passages formed be- 
tween the board, the vertical steel columns, and the brick wall. 
The heated air will be recovered and put through the forced-draft 
fan and then used for combustion. It is expected that the air 
taken out of these walls is 140 deg., and the engineers claim this 
will make quite a substantial reduction in the radiant-heat loss. 
We have also had experience with hollow walls and carborundum 
brick adjacent to the fuel bed. The air is admitted at the top of 
the walls and circulated by pressure through zigzag passages and 
enters the furnace through carborundum bricks. I know one 
installation that has been in operation two years, and there has 
been no maintenance necessary. 

Mr. Hirsuretp. It occurs to me to give an observation 
brought to mind by the last speaker. You all know how a 
chimney or stack works, and you probably all realize that warm 
or hot columns of gas, whether they happen to be enclosed in 
concrete or brick tubes or not, have a tendency to do the same 
thing. 

As I have looked at various types of air-cooled walls, it has 
frequently struck me that the designers have not given sufficient 
thought to the tendency of warm gases to rise and cold gases to 
sink. Some men believe you can put a blower at the top and 
blow the air through, heat the air going down, and have it come 
out uniformly. That is possible provided the cross-section of 
the duct is small and the velocity of the air is comparatively high. 


7 Engineer, McClellan & Junkersfeld, New York, N. Ys Assoc- 
Mem. A.S.M.E. 

* Draftsman, Webster Tallmadge, New York, N. Y. Jum. 
A.S.M.E. 

® Johnston & Jennings, Cleveland, Ohio. 

1 Chief Engineer, Detroit Stoker Company, Detroit, Mich. 
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But it very seldom works that way. What happens is that the 
niagara of cold air blows through the middle of the tube and the 
air heated rises outside of the cold stream. This gradually fills 
up the tube and forms an air blanket around the cooler layer. 
Sometimes there is no harm done, but I have seen cases where 
there has been considerable harm, particularly where you are 
using a high air-cooled wall. It is desirable to think of that and 
do what you can to assist the natural action rather than combat 
the natural action. 

Mr. Kuierrev. In some installations of refractory furnaces 
the flame impinges on the side wall and erodes the brick. A 
great many engineers blame the refractory. I think some con- 
sideration should be given to the distribution of the flame in the 
furnace, which takes into consideration the type of furnace, 
location of burners, and type of flame. If that is taken into con- 
sideration, I think a great deal of this erosion will be eliminated. 

Mr. Hirsurevp. I did not bring that out in the paper as i 
had intended. I meant to say that one very effective method of 
preventing such erosion is to move the brick away. Quite fre- 


quently where a small area is badly eroded, if other conditions 
permit, you move the wall away. 

Mr. KierreLt. How about moving the burner? 

Mr. HirsHFre_p. Itisthesamething. In closing, I have very 
little to say except to thank Mr. Maynz for his very constructive 
comments on some of my statements. I believe that the practice 
of using suspended walls is increasing, and properly so in the case 
of high walls. 

I also want to thank Mr. Oakley for indicating the great effect 
of comparatively small so-called impurities. While referring to 
Mr. Oakley’s remarks, I would like to point out that the experi- 
ence he has had was in the making of glass. As he said, his 
product is slag and our product is steam, and the conditions are 
radically different; also the conditions of the use of the furnace, 
as I understand glass furnaces are different than ours. They 
bring it up to a high temperature and hold it while we go bobbing 
up and down according to our customers’ need in the way of 
power output. That gives you a different problem in your 
furnace walls. 
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Stoker Advantages and Disadvantages 


By THEODORE MAYNZ,! CLEVELAND, OHIO 


stoker installations, it also is known that there are 

many that are not all that the purchasers expected, and 
some that are outright failures. It is the purpose of the author 
to show, by a description of the various stoker characteristics 
and their fuel limitations, under what conditions stoker appli- 
cations will be successful or will be failures. 

This paper is not a brief for the stoker versus pulverized fuel, 
nor will it attempt to state which type of fuel-burning apparatus 
should be used under given conditions. The author will leave 
that to the sales engineers of the different types of equipment, 
both sides having wonderful arguments and tests to show why 
their equipment is the panacea of all combustion problems with 
all fuels. 

It is a fallacy to believe that one type of stoker can be used 
for all types of installations and fuels. In many instances the 
type of stoker best adapted to the fuel, ratings, or conditions 
cannot be installed owing to physical reasons of plant layout. 
This of course applies only to stoker applications in existing 
plants. 

It is as difficult to divorce the stoker proper from the furnace 
as it is to settle definitely the boiler efficiency from the furnace 
efficiency. Therefore when we consider troubles in stoker in- 
stallations, we must not only consider the stoker itself, but also 
the furnace, the adaptability of the equipment, and even the 
auxiliary apparatus required by the installation. 

Stokers can be divided into six classes, all distinctly different 
and adapted to different uses. They are: 


\ LTHOUGH there are a great number of highly successful 


1 Hand or semi-automatic 

2 Overfeed, inclined, or V-type 

3 Natural-draft chain or traveling grate 

4 Industrial underfeed, single, double, or lateral retort 
5 Forced-draft chain or traveling grate 

6 Multiple-retort underfeed. 


These six types divide themselves roughly into the two classes of 
installations: A, the lightly loaded, short-hour, or low-load-factor 
industrial plant, and B, the heavy-duty, continuously operating, 
central-station or industrial. Stokers of types 1 and 2 belong 
naturally in plant A class, while stokers of types 5 and 6 are 
adapted to plants in class B exclusively. Stokers of types 3 
and 4 may be used in either class of plant, depending upon their 
size and how definitely the work to be done approaches class 
A or B. 

A description of the duties and fuels for which each type is 
_ adapted and what conditions it cannot be expected to meet 
ollows. 


Type 1—Hanp STokers 


This type of stoker is only slightly better than hand-firing, 
being relatively low in efficiency and adapted only to excellent 
low-ash coals of nut size and larger. High rates of combustion 
cannot be obtained; they are very sensitive to fire thickness 
and require a relatively great amount of draft in comparison to 
the amount of coal that can be burned per square foot of grate. 
The condition of the fire is harder to determine than with hand- 
fires, and their tendency to avalanch leaves bare spots and causes 


* Consulting Steam-Electric Engineer. Mem. A.S.M.E. 
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a large wastage of fuel into the ashpit. The danger of too heavy 
fires is likely to result in an almost complete stoppage of com- 
bustion. Smoke is nearly always emitted, so that they will 
rarely pass city smoke-prevention ordinances. 

Their advantage over hand-fired grates is that they do not re- 
quire the frequent opening of fire-doors for feeding coal, so that 
large amounts of excess air are not admitted during firing 
periods and fuel feeding is more uniform than with hand-fires. 
A poor fireman will get better results with this type of stoker 
than he would with hand-fires, but a good fireman will do about 
as well with either equipment. These hand-stokers should be 
used only in low-load-factor low-rating plants, with good fuel, 
nut size or larger, and where the cost of fuel and the type of 
installation do not permit the expenditure of a larger invest- 
ment. 


Type 2—OvERFEED, INCLINED OR V-TypE STOKERS 


The operation characteristics and application of both the front- 
inclined and the V-type overfeed stokers are almost identical, 
so that they can be treated as one type. They were the ones 
most generally in use in the East ten to fifteen years ago, even in 
large power installations. The author is very familiar with their 
operation in several railway plants, one having 78 of these 
stokers under 60 boilers of 600-hp. rating and another having 
sixty-four 520-hp. so equipped. 

They are adapted to low-ash high-grade coals, particularly 
of the semi-bituminous varieties. Their tendency to avalanch, 
for sudden appearance of bare spots, the high combustible in the 
ash when forced, even with low-ash coals, and the high draft re- 
quired for relatively low rates of combustion make this stoker 
very limited in its adaptability. They are absolutely unsuited 
to the coals easiest to obtain in this market, Pittsburgh No. 8 
and Ohio No. 6. The author has had some very painful ex- 
perience in trying to operate this type of stoker on these coals, 
and also with some mine washery refuse running from 20 to 38 
per cent ash. Furnace temperatures must be maintained high to 
obviate smoke, making them very difficult to operate at low rat- 
ings. 

These stokers, however, are very quick to respond to manipu- 
lation, especially if they are “rousted;” they are free from dust 
and cinders in the boiler room and are simple and quiet in oper- 
ation. For loads such as are encountered in hospitals, schools, 
and office buildings, with low-ash West Virginia and eastern 
Kentucky coals, at ratings which vary from 15 lb. to not over 
25 lb. per square foot of grate, projected area, these stokers have 
shown some excellent results in efficiency and operating satis- 
faction. Their maintenance cost is high, increasing rapidly with 
the rates of coal burned. The siftings are considerable and 
are a nuisance. 


Type 3—NatTvuRAL-Drart CHAIN OR TRAVELING-GRATE STOKERS 


Used almost exclusively for many years in the West and Middle 
West to burn the high-ash clinkering coals of these regions, these 
stokers are still being operated in both central stations under 
large boilers and in industrial plants under boilers as small as 
150-hp. rating. They are adaptable to any coal having 12 per 
cent ash or more, but are a failure when handling low-ash eastern 
bituminous and semi-bituminous coals. The free-burning coals 
are easiest to handle and maintain uniform fire conditions, 
coking coals tending to uneven fires. 

These stokers are extremely sensitive to furnace design, are 
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very sluggish in picking up peak loads, hard to bank, and rather 
high in maintenance. They are not flexible, as under low rat- 
ings the excess air is high and furnace temperatures low, while 
at high ratings the combustible in the ash is excessive. Quite 
often, when forced, they will lose their ignition, necessitating 
a temporary shutdown. With wide furnaces it is very difficult 
to maintain an even fuel bed, even when split gates are used. 
Segregation of fine and lump coal is very detrimental, so that 
ordinary types of coal chutes are being discarded, and either swing- 
ing chutes or special spreaders substituted. Where furnaces 
are wider than 12 ft., two stokers with a dividing wall between 
are required, with the attendant high maintenance cost on brick- 
work, 

To maintain a reasonable ashpit loss, water-backs are re- 
quired. To keep the excess air through the rear end at a low 
amount, sealed ashpits and cut-off dampers in the rear end are 
necessary. The height of the water-back above the grate is very 
important as a change of less than '/.in. may make the ash- 
pit loss excessive or stop up the grate with clinker. The siftings 
from these stokers are a nuisance. They tend to spoil the 
fires when fed back into the hopper, and as they amount to about 
5 per cent of the coal and have a heating value in excess of 75 
per cent of the fuel they cannot be economically discarded. 
Chain grates using rollers to support the chain sift more than 
those using skids. 

The wetting of the coal to obtain a total moisture content of 
about 7 per cent seems to have a very beneficial effect with most 
coals. There is a very definite relationship between the coal 
used and the excess air for best results. With Pittsburgh 
No. 8, maintaining less than 50 per cent excess air increases the 
ashpit loss, so that the highest overall efficiency is not obtained, 
while with the higher ash western coals not less than 60 to 65 
per cent excess air can be economically used. The breaking of 
chains due to the carrying of too heavy fires is quite frequent. 
The clinkering of coal along the side walls tends to keep the edges 
bare and to erode the brickwork. 

It is especially difficult to maintain an even fuel bed with 
stokers having coking plates for fuel feeding. Holes in the fire are 
rare, but when they do appear it is impossible to cover them 
without using a bar, and by the time a bar can be used, the 
holes are past the middle of the grate. With grates 12 ft. long 
it requires at least a half-hour before the operators get any re- 
sults from a change in the fuel feed. With coals having 35 per 
cent or more volatile, quite high rates of combustion can be 
obtained; 40 lb. per square foot of grate is not uncommon, pro- 
vided the draft is sufficient and the furnace design correct so that 
the fire does not “run away from the gate.” 

These stokers are adapted to steady loads and poor grades 
of clinkering coal under medium-sized boilers. However, they are 
being displaced by the forced-draft traveling grates and are now 
obsolete. 


Type 4—INpustTRIAL Type UNDERFEED STOKERS 


The number of installations of this type stoker, under varied 
conditions, different coals, and under various sizes of boilers, 
makes one almost inclined to call it the universal stoker for me- 
dium- and small-sized plants, both central-station type and in- 
dustrial. There are sizes varying from one for a small house-heat- 
ing boiler, consisting of a screw and some tuyeres, to installations 
under boilers of over 1000-hp. rating. The author has personally 
operated boilers from 100-hp. to 1000-hp. with single-retort 
stokers, the latter size having two stokers in one furnace. He 
has used coals varying from the eastern semi-bituminous to 
the high-volatile, high-ash coals of the Middle West. These 
stokers seem to be adapted to a larger variation in coals and 
conditions than any other type. 


The operating characteristics seem to be similar, whether built 
with a single, two, or lateral retorts. Since the author has had 
very little operating experience with the double-retort and latera!- 
retort types, he hopes that the differences will be brought out 
in the discussion. 

The chief advantage of the industrial underfeed stoker is 
its ease of application to both new and old installations, coupled 
with comparatively high operating efficiencies. Since a base- 
ment ashpit is not required they can be applied to almost any 
boiler. Built low, their installation under low-set boilers allows 
smokeless operation and good efficiency under these conditions. 
They are inherently smokeless, so that in this particular they 
have given excellent results. Their operation requires less skil| 
than any other type of stoker, while the efficiencies are exceeded 
only by properly designed and installed forced-draft traveling 
grates and multiple-retort stokers. 

In the larger sizes they have movable grates on the overfeed 
section, so that the coked coal is worked down to the side dump- 
ing plates, combustion advancing progressively. As the amount 
or area of this overfeed section is quite important, best re- 
sults are obtained from wide, rather than deep, stokers. The 
adjustment for obtaining the correct amount of motion to the 
side bars for proper combusiion is on the front of the stoker and 
easily changed during operation. This permits a well-burned- 
out ash without bare spots on the grate. The adjustment for 
even distribution of coal from front to bridgewall cannot be 
made while the boiler is on the line, so that a change requiring 
this adjustment is more serious on long than on short stokers. 
Fortunately this adjustment of retort auxiliary pushers is re- 
quired very rarely, provided it is properly done at first. 

Best operation is obtained by using thin fires so that the action 
of the moving grate bars benefits the fuel bed, as heavy fires 
nullify this action. This applies to practically all coals. Front 
and bridgewall clinker are detrimental, disturb the even covering 
of the grates, and are very hard to remove while operating. 
The ease with which a fireman can use a slice bar to level off and 
disturb the fuel bed (mostly entirely unnecessary) is a bad feature, 
causing smoke and clinker. The construction is such that there 
is very little possibility of a breakdown that would require the 
immediate shutdown of the boiler, since they can be hand- 
fired if absolutely necessary. Front and bridgewall air under 
pressure, controlled by dampers, is very useful in preventing 
smoke under low-set boilers, but is usually used in excess, lower- 
ing the CO,. Non-perforated carborundum air-cooled blocks 
along the clinker line are very useful with low-fusion coals. The 
perforated type of blocks should never be used along the dump- 
grate side walls, although they are beneficial along the bridge- 
wall, at the retort. Like all underfeeds, front-wall clinker, 
coupled with a thin fire at the front, will cause distillation of coal 


‘in the hopper and send fumes into the boiler room. 


Though siftings occur, they are easily removed, of relatively 
small amount, and do not spoil the fire when fed back into the 
coal hopper. With the use of only one or two feeding retorts, 
the segregation of coarse and fine coal is of no importance. 
Though small-sized coal is an advantage, run-of-mine coal, 
broken by a sledge hammer, has frequently been used, the stoker 
ram often acting as a crusher. With the direct-acting steam- 
driven stokers, shearing pins are not used, nor is the stoker 
easily blocked by anything but large, uncrushable materials. 

Although test efficiencies in excess of 75 per cent have often 
been obtained, 63 per cent overall is about as good an operating 
efficiency as can be expected from the average installation. 
With the use of adequate meters, furnace-draft regulators, 
and competent supervision, 67 per cent to as high as 70 per cent 
can be continuously maintained. This, of course, presuppose? 
moderate combustion rates suitable to the coal. 
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Continuous combustion rates in excess of 40 lb. per square 
foot of grate should never be attempted, even with high-fusion, 
low-ash coals, and considerably less than this with poorer coals. 
Maintenance is remarkably low when high combustion rates are 
not attempted, but like all stokers increases very rapidly when 
operation is forced. The flexibility is all that can be desired, these 
stokers reacting very quickly to load changes. Banking is easy, 
and pick-up from dead or live bank is very rapid, requiring no 
manipulation such as barring or rousting of fires. Using the 
equation of A + BX for the banking loss, both coefficients are 
very low, the coefficient A being the lowest for any type of stoker. 
Owing to the combination of underfeed and overfeed, those 
makes of stokers which have a lower air pressure under the 
grates than in the retort tuyeres are inherently more efficient. 
Since the largest practical size is about 108 sq. ft., a single stoker 
installation is limited to about 1000 b.hp. maximum. Since 
this means a 12 ft. wide furnace, 9 ft. deep, their space require- 
ment is considerable. In the one case the cost of extra building 
space required for this type of stoker more than paid for the 
difference in the cost of a higher duty stoker and eliminated this 
type though adaptable in all other respects. 

For small boilers of 100 to 200 b.hp. these stokers are built 
without grate-bar motion and in some cases without dumping 
plates. Having operated several makes of this small size stoker, 
the author is convinced that the elimination of both of these 
features is a serious mistake. The coal heaps up on the retort, 
does not distribute, tends to heavy fires over the retort and ex- 
cess air through the grates, and always causes the use of the bar 
by the fireman, resulting in smoke and clinker. The elimination 
of dump plates means pulling the clinkers through the front 
doors with a hook, always a bad operating condition. 

Those stokers with built-in fan and electric drive are most 
convenient for small plants. It has been the experience of the 
author that the convenience of electric drive, in small plants, 
more than balances the lower operating cost of steam drive ex- 
hausting into the feed heater or heating system. 

The screw-feed type of single-retort stoker is the poorest ex- 
ample of these industrial underfeed stokers. Their inconve- 
nience in operation, the heavy fires on one side of the retort, and 
the pulling of clinkers to keep the fire clean by no means balance 
their very slightly lower first cost. They have been sold usually 
to replace extremely bad operating conditions with expensive 
lump coal, so that they have often produced larger relative sav- 
ings than finer and better engineered equipment under less favor- 
able circumstances. 

Wherever the industrial underfeed stoker has been pronounced 
a failure the underlying cause has been either too small a 
stoker for the load or type of coal, or incorrect furnace design. 


Types 5 anp 6—Heavy-Duty STOKERS 


Consideration will now be given to the heavy-duty type of 
stokers, which are the forced-draft traveling grates and the multi- 
ple-retort underfeeds. The cost of these stokers and the expense 
of their installation confine their economical use to relatively 
large boilers operating almost continuously. Unless basement 
ashpits are used, the use of either type of stoker is very bad 
operating practice. Extremely high combustion rates can be 
obtained, if required, but there are very practical economical 
limitations, which are often exceeded. The tendency of stoker 
sales engineers to be willing to guarantee results for continuous 
operation, that can be obtained only in emergencies, has, the 
author believes, been the underlying cause of most failures of 
this type of stoker installation. Since both of these types of 


stokers overlap in their field of operation, the choice of one or 
the other often resolves into a matter of personal opinion or 
prejudice. 


Tyre 5—Forcep-Drarr TRAVELING-GRATES 


The forced-draft traveling-grate stoker is the only one adapted 
to burning anthracite, coke breeze, or mixtures of these fuels with 
bituminous coal. Burning out the combustible of these fuels 
is dependent on reflected heat, so that both front and rear arches 
are required. The time element is important, so that a relatively 
long stoker gives the best results. Careful furnace design is 
essential; the furnace is expensive, as the total length of arches 
is nearly equal to the stoker. To prevent loss of ignition at 
high rates of combustion, a slight positive pressure in the furnace 
is required, which tends to a bad boiler-room atmosphere. 

With all fuels thorough air sealing of the ashpit is required, 
and the use of water-backs is an advantage, especially with bi- 
tuminous coals. Water-cooled side walls at the clinker line 
or carborundum brick, preferably air-cooled but not perforated, 
are a distinct operating help. In spite of the zoning of the 
stoker, three separate types of combustion occur; deficiency of 
air at the front, excess air at the rear, and normal in the middle. 
This means that the furnace must act as a mixing chamber, more 
so than with other types, and large volumes are essential. Fur- 
nace temperatures must remain high at all rates for smokeless 
combustion. The ashpit loss is inversely proportional to the 
time element, so that long stokers operating at low speeds give 
the lowest combustible in the refuse. This requires that the 
last compartment be operated with its air damper closed prac- 
tically all the time. Loss of ignitiOn is likely to occur, even with 
high-volatile coals. Like natural-draft traveling grates, segre- 
gation of fine and coarse in the hopper is detrimental to good 
operation and a well-burned-out ash. 

Leakage of hot gas and dust from in front of the stoker is 
disagreeable and prevents the maintenance of a clean boiler room. 
Banking is much easier and with lower losses than with natural- 
draft chain grates, but pick-up from dead banks is not much 
better. Flexibility in operation and response to load changes 
is very much better than with natural-draft chain grates, but 
both in this respect and in banking they do not compare favor- 
ably to the underfeeds. In one plant where nightly banking was 
required, the maintenance of refractory gates was so high that 
water-cooled gates had to be used. Approximately one hour 
is usually required to bring up the stokers from bank to nor- 
mal operation. 

This type of stoker requires quite skilled operators—the type 
usually found in central stations—trained and supervised by 
combustion engineers. With several compartments requiring 
different air pressures, varying speeds of travel, and different 
fire thickness, the operation of these stokers without trained 
personnel and a complement of instruments spells failure. 
As a concrete example, when the operators of these stokers at 
one station were asked to look at and learn from the fires that 
were carried on the same make of stokers at another station, 
the report was “they are carrying the same fires we used until 
our instruments and tests showed us how we should operate.”’ 


Tyre 6—MULTIPLE-RETORT STOKERS 


Probably the greatest improvements in stokers have been made 
in the multiple-retort type. One important change is the 
realization of the manufacturers as to what their limitations 
are. Coupled to this are the actual mechanical design changes 
to achieve certain desired results. Since this type of stoker, 
more than others, has been used by the larger central stations, 
their trained engineers have observed the various faults and either 
have suggested or themselves have made the improvements that 
are now incorporated. For many years made only in one or 
two lengths, they can now be obtained in lengths suitable to any 
size of boiler and any ratings, without the necessity of extremely 
high combustion rates. 
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Although to some purchasers of this type of stoker they all 
seem very similar, to experienced users there is an appreciable 
difference in the various makes. There does not seem to be 
a great deal of difference in the purely underfeed part of these 
stokers, but the design of the tailend and dumping action shows 
some distinct operation advantages and disadvantages. Some 
have a section of overfeed grates to burn the coked coal, while 
in others this is eliminated, the underfeed retorts discharging 
directly on to the dump plates. For ash discharge, single and 
double dump plates, reciprocating apron, and single and double 
clinker grinders are used. 

The author has had no practical operating experience with 
clinker grinders on underfeeds, all his information coming from 
other operators. This information has led to the conclusion that 
the double-roll grinders are far superior to the single-roll, and that 
in no case should either type be installed without water-backs. 
There is no question that the combustible in the ash is much 
lower with grinders than with dump plates, and for large in- 
stallations and high load factors the very considerable increase 
in investment is justified. With the average industrial-plant 
load and size of boilers, from 5000 to 10,000 sq. ft. of heating sur- 
face, it is very doubtful if this additional investment will earn 
dividends, even with 24-hour operation at 200 per cent rating 
and coal with more than 15 per cent ash. 

It is the author's conclusion that the elimination of the over- 
feed section is a mistake, even though the maintenance. of this 
part is high. In one make of stoker without overfeed, burning 
Pittsburgh No. 8 coal at rates of less than 40 Ib. per square foot 
of projected grate area, the compacting of the fuel bed at the tail 
end of the stoker requires the shaking of the front dump plate 
at very frequent intervals. With steam-operated dumps this 
is simple enough and not laborious, but unless it is done very 
slowly, and only once at a time, dense smoke is emitted. This 
smoke lasts for considerably less than a minute, but this operation 
is sometimes necessary eight or ten times an hour. If one realizes 
how difficult it is to get the operators to work this dump slowly 
and for only one stroke, it is easy to see that one can readily get 
in trouble with the smoke department. In stokers which re- 
quire this operation, the dumping of the back plate should be 
done automatically. 

With double-dump-plate stokers and low-fusing-ash coals, the 
adherence of clinker to the bridgewall is bad. Often the clinker 
fuses into a solid mass from the front dumps to the wall, so that 
cleaning fires at high ratings is a nightmare. The use of water- 
jets discharging into the furnace through the bridgewall cures 
this trouble and permits normal operation, but at an expense. 
The author doubts whether the single-dump stokers with clinker 
shearing dump plates will adequately take care of this condition, 
but there is no doubt that such plates are much better under 
these conditions than the bridgewall type. In a recent instal- 
lation with single-shearing dump stoker, such jets have been 
provided, although the condition of low-fusion-ash coals has not 
yet occurred. The use of perforated clinker block in the bridge- 
wall is not considered correct, as there is always more than suffi- 
cient air in this part of the furnace, any addition being detri- 
mental to best operation. 

With low-fusion-ash coals, having air holes with forced draft 
through the dump trays is useless. The air must be shut off 
during and after the dumping period, and by the time the rear 
dump is covered, the clinker has shut off the holes so that no 
appreciable air can penetrate and burn the coke. With apron 
dumps, the correct opening must be maintained, so that the 
ashpit loss isa minimum. As this opening varies with the coal 
and the rate of combustion, their proper operation requires more 
care than with intermittent dumping. With care the ash- 
pit loss from this type of dump is probably lower than any other 


type, clinker grinders excepted. A Bailey ashpit loss recorder 
would be a valuable instrument with apron dumps. 

Though the multiple-retort stokers are easy to operate, it has 
been the author’s experience that it requires more time and 
training to develop good operators than one would believe. 
The operators seem to have difficulty in judging the fire con- 
dition, they get into trouble easily, and they do not rely suffi- 
ciently on their instruments, even when adequately provided. 
Once trained and their prejudices overcome, these stokers are 
liked and easily operated by average firemen. 

With properly engineered installations, higher efficiencies, both 
test and daily operation, can be obtained on multiple-retort 
stokers than on any other type of stoker. Low efficiencies are 
usually owing to improper installation rather than to poor opera- 
tion. Overselling has been a serious fault. With coal and rat- 
ings specified, the sales engineers of certain makes of these stokers 
wrote guarantees as to efficiencies and performance for a smaller 
stoker than wasinstalled. Only after certain changes were made 
was the larger stoker able to meet the specified condition. Had 
the equipment been bought on the guarantees alone, another 
stoker installation would have been a failure. A common mis- 
take is made in that because certain performances were obtained 
by trained combustion engineers or test personnel under favoralle 
conditions, these results can be duplicated in daily operation. 
Experience has taught the author that a job has rarely been 
handicapped by judicious overstokering and that a small amount 
of increased first cost is more than made up in decreased main- 
tenance. 

Banking is easy and is attended with small losses. Coming 
out of a dead bank is very quick, and some remarkable results 
have been published. The author personally never has been alle 
to duplicate them, but nevertheless has been able to obtain higher 
ratings from both live and dead banks with multiple-retort stokers, 
in shorter periods, than with any other type of stoker. Care in 
banking is required so that the coal does not burn back into the 
retorts, otherwise serious burnouts of the stoker will occur. 
In fact, more damage can result from careless banking than from 
high ratings. The losses are low, but greater than with equiva- 
lent size single-retort stokers. 

The smoking or fuming from stoker hoppers, usually caused 
by front-wall clinker and thin fires, is a nuisance. Although 
this occurs with all underfeeds, it seems to be more frequent with 
multiple-retort stokers. 

Although over 70 lb. of coal have been burned per square foot, 
it is unwise to exceed a maximum of 50 Ib. even with the best 
of coals. The author limited a recent installation, burning 4 
high-grade low-ash eastern Kentucky coal, to 35 lb. at the maxi- 
mum continuous rating. Efficiencies of over 80 per cent have 
been obtained without economizers or preheaters, but an average 
of 72 to 73 per cent combined efficiency at normal ratings with 
average fluctuations is as high as should be expected, even with 
proper instruments and good operators. Where the conditions 
and personnel warrant the use of very efficient combustion con- 
trols, these figures are of course exceeded. 


GENERAL RECOMMENDATIONS 


The furnace design is dependent upon the work required. 
Owing to the inherent mixing of air and fuel by all stokers, the 
furnace volumes required are less than with any other type of 
fuel-burning apparatus. Underfeed stokers require less volume 
than other types, and multiple retorts require the least per 
delivered B.t.u. On the other hand, slagging of boiler tubes 
and fly-ash and cinders are greatest with multiple-retort under- 
feeds and least with natural-draft overfeed stokers. This is owing 
to the higher rates of combustion and greater air velocities. 

The use of water-cooled furnaces is increasing and is purely 
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a financial engineering problem. Their application to stoker 
front walls has shown some clever designs. Preheated air has 
been used successfully with stokers, with moderate tempera- 
tures on existing installations and with high temperatures on 
those stokers specially designed for its use. 

Most of the guarantees of stoker manufacturers on air require- 
ments and pressures are too optimistic. An excess of fan capa- 
city is an ace in the hole when high ratings are required. Stacks 
should be figured liberally, especially in height, as it is sur- 
prising how the boiler draft loss is increased when too thin fires, 
with their resulting excess air, are accidentally used. With good 
operation and low excess air, the flue-gas temperatures are very 
often lower than were calculated, resulting in a lower stack draft. 
Kither condition might limit the desired rating to a value lower 
than was anticipated. 

The power required for operating stokers is very low, even 
with multiple-retort stokers. Power for forced draft rarely 
exceeds 7 or 8 kw. per ton of coal and decreases with lowered 
ratings. A safe figure to use for underfeed stokers for fan and 
stoker drive is 4 kw. per ton, at normal rating, and 12 kw. at 
300 per cent of rating. Forced-draft traveling grates require 
about 25 per cent less power for operation. 


CONCLUSIONS 


The use of draft gages and automatic furnace-draft regu- 
lators is almost a necessity for the proper operation of forced- 
draft stokers. 

Unless a very high grade of combustion control is used, it is 
the author’s opinion that the stoker speed should be uncontrolled 
and left to the operator to adjust. 

The furnace volumes for a given rating are less for stokers 
than for any other type of fuel-burning equipment and least with 
underfeeds. Careful design is just as essential as with other 
types of equipment. 

More stoker installation failures are owing more to too small 
a stoker for the coal, rating, and plant conditions than to the 
make, or even type, of stoker selected. 

A stoker installation is by no means a cure-all for smoke 
elimination. 

The low efficiencies, selected fuel requirement, operating diffi- 
culty, and liability to smoke have practically eliminated the 
natural-draft overfeed stokers to a few special applications. 

Their ease of installation, low cost of stoker and furnace, 
flexibility, ease of operation, good~efficiencies even with very 
meager instrument equipment, and inherent smokelessness tend 
to make the industrial type of underfeed stoker preeminent for 
small- and medium-sized boilers with practically all grades of 
bituminous coal. 

The higher efficiencies, greater flexibility, and only slightly 
greater total stoker and furnace cost of the forced-draft traveling- 
grate stoker have made the natural-draft chain grate almost 
obsolete. 

The forced-draft traveling grate is the only stoker suitable 
for anthracite and coke breeze. Its advantage for bituminous 
coal occurs where the fusing point of the ash and its clinker is 
such that excessively large stokers of the underfeed types must 
be used, resulting in poor flexibility and high cost of the latter. 
The disadvantage of high cost of stoker and furnace, poor 
banking characteristics, only fair flexibility, specially skilled 
operation for good efficiency, and the liability to smoke make 
the forced-draft traveling grate inferior to the multiple-retort 
underfeed stoker under most conditions. 

The multiple-retort underfeed stokers, when properly installed, 
are capable of efficiently burning practically all types of bitumi- 
nous coals. When all factors are considered, they are cheaper 
to install under large boilers for high outputs and efficiencies 


than other types of high-duty stokers. They are preeminent 
for high efficiencies, low in maintenance, flexible, easy to operate 
and bank, and inherently smokeless. Their main disadvantage 
is overselling and under-installation. 


Discussion 


Ouuson Craic.2. The author brought out a point on the 
question of the size of stoker. I believe nine out of ten times 
it is the customer’s fault if he gets too small a stoker, particularly 
if he does not have a consulting engineer. The one responsible 
for spending the money does not wish to spend any more than 
he has to, and consequently he pits one stoker salesman against 
another. He tells of a stoker of such and such a size that will 
burn so much coal and make so much steam, and the salesman 
to whom he is talking knows that he should have a bigger stoker, 
but he hates to lose the business and so is sometimes forced into 
the position of permitting himself to sell a stoker which he knows 
is too small. The man doing the buying does not realize that 
he may be wasting money when he thinks he is saving it. 

This sometimes occurs even when an engineer is doing the 
buying. Sometimes he will set his requirements too high. He 
may know well what he does want, but he takes into account the 
possibility that some of the stoker men are going to squeeze 
down on size. The honest stoker man loses in that kind of a 
deal. Sometimes the buyer and his engineer do not really know 
what the requirements are and they set the size too low, thinking 
that the amount of steam specified is the amount they want; 
and when the job goes in, they find that it is more than this due 
to the fact that they have incorrect information or to some change 
of conditions in the plant. The capacity is increased, and 
then the stoker equipment is overloaded; and the result is that 
the man who has sold the stoker is penalized. Those are points 
to which any one having to do with buying stokers should give 
some thought when it comes to the actual purchase. 


L. R. Strowe.* The author has picked out the most important 
advantages and disadvantages of the respective types of stokers 
and has treated them admirably. 

The old conventional chain-grate stoker has outstanding ad- 
vantages in producing a good fire at the front end and in auto- 
matically and continuously discharging the refuse regardless of 
the character of the ash. 

The application of forced-draft to chain grates for bituminous 
fuel, while in use for a number of years, may be considered as 
one of the later developments in the combustion field. The 
forced-draft chain grate is radically different in its performance 
characteristics from what we knew as natural-draft chain-stoker 
performance some years ago. 

I feel that the forced-draft chain-grate stoker has made more 
permanent or lasting progress in the last few years than has any 
other type of combustion equipment. 

The conventional chain grate has two conspicuous, inherent 
disadvantages. One is that as the fire approaches the rear 
end there is no action to crowd the coal together to retain a 
fuel bed of uniform thickness. In other words, as 20 sq. ft. of 
fuel bed at the front end travels to the rear end of the stoker, 
the ashes of that 20 ft. of fuel bed still occupy 20 sq. ft. of stoker area 
at the rear end and consequently are scattered thinly over this 
wide area. Such a fire is not suited to the pressure of forced 
draft. The other inherent disadvantage is that of air leakage 
at the rear end, and comes about by the moving chains pene- 


2 Consulting Engineer, Riley Stoker Corporation, Worcester, 
Mass. Mem. A.S.M.E. 

3 The Johnston & Jennings Company, Cleveland, Ohio. Mem. 
A.S.M.E. 
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trating or passing through the sealing devices at the rear end of 
the stoker. A surprising amount of air will leak through the 
very smallest opening, and unless one has actually attempted to 
measure this leakage he will be astounded to know what quan- 
tities of air under the slightest pressure will go through these 
minute openings. 

Of course to correct these two inherent defects one must leave 
the conventional lines of stoker design and bring into the field 
some new features of stoker construction. 

We found that the best way to stop the leakage was to remove 
any source of leakage. We have completely removed this ob- 
jection of the old type of chain grate by enclosing the rear end 
of the stoker with a housing extending outside of the chain itself 
so that the moving parts of the stoker do not have to penetrate 
this seal. This is made possible by the stationary sections of the 
Stowe stoker which furnish support for this rear-end housing. 

The inefficient thin fire at the rear end of the usual chain grate 
has been overcome by crowding the fire together at the rear 
end so that by the time the rear end of the stoker is reached the 
ashes from 20 sq. ft. of green fuel occupy, say, only three or four 
square feet of grate surface. To accomplish this the conveying 
influence of the old form of chain grate must be impaired so that 
some force besides the moving parts is required to keep the coal 
moving. This has been accomplished by alternating narrow 
moving chains with still narrower stationary grates. The addi- 
tion of these stationary surfaces, constituting about 30 per cent 
of the entire grate area, so impairs the conveying influences of 
the remaining 70 per cent of moving parts that the coal must be 
pushed along by the good fuel bed back of it. This modified 
form of stoker then is no longer a chain-grate feed but a dual 
feed, part conveying and part pushing. This at once accounts 
for the perfect condition of fire on the rear end of the stoker, a 
condition which removes the objection the author may have 
had to the old conventional chain grate. 

As coal burns it diminishes in volume and loses a certain com- 
pactness of fuel bed, but with the new stoker described, at the 
first sign of this loss of compactness one of the two forces tending 
to move fuel forward is lost. Hence the coal does not continue 
to move until additional coal is fed down from the upper part 
of the stoker to restore its original thickness or compactness. 

The author mentioned the performance of chain grates with 
low-ash semi-bituminous coal. It is evident that in this modified 
chain grate just described the speed of the coal is retarded as it 
burns, and that the higher the combustible contents or the 
lower the ash, the greater is the retardation. This gives us a 
good fire at the rear end, and when this improvement and that of 
the rear-end seal is added to the advantages of the forced draft, 
we have found in practice that this machine is as well adapted to 
semi-bitumipous coals as it is to the high-ash coal of the Mid- 
west. 


Harrison E. Kuierrev.‘ In addition to the author’s method 
I think stokers should be classified in accordance with the fuels 
they are best adapted to burn, and not necessarily by the type 
of stoker. They should be classified according to the physical 
characteristics of fuel, percentage of ash, fusing point of ash, 
and percentage of iron in the ash. One of the troubles of the 
stoker manufacturers is that they try to burn too wide a range 
of coal. I have been doing some work in the eastern part of 
Canada where they burn Dominion coal. Some of the stoker 
manufacturers have learned that it is rather difficult coal to 
burn, due to its unusual characteristics. I think that this holds 
good also with powdered fuel. This equipment is sometimes 
installed where stokers would work out better. 


4 Executive Engineer, McClellan & Junkersfeld, New York, 
N. Y. Mem. A.S.M.E. 
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JoserpH Harrineton.® There are certain inherent defects in 
the chain grate, especially the natural-draft chain grate. Many 
of these were overcome when the sectionalized stoker was de- 
veloped, and naturally this type of stoker can be improved as 
time goes on, and apparently has been improved. 

The author states that with the underfeed stoker a considerable 
section of overfeed area is desirable. Perhaps I should not say 
it, but the underfeed stoker is successful in direct proportion to 
the overfeed area that it contains. 

One of the successful underfeed stokers has not only an area 
of comparatively horizontal overfeed section, but has had in- 
stalled in it a considerable area of overfeed effect in vertical 
position, the area over the side walls of the ashpit. It has, how- 
ever, resolved itself into a situation where the art as well as the 
science of stoking has reached an altitude that was undreamed of 
years ago. 

The buyer of stokers today is discriminating to an extent that 
we. did not dream of a few years ago, but there is a tremendous 
amount of improvement possible in this respect. The central- 
station people are well equipped with experience and engineering 
talent, and they buy because they know what they want and 
what effect they want to get; but the small fellow, the man 
that puts in one or two or three 400- or 500- or 600-hp. stokers, 
simply buys because he gets a lower price and a higher guarantee. 
I have not yet seen any guarantee that made any steam. 

I believe that stoker manufacturers and sellers should take an 
inflexible attitude that their particular machine will do certain 
definite things which they conscientiously know to be the fact, 
and that if the buyer wants to squeeze them into promising a 
little more they should say to him, ‘“‘Mr. Buyer, this machine 
has its definite limitations which we recognize, and we will not 
sell you this stoker if you are going to demand of it more than it 
can give.”” They will lose a sale or two, but how much better 
it is to lose a sale under those conditions than to take it and be 
on the scrap pile a year later. You not only lose your stoker, 
but lose your reputation. I think that one of the chief values 
of this paper is its effect on the buyer. I sincerely hope every 
stoker buyer in the country will read it and thereby gain a 
perspective of the business which too many of them do not 
now have. 


C. F. Hiesurevp.6 Mr. Craig and Mr. Harrington have 
pointed out certain limitations. As engineers we have to work 
with human beings. Mr. Craig is a stoker manufacturer and 
saksman. Mr. Harrington was one. I happen to be on the 
other side of the fence, and I can give you another picture— 
we have to fight hard to make the stoker manufacturers sell us a 
big enough stoker. 

Sometimes people buy on price, and the smaller they buy the 
less money they spend and the better they are satisfied for the 
time being. The engineer's job is to steer a median path through 
that mess. The situation which exists is because human beings 
are as they are and I do not know that I would very much want 
to change them. 


R. S. Corrin.? Regarding the question of guarantees, the 
author spoke of the coal-burning capacity of stokers in pounds 
of coal per square foot per hour. The stoker companies have 
brought something to the purchasers—of whom I may say | am 
a representative—which is somewhat questionable, and I should 
like to call it to their attention. I was recently in the marke( for 


5 President, Joseph Harrington Company, Harvey, Ill. Mem. 
A.S.M.E. 

® Chief of Research Department, Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

7 Cleveland, Ohio. 
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some stokers for small boilers, 300-hp. We had a projected area 
of 300 sq. ft. left by the boiler manufacturers after they got 
through, and several of the companies made various proportions. 
Not to be beaten by their multiple-retort friends, the single- 
retort manufacturers came in with a single-retort stoker burning 
the same number of pounds of coal per hour. It so happens that 
about 10 per cent of the multiple area was to be occupied by the 
dump grate, and about 20 or 30 per cent on the other side, 
and yet each stoker was to burn the same weight of coal per square 
foot. I should like to know how the stoker manufacturers can 
make such specifications. Can the single retort get more air 
through the coal than the multiple retort? 


GeorGe C. Dantets.* The paper brought out a salient fea- 
ture of underfeed stokers when it stated that 35 lb. of coal per 
sq. ft. was the maximum fuel-burning rate at which one could 
keep down maintenance cost and retain reliability. I think that 
we shall all agree that the maintenance goes up with an increase 
in the amount of coal burned per square foot of grate surface. 
We are able over short peak loads to burn coal at a considerable 
increase per square foot of grate surface, but we must be sure 
of the reliability. But there is no question that the amount of 
coal we can burn per square foot is a highly important one. Once 
determined, it immediately fixes the cost of the boiler installation. 
The length of the stoker is fixed—that is, within the maximum 
limit. The width of the stoker, then, determines the amount of 
coal that can be burned under the boiler. In other words, in 
order to get the high ratings that we can get with pure boiler 
water we are limited only by the amount of coal we can burn. 
If we fix 35 ib. as the maximum for which we design the stoker, 
it means that we shall have to put in a much wider stoker and 
boiler, and, consequently, increase the cost. We are somewhat 
limited in the width of the stoker by the ease of getting at the 
fire on both sides, and we normally say 15 or 16 retorts wide is 
about as wide as we want to go. On that basis underfeed stokers 
will have difficulty in competing with pulverized fuel for the 
reason that it will require more boilers, or at least more boiler 
capacity. To compete successfully the underfeed stokers should 
burn up to 50 Ib. per sq. ft., and this and even greater fuel-burning 
rates are commonly guaranteed. 


R. L. Beers.’ Our company has an entirely different basis 
of rating single-retort stokers from what it has for those with 
multiple retorts, although the grate area may be the same. 
The dumping section of the stokers will burn a certain amount 
of coal, but not as high as over the retort. For one thing, in a 
single-retort stoker under small boilers there is good access to 
the fire, and coal can be burned at a fairly high rate over the 
dumping section. The dumping section is overfeed, and the 
air under pressure is regulated to the ashpit. The fireman can 
level off his fire, admit air to the ashpit, and take care of emer- 
gency periods and high peak loads. 

One point that was not brought out is that there seems to be a 
general feeling that chain-grate stokers are particularly suited to 
Western coals, but we should not overlook the multiple retort 
when properly installed and properly operated. One feature of 
it is that no arches are necessary. By exposing the full surface 
of the fuel bed to the boiler tubes, you keep down the furnace 
temperature and reduce the furnace maintenance as well as 
increase the efficiency. 

We find the personal factor is an important item to consider. 
One purchaser will ask for written guarantees for high capacity 


* Mechanical Engineer, Commonwealth Power Corporation, 
Jackson, Mich. Mem. A.S.M.E. 
* Vice-president in Charge of Engineering, Detroit Stoker Com- 


pany, Detroit, Mich. Assoc-Mem. A.S.M.E. 
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and will actually operate at light loads, whereas another will 
need all that he calls for. It is the duty of the stoker company 
to advise as much as possible. Where we can we investigate and 
study conditions for the plant and recommend the equipment 
that is best suited. 


Watrer T. Rirrer.” We are today getting into the stoker- 
izing of small plants. The statement that mechanical stokers 
are better than hand-operated stokers may apply to some, 
but not to all makes of the latter. 

To do the job correctly, we should first determine the basis 
on which we are going to select stoker equipment for the small 
boiler, 200 or 250 hp. and below, although between 200 and 300 
hp. we are on more or less argumentative ground. On what basis 
shall we select equipment for that sort of plant and on what basis 
compare or classify results for statements such as are contained 
in the paper? The real basis of comparison should be a dollars- 
and-cents return to the plant. For small units a hand stoker is 
really better in many cases—I might almost say in most cases, 
because on a good hand stoker the efficiency can be very high 
and can very closely approximate mechanical-stoker efficiency. 
The maintenance on a hand stoker, especially the one I have in 
mind, is very low. There is no power or steam required to drive 
it, so that the high efficiency obtained of around 70 and 72 per 
cent is net efficiency. There is no deduction for the amount of 
power—electrical in some mechanical stokers, steam in others-— 
for driving the stoker or fan from that efficiency. 

The labor saving on a small plant of that kind is about the 
same, whether it be mechanical or hand operated, because you 
cannot even in this enlightened day cut a man in half and save 
anything. 

The smokelessness of a real hand stoker is evidenced by the 
approval of smoke departments such as those in Cleveland, 
Chicago, or Minneapolis, and it entails a lower charge for interest 
and depreciation because of its lower first cost. 

It uses the same kind and size of coals, which means the same 
saving for either type in the purchase of fuel. It burns the fuel 
practically as efficiently as the mechanical stoker, so that the 
dollars-and-cents saving on the fuel is practically identical. 
It has the same smokeless feature, the same fuel saving, about 
the same labor saving, but lower upkeep charges, and the first 
cost is much less, with attendant lower interest and depreciation 
charges. Therefore the dollar-and-cents figures on the balance 
sheet will prove up in many cases the advantage of the hand- 
operated stoker. 


Joun Hunter.'! Having been closely associated with smoke- 
abatement work for the last three or four vears, I must take issue 
with Mr. Ritter, as it has been my experience that stokers of the 
type referred to will smoke very heavily at times of firing, when 
burning high-volatile coal of, say, 30 to 40 per cent volatile con- 
tent. 

The proper admission of overfire air is necessary to make these 
units smokeless, and as this is hardly possible and not generally 
done, it is my opinion that stoker equipment of this type should 
not be used where any effort is being made to control the smoke 
nuisance, 

The development that has been made in the small underfeed 
stoker is most interesting, and I believe that we must look par- 
ticularly to this type of equipment to assist in solving the smoke- 
abatement problem. 


JosepH F. SHapGen.'? In these meetings we all talk about 


1 Treasurer, Burke Engineering Company, Holland, Mich. Jun. 
A.S.M.E. 
11 Consulting Engineer, St. Louis, Mo. Mem. A.S.M.E 


12 Engineer, Smoot Engineering Corporation, New York, N. Y. 
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design and new construction, but seldom about the operation of 
existing equipment. I wish a little time could be devoted to 
the methods of operation of plants. Boiler rooms in particular 
are today complex installations with a multiplicity of apparatus. 
Therefore I wish these meetings could give more thought to 
the man who spends his hours, day in and day out, on the firing 
aisle trying to operate, to coordinate, to synchronize equipment 
which is far from being perfectly laid out and far from har- 
moniously designed. 

My experience and that of my associates has proved that an 
additional tool is necessary, and that real operation can only start 
after construction is completed. Coordination can only be 
based on facts, and the execution of any order must be checked 
carefully and immediately. Those fundamental principles of 
correct management are the guiding ideas of any machine-control 
system which have demonstrated their practical value and eco- 
nomic worth in a large number of modern boiler rooms during 
the past three to five years. 


AuTHOR’s CLOSURE 


Replying to Mr. Daniels, the author would say that his re- 
marks about 35 lb. of coal per square foot refer to maximum con- 
tinuous operation. 

Mr. Craig’s statement about its being the customer’s fault 
that he has too small stokers is too often true. Many persons 
buy things about which they do not know anything, and many 
salesmen will sell them. It is impossible to take care of plant 
conditions that are incorrectly prognosticated. If a man buys 
for 200 per cent continuous operation and runs at 90 per cent, it 
is not possible to take care of this rating. The best thing is to 
know what you are doing and allow a little leeway, and some- 
times a lot of leeway for what might happen. 

Regarding Mr. Stowe’s statement concerning the forced-draft 
chain grate, the author would say that he is not acquainted with 
Mr. Stowe’s stoker. He hopes to see one shortly, but on the 
present forced draft he has never yet been able to get any good 
results without the use of a water back. The chain will clog 
with ash at times, and the author has seen them clog up badly 
and has had to hook the clinker out irom the side door, a nasty 
job when the aisles are not sufficiently wide. 

As to burning out the ash in the rear end, he has always tried 
to seal off the air and burn by radiation. Due to the strati- 
fication of coal in the front end, “horns’’ stick out in certain 
parts of the stoker. When air is introduced the combustible 
does not burn out, but there will be excess air going through 
black spots. The only thing is to have long stokers, very little 
air in the next to the last compartment, none in the last, and 
burn out by radiation heat. 

Regarding Mr. Kleffel’s statement of fuel classification, the 
author tried to show where the stokers were adapted and for 
what types of fuel. Very often stokers succeed with fuels we 
think not suited for them. And then very often we think we can 
succeed with a fuel and do not. His statement would apply more 
particularly to putting in the stoker believed to be best adapted 
to the fuels at the ratings it is necessary to carry. 

Mr. Harrington always has something to say pertinent and 
instructive. However, his statement about the overfeed section 
goes a little far. Of course the same thing obtains on the single- 


retort stoker—a very small amount of underfeed relative to a 
large amount of overfeed. 

The author stated that the single-retort seemed better where 
the furnace width is larger than the furnace depth. In fact, on 
a 9-ft.-long single retort it is hard to get the fore-and-aft distri- 
bution correct. Mr. Harrington’s statement about guarantees is 
a very important point with the author. Guarantees do not 
make steam, and it is strange how one never seems to realize the 
guarantees; but as Dr. Hirshfeld said, “Human nature is human 
nature.” The average person will say, “I am guaranteed that,’ 
and that is hisanswer. It isstrange how different one’s operating 
results are from published tests. The author has seen wonderfu! 
tests and has made some good ones himself, but he would not 
like to run a stoker and maintain those results eight hours a day, 
six days a week. 

The author agrees with Dr. Hirshfeld’s remarks about having 
to fight for bigger stokers. In one of his last installations he sent 
back some bids and refused to accept them until they were 
made out for a larger stoker. They were trying to sell guaran- 
tees. 
Mr. Beers’ statement about the single-retort stoker’s burning 
out the coal on the dump grates is true. One can always stick 
a bar in and roust the grates, and when the door is opened the 
fire will burn from the forced draft to the ashpit. If a stoker is 
put in to do that, it will be one that is entirely too small. The 
author has even hand-fired them successfully, but that is not 
stoker operation. The dump grate is supposed to take care of the 
ash and not to be fuel-burning equipment. 

Mr. Ritter’s and Mr. Hunter’s controversy interested the 
author. The Burke stokers have done good work when properly 
adapted and used in the right position. It is necessary to adapt 
equipment to the work it has to do, and it has to be an economic 
piece of engineering, otherwise it is poor engineering. The author 
would not classify the Burke furnace as a stoker; it is neither a 
grate nor a stoker, but it has done some very good work under 
certain conditions here in Cleveland. 

Mr. Shadgen’s remarks on the poor fireman have been coming 
up for ten or fifteen years. He is burning a lot of money; he is 
usually uneducated; he is more or less instructed by the manu- 
facturers’ operators, and then left to do the best he can. 

If one is going to spend money on a boiler plant, even if it is 
only 150 hp., he ought to put in the proper instruments and 
controls to operate that boiler properly so that the fireman knows 
what he is doing, and also get a fireman who can understand 
it. The modern boiler-plant stoker is not a boiler plant—it is a 
machine; and it must have a trained machine operator, and he 
cannot run a plant by looking at his fire. Many years ago the 
author was a test engineer and used to run his test without a 
steam-flow meter, but now when he does operate he cannot 
get any results unless he has some instruments to tell him what 
he is doing and why he is doing it. It is necessary to put in the 
proper instruments and equipment. As to controls, these were 
mentioned in the paper. In a large plant it is necessary to put 
in an extensive type of controls, but as a rule in the average smal- 
ler plant the author prefers to leave the stoker operation to the 
fireman, getting the proper kind of fireman and giving him the 
necessary instruments to take care of the work and to know 
what he is doing. 
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Pulverized-Coal Firing of Marine Water- 
Tube Boilers 


Following Upon an Appreciation of the Results Secured in the Stationary Power-Plant Field 
With Pulverized Coal, a Series of Tests Were Conducted to Determine the Value 
of This Method of Firing to Marine Boilers 


By T. B. STILLMAN,' NEW YORK, N. Y. 


Tests tend to indicate that if satisfactory operating results are to 
be secured in using pulverized coal in the smaller furnaces available 
in marine practice, it is imperative that the fusing point of the ash 
in the coal burned be above the flame temperatures existing near the 
walls and boiler tubes and that the coal be finely pulverized. 


ing the past few years in the stationary power-plant 
field with pulverized coal, the marine department of the 
Babcock & Wilcox Company started a series of tests about a year 
ago to determine the value of the application of this method of 


\ PPRECIATING the importance of the results secured dur- 


which gave a maximum available draft at the uptake of about 
1.25 in. of water. 

The engineers of the Fuller Lehigh Company cooperated in 
these tests, and their experience, as well as previous knowledge 
of the art, proved of the greatest assistance. The No. 2 Fuller- 
Bonnot unit ball mill and the No. 7 Buffalo Forge exhaust fan 
used with the mill were supplied by the Fuller Lehigh Company. 
Both mill and fan were electrically driven, so that their power re- 
quirements could be readily and accurately determined, these 
being shown on Fig. 2. 

The earlier experiments were devoted primarily to the develop- 
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(Showing locatior of two burners and three doors for pulling ashes.) 


firing to marine boilers. The boiler used for these tests was a 
Babcock & Wilcox marine-type water-tube boiler located in the 
power plant of that company at Bayonne, N. J. The total 
boiler heating surface of this unit was 2755 sq. ft., the furnace- 
row tubes were 4-in., and the tubes above these 2-in. The boiler 
was fitted with a superheater having 254 sq. ft. of surface, this 
being located at the top of the first and second passes of the boiler, 
above the horizontal circulators. 

Fig. 1 shows the dimensions of the furnace used, as well as 
the location of the two pulverized-coal burners and the three 
doors used when pulling ashes from the furnace. The volume of 
the furnace was 250 cu. ft. The boiler was operated with natural 
draft at all times; however, there was a steam jet in the stack 


‘Marine Department, Babcock & Wilcox Company, Assoc- 
Mem. A.S.M.E. 


ment of a burner which would handle the necessary amount of 
coal in the small furnace available with an acceptable efficiency. 
During the development work seven or eight types of burners 
were made up and tried out before a satisfactory design was in- 
stalled. This final burner is shown in front view and section in 
Fig. 3. Its similarity in appearance and principle of operation to 
a mechanical type of oil burner may be noted, the hollow conical 
oil spray of that type of burner being replaced with a hollow 
conical coal spray secured by blowing the pulverized coal through 
the central pipe against the bladed impeller plate K. 

As there are times when a combination pulverized-coal and 
oil burner would be of value, an oil-atomizer connection was fitted 
through the elbow of the coal-conveying pipe, as shown, this 
making it possible to burn either fuel with no loss of time for 
the change-over. In lighting this burner in a cold furnace an 
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bo oil-soaked torch on the end of a wire may be used, regardless of 
7% the fuel employed. Fig. 4 is from a photograph taken of the 


two burner units in operation burning coal under the marine 
boiler at Bayonne. 

As there was no air heater on this boiler it was necessary to 
ais build a small steam-coil air heater to preheat the primary air going 
= to the mill to take care of the moisture in the coal. This small 
unit gave air temperatures entering the mill of between 150 
and 190 deg. fahr., depending upon the rating. By the time 
this primary air reached the burners, however, it was about 105 
deg. fahr., only a few degrees above room temperature, so it 
was unnecessary to make any allowance for it in the boiler-effi- 
ciency calculations. 

Data of some of the tests run in July and August, 1927, 
t are given in Table 1. In these tests the coal and water were 
ee weighed on calibrated scales, and all pressures and temperatures 
were taken with calibrated gages, thermometers, or pyrometers. 
The furnace temperatures recorded are averages of readings with 
an optical pyrometer taken at three points. Two samples of 
5 coal were taken for each test, one of the coal as it was weighed 
3 before going to the mill, and the other after leaving the mill. 
The British thermal units and moisture value of the former were 
used for calculating efficiencies, heat balances, etc., and the latter 
was used for fineness of the product from the mill. 


| | | | 
| | | 
| | 
| | 
7 | 
30+—— + + Fic. 4 Two Coat-BurNner Units OPERATION 
| | 
é — Samples were also taken of the furnace ash and of the dust in 

” © 20 the uptake gases, both of these being analyzed for percentage of 
nk 6 (| combustible and ash. The first two columns of Table 2 give 

=x 
representative proximate and ultimate analyses of the coals 
used, the first being the regular Bayonne power-plant coal, 
an the second being a special shipment of Pocahontas secured for 
ne | Exhauster | 
ea - ~ I ame | experimental purposes (used in tests of August 16 and 17). 
200 400 600 00 1000 200 400 500 Fig. 5 shows graphic ally the boiler effic it ne ies and uptake gas 
Pounds of Coal per Hour temperatures secured in these tests. Fig. 6 shows in the upper 
Fic. 2 Honsnsownn Inevue to No. 2 Bosmor Muz aun No.7 Ove the percentage of primary air used for conveying the coal 


BurraLo ForGE EXHAUSTER from the mill to the burners, and in the lower curve the percentage 


Fig. Marine-Type Putverizep-Coat BoILer 
- (Materials required for one burner: A, 5-in. long-radius elbow: B, cover plate; C, access-hole cover; D, air register; E, air doors; F, cam; G, air- 


“a door handle; H, pinion and bearing; AA, distance piece; K, impeller plate; L, handle for distance piece; M, bladed cone; N, coal tube; O, 5-in. standard 
2 Pipe; P, packing nut; R, oil-burner coupling; S, coupling yoke; 7, coupling studs; U, °/s-in. thumbscrews; V, °/s-in. hexagonal-head bolts and nuts; 
AB, mechanical atomizer; X, cam riders; Y %/\e-in. machine screws; half grids, oil-burner bricks, No. 188 studs, 5/s-in. hexagonal nuts for studs.) 
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TABLE COAL ANALYSES 
Dundon Pocahontas Run-of-mine 


gas slack, screened gas coal, 
Dundon, coal, Fleming, 

W. Va. W. Va. W. Va. 

ULTIMATE ANALYSIS OF Dry CoaL 
ee 1.39 1.18 1.33 
PROXIMATE ANALYSIS 

matter... 34.50 16.23 37.41 
0.78 0.59 4.53 
Fusing point of ash, deg. fahr.! 2710 2705 2020 


! Defined as softening temperature in A.S.T.M. Specification D-22-24. 
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of excess air used in the combustion of the coal. Fig. 7 is a 
graphical representation of the heat balances, showing distribu- 
tion of the heat fired in the coal. 

In the running of these tests the boiler was started on a Sunday 
night or a Monday morning and was continued in service until a 
Friday night. The first thing every morning, when the day 
shift came on, the furnace was cleaned of ashes, and the boiler 
and superheater were given a dusting with the Diamond soot 
blowers. Conditions would then be steadied for a test at the 
rate desired. Only one test was run per day. The night shift 
did no testing, but operated the boiler at a given rate (usually 
about 800 to 1000 Ib. of coal per hour) and recorded the weight 
of coal burned. In this way a record was secured of the total 
coal fired during the week. The ash removed from the furnace 
every morning was weighed, resulting in the figures given in 
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Table 3, these showing that between 13 and 21 per cent of the 
ash fired in the coal remained in the furnace, the rest of the ash 
passing through the boiler to the uptake. 

At all times during the tests the top of the stack showed a 
light, almost white, discharge which consisted of fine ash. No 
smoke was made by the burners used in the tests until the CO, 
exceeded 17 per cent, when a distinct color became visible at the 
top of the stack. If the air was reduced still further, heavy 
black smoke was made and the burners showed a tendency 
to start pulsating. 

The percentage of excess air used for combustion was main- 
tained at approximately 35 per cent (13'/2 per cent CO.) as pre- 
liminary experiments had shown that a higher amount of CO, did 
not appreciably effect the boiler efficiency, but on the contrary 
did increase the operating difficulties with furnace slag, especially 
at the higher rates. As the furnace temperatures approached 
the fusing point of the ash in the coal, the slag began to strike 
and stick to the tubes at the bottom of the first pass and gradu- 
ally bridge across them, shutting off the gas opening from the 
furnace. By running with 35 per cent excess air the furnace tem- 
peratures were kept at a point where the slag gave no trouble 
from this source. In a similar manner the excess air used assisted 
in preventing the ash in the furnace from fusing with or adher- 
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ing to the furnace brickwork, a condition that occurred when thie 
excess air was reduced too much. 

The rate at which slag built up on the tubes was also dependent 
upon the fineness of pulverization of the coal; the coarser the 
coal, the greater the amount of slag deposit. The fineness of the 
coal also had an appreciable effect upon the speed of combustion, 
which is an item of importance in the small furnaces used in 
marine work. Reference to the increasing ‘radiation and unac- 
counted for” losses with rating, shown in Fig. 7, clearly brings 
out this point, the fineness of the coal having fallen from about 
90 per cent through a 200-mesh screen at the 2.0-Ib. per sq. /t. 
of heating surface rate to about 70 per cent through a 200-mesh 
screen at the 5.5-lb. rate. Too much emphasis cannot be placed 
upon the importance of fine pulverization of the coal to be used 


TABLE 3 WEIGHTS AND PERCENTAGES OF FURNACE ASII 


7/21-22 7/25-29 8/2-6 8/10-12 8/1619 
Number of hours of 

operation........ 12.60 106.33 77.33 53.78 77.00 
Total wet coal fired, ” 

14,245 95,464 62,684 50,617 74,505 
Average per cent of 

ash in coal....... 14.76 66 12.17 .98 9.23 


11. 13 
Total ash in coal, Ib. 2102.6 = 11,131.1 7650.5 7076.3 6876 5 
Total slag removed 


from furnace, Ib. . 450 2070 1060 904 1373 
Average per cent of 
ash in slag....... 99.75 99.75 99.72 99.55 99.98 


Total ash in slag re- 
moved from fur- 
448.9 2064.8 1057.0 899.9 1372.7 
Percentage of total 
ash fired remain- 
ing in furnace... . 21.34 18.55. 13.82 12.72 19.96 
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in the small furnaces available in marine work, both from a slag 
and boiler efficiency point of view. 

The removal of the ashes from the furnace each morning was 
a relatively simple operation during these tests, an ordinary 
hoe and devil’s claw being used. The ash which had lodged in 
the corners and on the floor was in a porous, coral-like formation, 
which was readily dislodged and removed through the three 
clean-out doors provided in the furnace front plate. The burners 
were not shut down while this was being done, as experience 
showed that the ash came out best when both burners were kept 
in operation at a reduced rate (about 300 lb. of coal per burner 
per hour). The removal of the ashes from the furnace is un- 
doubtedly a hot, dusty operation, but as it would never have to 
be done oftener than once every 24 hours, and usually less often 
than that, it need not be regarded as a serious matter in the burn- 
ing of pulverized coal in marine water-tube-boiler installations. 
After the ashes are out on the floor they may be disposed of with 
ash ejectors in the usual way. 

The appearance of the flame in the furnace during these tests 
was excellent, and more attractive in some respects than that 
secured with oil. The flame was short and well distributed 
through the furnace, and sufficiently clear so that when looking 
through a blue-glass peephole in the rear wall parts of the burner 
could be seen, thus forcibly illustrating the high speed of com- 
bustion being secured with these burners. 

During the tests no difficulty was encountered in handling 
the ash in the furnace. The slagging on the furnace-row tubes 
did not appear as a factor until rates in excess of 80,000 B.t.u. 
per cubic foot of furnace volume, with 14 per cent CO, in the 
products of combustion, were reached. In that zone and above, 
the furnace was very quickly shut down by the bottom of the 
first pass slagging over solid from tube to tube. As may be noted 
in Table 2, the fusing points of the coals used during the tests 
were relatively high (approximately 2700 deg. fahr.), and ac- 
cordingly some special coal having a low fusing point was secured, 
the analysis of this coal being shown in the third column of Table 
2. With this coal the slag problem became so serious that satis- 
factory operation was impossible. It not only stuck to the tubes 
at the bottom of the first pass, dripping from them in long stream- 
ers, but also ran down the walls and settled in a plastic mass on 
the floor, this mass being impossible to handle until the boiler 
was shut down. It was then chopped out with hammers and 
chisels. Had it been possible to have a higher furnace, tapping 
of the molten slag could have been resorted to, but neither of 
these procedures is practicable in the average marine installation. 

From the foregoing the conclusion has been reached that if 
satisfactory operating results are to be secured it is not only de- 
sirable but imperative that in using pulverized coal in the small 
furnaces available in marine practice the fusing point of the ash 
in the coal burned be above the flame temperatures existing near 
the walls and boiler tubes, and that the coal be finely pulverized. 

Although the boiler efficiencies that may be secured with pul- 
verized coal under marine water-tube boilers are high compared to 
those possible with hand firing, the power required to secure these 
results should be taken into consideration. As the average size 
of marine boilers in use today in the merchant service is very 
much less than that in modern central stations, correspondingly 
small unit mills will be necessary, these requiring proportionately 
larger amounts of power per pound of coal burned. As auxiliary 
power on a ship is frequently developed in small and inefficient 
generators and separately driven steam units, the steam consump- 
tion for this auxiliary power is relatively high. Unless care is 
taken in the ease of pulverized-coal installations to generate 
the power required for them in a modern and efficient manner, it 
is very easy to have the overall efficiency of the ship little better 
than that of a well-operated hand-fired installation, and one of the 
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principal benefits to be expected from the use of pulverized 
coal aboard ship will be lost. 

To date the mills which have proved most satisfactory in 
marine service have been of the unit-ball-mill type. While 
very dependable over long periods of time, this type of mill is 
heavy and bulky, two serious disadvantages from a marine point 
of view. Appreciating the importance of this, the Fuller Lehigh 
Company has been working on this problem and with signal suc- 
cess. At this writing they have a new design of mill in operation 
in their plant that has just undergone a series of tests, these tests 
showing that it retains all of the rugged and dependable advan- 
tages of the ball type while utilizing one-fifth of the floor space, 
one-eighth the weight, and requiring one-half the power for a 
given coal output of a given degree of fineness. 

The importance of such a development from a marine point of 
view cannot be overemphasized, as it will mean the use of a 
thoroughly dependable unit, unaffected by tramp iron or similar 
foreign matter in the coal, compact enough to go in the average 
marine fireroom without moving bulkheads, and so efficient that 
its power requirements will not be a serious drain on the coal 
pile. This design has a further advantage in that the pulverized- 
coal stream does not pass through the primary air fan, an impor- 
tant item from the point of view of life of this fan. 

In conclusion it may be said that sufficient engineering work has 
been completed to assure the satisfactory operation over long 
periods of time of a marine pulverized-coal installation, provided 
care is taken in the type of apparatus installed and the quality 
of coal burned. Replacing hand firing on shipboard with prop- 
erly installed pulverized-coal-burning equipment not only results 
in a reduction in the amount of coal burned for a given horsepower 
output, but also reduces the number of men required in the fire- 
room and creates a willingness on the part of those remaining to 
become efficient in their duties and remain with a ship in which 
the manual labor of hand firing has been eliminated. 


Discussion 


Earu L. Lannert.?. The author spoke of running a high CO, 
and then getting a slagging action. This would be influenced 
by water-cooled walls and by the size of the combustion chamber. 
I should like to know if a curve was obtained showing the pos- 
sible CO, with coal with a different fusion temperature of the 
ash; for instance, if the coal had a fusion of 2300 deg., what CO, 
could be carried, and also with 2500 deg., and so forth. 


GeorGeE A. Ricuarpson.*? A question has been raised as to 
the manner of ash disposal. It has been suggested that there is 
a possibility that the ash can be eliminated at the burner and 
that it would be necessary to depend on the fusing point of the 
ash. If one is dependent upon coal with an ash content of 
certain fusing point, that immediately raises the matter of buying 
on specification. That would limit very materially, in certain 
classes of service, the availability of pulverized coal in marine 
installations because it would not be possible to buy on speci- 
fication in a great many parts of the world. What is the trend 
of development going to be in handling this situation? 

Is it possible in the present state of development to successfully 
adapt pulverized-coal-burning equipment to existing installa- 
tions? With a new installation, the equipment can be designed 
to meet the best conditions. 


Georce C. Squier.‘ There is usually a lot of unoperative 
space in a furnace. It is unreasonable to consider this matter 
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purely from a mechanical point of view as there is involved a 
problem in chemistry. In a flame these are undoubtedly carbon 
atoms unsatisfied owing to the lack of oxygen at the particular 
point, and to assume that this unsatisfied molecule carbon is to be 
furnished with its complement of oxygen in the length of time 
allowed is expecting the impossible. 

As to the matter of slagging on the tubes. The writer recently 
had the opportunity of investigating this matter in a 1000-hp. 
boiler in a large electric-light plant. Up to 300 per cent of rating 
very little trouble was encountered. Above this rating the slag- 
ging was of considerable importance. The management con- 
tended that the fusing point of the coal should be greater. The 
writer's contention was that this was not necessarily so and 
that they were not considering the basic cause of their trouble. 
Experimentally a coal was substituted with 250 deg. less fusing 
point and of greater attritive power, and from reports made the 
change was considered favorably. The answer was this: With 
a better degree of attrition a shorter flame travel was secured 
which allowed a layer of air to exist between the flame and the 
ash, and from this the chemical constituents of the ash were 
permitted to go into a better degree of oxidization. The writer 
does not concur with the author as to there being a selective oxi- 
dization. He does not concur with the author as to there being 
a selective oxidizing between the ash and carbon. He is of the 
opinion that the silicon alumina, and iron of the ash will take 
up oxygen provided the oxygen is present. 

The writer recently had another instance of the same char- 
acter. Optical-pyrometer observation of temperature of the 
molten ash at the bottom of the furnace was 1900 deg.; the fusing 
point was known to be 4500 deg. 


Lincotn T. Work.’ In connection with the slagging problem 
of ash, the writer thinks that it is just on the edge of a very real 
and very vital problem in ceramics. The ash test for fusing 
point is performed after burning out all the sulphide or pyrite, 
and after burning all the carbon. Those two things can play 
quite an important part in changing the melting point of the 
ash. In other words, in the test there is run the fusing point 
of ferric-oxide alumina and silica primarily. In actual practice 
there may be encountered a case where a small amount of carbon 
has reduced the ferric oxide to ferrous oxide, and that is a new 
mixture. It is going to change the melting point. 

In addition, the sulphide itself or any of the sulphates that may 
have been formed from the oxidation are going to be present for 
a while until the heat has caused them to be driven out. That 
may change the melting point. So there is a possibility of 
getting a plastic ash below the temperature recorded in the 
actual test of the fusing point of the ash. 

If the writer may shift from that phase of the problem and 
discuss something of the slag-forming tendencies in these fur- 
naces, there are two factors that have impressed him greatly 
about the tendencies to form slag, one being the wall tempera- 
ture itself and the other the condition in the burners. 

The writer had occasion to mention, in connection with burn- 
ers for unit pulverizers, the fact that the flow of the different 
particles in the flame has an important bearing. One of the 
examples that he cited in his own paper showed an installation 
running a rather fine coal—in fact, it was one of the finer coals in 
commercial operation—and yet there was an incrustation on the 
side walls of that unit which really should not have existed. It 
lay in the nature of the burner itself. The burner had a flare 
action that did not properly provide for the coarse particles of 
the coal, and in that particular flare-type burner apparently it 
was throwing the coarse particles out and not keeping them in 
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the flame. Those coarse particles ignited and became red hot, 
and before they had a chance to cool they struck the side walls. 
Needless to say, those particles were at a fairly high temperature 
when they struck the walls, and they had in addition not the 
fusing point of the pure decarbonized ash, but the fusing point 
of a mixture of carbon and ash of which very little is known. 
In addition to that, if the writer’s recollection serves exactly, 
the walls were not air-cooled before the particles reached those 
walls. If the walls or floor are air-cooled, it is found that the 
first ash which settles out is chilled, at least upon the surface, 
before it touches the walls, and becomes dusty ash; later, the 
surface of the ash may fuse over, as is occasionally found in 
practice. The surface fusion makes a difficult problem in re- 
moving the ash that has accrued after an insulating layer of 
fine dust has been built up, but that layer serves to protect the 
refractory; so it sometimes serves a useful purpose in the slagging 
question. 

A scheme analogous to sweeping the mill with CO, atmosphere 
is to heat the coal to a temperature where the first gases begin to 
come off, but before it actually starts coking. In that prelimi- 
nary treatment of the coal there is an oxidizing action that 
probably comes from the oxygen in the interstices which leaves 
a film of inert gas, so that with further grinding, there is no 
spontaneous combustion. 

The writer made an experiment in that connection in which 
a coal which was spontanecusly combustible in the oven was 
cooled after removing from the oven. Then after allowing it 
to stand in the air and again putting it into the oven, there was 
no longer a spontaneous tendency. 


H. N. Hosarr.* The writer’s company is very much inter- 
ested in this pulverized-coal proposition. Of course, it has a 
special outfit. It does nothing but tugging. Its space is very 
small, and its powers are large compared to the size of the vessel. 

Its operation will average six hours out of twenty-four; the 
remainder of the time it is standing-by. Its problem is as to 
how it can hold steam during the eighteen hours of stand-by 
time. 


H. G. Lykxen.’? The writer’s company is in the pulverized- 
coal (‘‘Unipulvo” system) business, but has had no experience 
with the marine-type boiler except the single-flue dry back, and 
that somewhat limited. It did run some very interesting experi- 
ments on such a boiler having a 42-in. flue 12 ft. long, a turbulent- 
type burner being used. 

Four rings of carborundum brick 9 in. long, making a lining 
36 in. long, were installed in the front end of the flue. The brick 
were laid flat, making the lining 2!/2 in. thick. Carborundum is 
transparent to radiant heat, and with fairly good contact with 
the metal it was assumed that the temperature on the fire side 
did not exceed 1800 deg. fahr. 

Illinois coal was used and there was no slagging in any part 
of the flue. A number of 8-hour tests were run at various ratings 
ranging from 200 lb. to 1000 Ib. of coal per hour. Good flame 
was obtained with a coal input of 200 Ib. per hour, although 
the efficiency at higher ratings was better. The efficiencies on 
the whole were good. No preheated air was available which, 
in the writer’s opinion, would have improved conditions mate- 
rially. 

In the matter of stand-by service, the company encountered 
that a good deal in other types of boilers. While it did not try 
it in this case, it is possible to operate at ratings a great deal 
below the minimum at which a flame can be maintained by opera- 
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ting the pulverizers intermittently. If a good burner is used 
it can be lighted almost as readily as an oil burner. If the 
steam pressure can be varied, the boiler can then be operated by 
starting the fire, running the pressure up to maximum, and shut- 
ting down until the steam drops back to minimum. 

The company has a large number of heating plants operating 
on pulverized coal where the summer load is extremely low. In 
some cases pulverizers are started only five or six times during 
the 24 hours. 

On shipboard it may be desirable to carry a small oil supply 
to get one boiler up to pressure, if the whole plant is down, but 
there should be no difficulty in maintaining the plant after the 
boilers are up to pressure sufficiently to furnish power for the 
pulverizers. 

The writer thinks there is no question in the matter of success- 
ful burning of pulverized coal in the Scotch marine boiler. 
There may yet be some details to be worked out and considerable 
development necessary to get the best type of mill for marine 
service, but the matter is now far enough along so that there 
should be no hesitancy on the part of the operators on the 
Great Lakes to make an experimental installation. Even in the 
present state of the art, they are warranted in expecting success 
almost from the start. 


Siras Hunter.* The danger of doing away with the wrong 
impression is very likely to take place, and the writer wants 
to caution every one that we know very little yet. We started 
20) years ago with steam boilers and stokers, and blundered along 
blindly, and some four or five years ago there was an effort made to 
do what was called research work. The further we went into 
it the more we realized that no one knew very much about the 
subject, and up to the present there has been about $100,000 
spent in this research work. 

We have the Bureau of Standards at Columbus, and the De- 
partment of Interior Bureau of Mines, and probably a hundred 
different organizations and plants throughout the United States 
collecting data, but the trouble is we cannot get the correct data. 

A man says, “I have two boilers here; they are alike; this 
brick wall and this plate go all to pieces in one boiler but do not 
in the other. What is the cause?” The cause is that the two 
boilers are not working under the same conditions, and it is 
impossible to get correct data and then compile it. 

The writer doubts if there is any one who can give us a positive 
statement on how to make a proper firebrick and of what size 
and whether it is advisable to put plastic on the outside to 
stop the air from coming in. One man will say, “I want the 
air to come in and cool it.”’ 

We do not know how to burn the brick; we do not know how 
to hold it together; we do not know many things. We know 
What is the correct position of a brick wall. There are hardly 
two ships alike; you do not get fuel alike; you do not get men 
alike, and the slightest difference or the least slip results disas- 
trously. 

In one experience with a stoker the writer watched it and 
finally got it so that the steam gage was held motionless, and 
then left orders that nothing should be touched unless he was 
called. The steam commenced to go down and he was called. 
He went to the firehole and asked who changed anything. No 
change had been made anywhere, and the steam was still going 
down. Everything seemed to be perfect and he could not de- 
termine why the steam should go down. On looking in at the 
fires he found that excess air was present at the back end of the 
stokers, and said, “The only thing we can do is to fire heavier. 
W hy should that be?” And the man who was filling the hopper 
said, “I know; there is something the matter with the coal. 
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The coal does not weigh half as much per shovelful.” So it was 
found that although the coal appeared uniform, they had run 
into 50 or 100 tons of a light volatile coal; after that scales were 
secured and the coal weighed in order to determine how high to 
make the gate and how high a fire to carry. 


AuTHOR’s CLOSURE 

We made some experiments along the lines that Mr. Lannert 
mentioned. We worked up to pretty high rates with the CO, 
down to 12 per cent; but we did not plot any data to show a 
relation between CO, and furnace temperature. We did, how- 
ever, try to run at high rates with low-fusing-point coal (2100 
deg.); and once we tried to run at 10 per cent CO», and in doing 
so we blew the fire out. If we came down low enough with 
the CO, to stop the slagging, we put the fire out; if we kept 
the furnace hot enough to keep the fire going, we slagged up. 
We have no tabulated data showing the relation between CO, 
and furnace temperature, but we can say that the fusing point 
of your ash must be kept above the temperature existing near 
the walls or near the tubes. The ash has got to be granular 
when it strikes these to avoid trouble. 

Mr. Jansson asks if the condition of the ash depended on the 
coal. It did, first in the firing point and second in the fineness 
of the grind of the coal. 

We can successfully adapt pulverized-coal-burning equipment 
to existing installations. It will be recalled that on the Mercer 
they did not have room in front of the Scotch boilers to get 
their mills in, and had to move the bulkhead to get space for 
them—one reason for this was the use of the ball-type mill. 

We made a study for a similar ship for the Shipping Board, 
using the 20-in.-table mill described in the paper, in which we 
were able to put those in front of the boilers without moving the 
bulkhead, which is a very important item. A conversion of 
this type can be made; these details have been worked out. 

In connection with the point about operating in port on pul- 
verized coal, the principal thing against it is the commercial 
feature. It does not pay to run the mills, to start them up and 
shut them down frequently to meet stand-by conditions, as almost 
the entire output of the boiler goes into the mills and fans, 
and it does not pay. If you have a small oil connection, the 
power load for atomizing this fuel is practically nothing, and it 
is an economic proposition to use it to meet this condition. 

As to Mr. Hobart’s problem, in that connection we shall have 
to keep in mind that a mill cannot be run below a certain point. 
For example, if it is desired to keep up steam we cannot run the 
average small mill much under 300 or 400 lb. of coal per hour. 
The steamer /ilinois, at present running on pulverized coal, 
has taken care of the stand-by situation by using oil. They 
inserted a steam atomizer under each boiler, and every time they 
stop the ship they shut down the mill entirely. Up to the present 
I know of no pulverized-coal job either operating or proposed that 
is not figuring on using oil or hand-fired coal for stand-by. 

H. B. Pearson, of the Pulverizer Department of the Bethlehem 
Steel Company, says that there is a possibility of what might 
be termed a unit bin system, where only a small portion of coal 
would be prepared and held in storage for stand-by service. Mr. 
Jefferson of the Shipping Board had considered a system like 
that in the early stages of the work, but he has not considered 
going any further with it. An argument he had against it, 
assuming that it would be allowed on shipboard, was that it 
was too complicated to get in the ship. 

G. M. 8S. Tait® asks if anyone has tried the use of carbon 
dioxide in the bunkers. They did on a ship in Australia. 

As to the use of coke in the pulverizers instead of coal, it has 
been tried in stationary use, but not in marine. Coke is a very 
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unsatisfactory fuel for shipping work on account of the bunker 
capacity acquired for a given tonnage. 

In connection with experiments on the length of flame from 
various coals, we did not go very low in our volatile—only 17 
per cent. The appearance of the flame is clearer with the low- 
than with the high-volatile coals. We could not go much below 
17 per cent if we wanted to, because in starting up the 17 per cent 
volatile coal we had to keep the oil on the burner until the furnace 


was heated, otherwise the coal flame went out in the small fur- 
nace. If a larger furnace had been used with the flame further 
from the tubes, it would have been a different story. The large 
furnaces used in stationary practice for burning anthracite is an 
indication of this. As the furnace was only 6 ft. long, that may 
be regarded as the length of our flame under maximum operat- 
ing conditions, as at no time did we have visible flame in the 
tube bank, only incandescent gases. 
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The Economic Status of Oil as a Fuel for 


Marine Service 


It Is the Ideal Combustible, but Is Not Capable of Universal Adoption, Especially Where Net 
Operating Costs Are a First Consideration 
By GEORGE ATWELL RICHARDSON,'! BETHLEHEM, PA. 


There have been no developments in oil-burning equipment for 
two or three years. Reasonable furnace efficiencies have been 
reached, and no great incentive exists for improving equipment. 
What has been accomplished has been in furnace design. Despite 
its advantages, oil is not capable of universal adoption from an 
economic standpoint. 


methods of handling. It can be treated from the purely 

historical and technical standpoints and a very complete 
and interesting account be given of the development of the use of 
fuel oil in marine service, or it can be looked at in the light of its 
economic status. I believe that the second method is the better, 
for the following reasons: 

1 There have been no developments in oil-burning practice for 
two or three years. Reasonable furnace efficiencies have been 
reached, and no great incentive exists for improving oil-burning 
equipment. What little has been accomplished has been along 
the lines of furnace design. Operating data and descriptions of 
equipment are readily available. 

2 The subject of prime importance is the economical avail- 
ability of the types of fuels obtainable. Technical details of 
equipment are of interest only as they indicate the practicability 
of the application of the fuel to a given purpose. 

3 To a large extent net operating costs decide the fuel or the 
method of using it. Some assume that operating efficiencies 
determine this. 

All other things equal, oil is the ideal fuel and far superior to 
anything else that is readily available. In the statement “all 
other things equal” is the crux of the situation. Unfortunately 
other things are not equal, and despite its advantages and the 
belief of many enthusiasts, oil is not capable of universal adoption 
from an economic standpoint. There are many instances where 
its use cannot be recommended if net operating costs are a first 
consideration. 

No general statement as to the advantages of oil firing can be 
made. Each case presents an individual problem, the answer 
depending on a number of factors. Up to date it has been diffi- 
cult to make out a case for oil or powdered coal or mechanical 
handling solely from the standpoint of fuel cost. 

In order to clarify my position in making such a statement, 
permit me to say that the organization I represent is interested 
in the fuel situation from all angles. It manufactures oil-burning 
equipment, equipment that can be used in pulverized installa- 
tions, and Diesel engines, and at the same time is a user of fuels 
in exceedingly large quantities. An important unit of our or- 
ganization is one of the foremost shipbuilding plants. Every 
effort is made to give the owner the advantage of the best engi- 
neering possible. This means that when it comes to the boiler 
room, decisions as to the nature of the fuel and the methods of 
its application must be made on the basis of what will be most ad- 
vantageous to him. 


fy subject of oil firing of marine boilers admits of several 
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Another angle is that while the problems of marine installations 
are different from those of land operations there are many things 
in common. The fuel problem is a very important one in its 
bearing on the costs of producing materials, and the individual 
considerations govern to a large extent in the choice of fuel and 
equipment. 

Oil as a fuel under boilers has been used many years and its 
possibilities were visualized still earlier. One of the first me- 
chanical atomizing devices was patented about 1888. In the 
beginnings, however, burners of the true mechanical atomizing 
type were not available and those on the market were known as 
the outside mixing type. Steam was used for atomization and the 
burners were exceedingly crude. About 25 years ago the steam- 
ship Enterprise of the Matson Line, equipped with burners of 
this type, set out from San Francisco for Honolulu with 3000 
barrels of oil in her bunkers. It is my understanding that this 
was the first offshore ship using fuel oil. 

Steam as an atomizing agent in the marine field has a decided 
disadvantage. Its use means the consumption and loss of fresh 
water. This resulted in the gradual development of the modern 
type of mechanical atomizing burner, in which everything has 
been done, not only to insure the thorough atomizing or breaking 
up of the oil, but also the admission of the proper quantity of air 
for complete combustion. Nearly all ships today, both offshore 
and coastwise, are equipped with fuel-burning installations of 
this type. In the marine oil-burning field it is safe to say that 
more than 90 per cent of the burners atomize by mechanical means. 

At the present time oil-burning ships are in the majority. In 
1920 the American Bureau of Shipping said, ‘Approximately 
56 per cent of the present American self-propelled merchant 
fleet consists of oil-burning vessels.” Lloyd’s is authority for 
the statement that 58 per cent of the deep-sea tonnage built in 
British shipyards for the year ending June 30, 1921, was equipped 
for oil burning, and this figure did not include vessels that were 
converted from a time when oil was rapidly succeeding coal. 
I have made no attempt to get more recent figures. We know 
that considerable has been done in recent years in the develop- 
ment and increased use of Diesel engines and that other advances 
have been made. 

At present the ship owner has available the following methods 
of handling his fuel problem: (1) Handfiring of coal. (2) Coal 
firing with the aid of automatic stokers. (3) The use of pulver- 
ized coal; this is the newest possibility and one that is still more 
or less in the experimental stage. (4) Oil used as fuel under 
the boilers. (5) Oil used through the medium of internal-com- 
bustion engines of the Diesel type. 

Each of these methods has its advantages and its disad- 
vantages. With the exception of automatic stokers and powd- 
ered coal all have been thoroughly tried out and their possibili- 
ties are known. Undoubtedly powdered coal is destined to play 
a very important part in the near future. Pulverized-coal in- 
stallations, however, are still such a new proposition that there 
is big room for improvement. 

While net operating costs are of great importance, this is not 
the only factor to be considered in installing a system. The 
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requirements of the individual service may call for the use of a 
given fuel or method regardless of the increased cost. 

In discussing the use of oil under marine boilers it will aid in 
arriving at definite conclusions if the main advantages and disad- 
vantages are reviewed and compared with those of other methods 
of utilizing available fuels. Let us follow the fuel through the 
stages of handling and using. This will give for a starting point. 

1 Potential Supply. For years the available supply of oil 
has been much discussed. There seems good reason to believe 
that it will be many years before the point of exhaustion is 
reached. 

2 Availability. Here is a more important consideration. 
Bunker coal can be obtained in almost all parts of the world. 
This does not hold true in the case of oil. Offsetting this dis- 
advantage, however, is the fact that when oil is used a larger 
supply can be carried. 

3 Cost. This is the first cost or actual selling price of the fuel. 
The cost of oil in recent years has varied considerably. At pres- 
ent oil is very cheap. As long as the market for refined oil con- 
tinues to increase there will be a plentiful supply of bunker oil. 
Whether it is economical to use oil from the standpoint of fuel 
cost will depend largely on the nature of the service a vessel is 
engaged in. For instance, a vessel plying between the East and 
the West Coasts can buy oil at a very reasonable price, and it is 
unnecessary to carry a large supply to the exclusion of cargo. 
If coal is used, the only cheap place to buy it is on the East 
Coast, and it becomes necessary to secure enough for the round 
trip. This in turn cuts the cargo space. On the other hand, if 
the vessel keeps on the East Coast, coal can be obtained at such 
a low price that there is little opportunity to save by use of oil. 
In this connection we must not overlook the Diesel engine. 
Diesel fuel oils run from 10 to 60 per cent higher in price than 
ordinary fuel oil. Hence, the reduced fuel consumption may 
be somewhat offset by a higher cost. The inducement to 
install a Diesel engine is frequently small except in the case of 
vessels intended for long voyages where fuel points are few and 
far between. This is particularly so with vessels carrying a cargo 
of such cubical nature as to be fully loaded without approaching 
maximum allowable draft. Such vessels cannot utilize the weight 
savings which result from the lessened weight required for Diesel- 
driven ships for the carriage of additional revenue-producing 
cargo. 

4 Grades. Variations in grades and quality occur both in 
oil and coal. Where higher grade oils are available much better 
results are being obtained. In coal such variations are particu- 
larly noticeable when used in the pulverized form. As an ex- 
ample, in the winter months coal loaded in the north is usually 
mixed with snow and ice and has a high moisture content that 
introduces difficulties. Again, the coals obtained around Halifax 
are generally Nova Scotian coals from Sydney, Cape Breton, and 
are of the cannel type. These have a very high volatile content, 
and the flame ignites and handles much as an oil flame. Eastern 
oils vary from Western oils. 

5 Ease of Handling. This is from the standpoint of loading. 
One advantage of oil is the facility with which it can be handled. 
It is cheaper and cleaner to put oil into the tanks through a pipe 
than to load and trim coal into bunkers by dumping and shovel- 
ing. A typical example is the White Star steamer Olympic, 
converted from coal to oil about six years ago, and at that time 
the largest British-built passenger ship afloat. It required about 
9600 hours’ labor for coaling, and everything had to give place 
to this operation, which took from four to five days’ time. With 
oil the loading was done in eight hours, with the labor of ten men, 
or 80 hours’ labor. There was no dust or dirt nor interference 
with other work. Bunkering at sea, particularly valuable for 
warships, can be done through flexible tubes, even in quite heavy 


weather. The elimination of coal dirt and dust effects savings in 
operating costs. 

6 Convenience of Storage. Much less bunker space is required 
when oil is used. Considering the heat values of oil and coal— 
that one ton of oil equals 1.5 tons of coal—only 40 cu. ft. of 
storage space will be required for oil as compared to 66 cu. ft. for 
coal. Oil can be stored in places not suitable for coal, the oil 
tanks being in double bottoms, in ballast tanks, or in spaces 
now useless. 

7 Labor Required in Fire Room. It is getting more and more 
difficult to get men to fire boilers with coal by hand. Shipowners 
are led to consider the installation of some method of firing that 
will eliminate manual labor. The savings would of course vary 
with the size of the installation. On the steamer mentioned 246 
firemen were carried, whereas when oil was used only 60 men were 
required, and the men worked under healthy and comfortable 
conditions. Pulverized coal, which is handled practically the 
same as oil after it reaches the burners, will compare favorably in 
reducing the working force, and the same holds true of furnaces 
fired with automatic stokers. 

8 Fire Room Advantages. The use of oil eliminates ashes and 
dirty fires, which means a saving in ash-handling equipment. 
It reduces stand-by losses, because fires are readily started and 
steam raised quickly. The ease of oil control permits of handling 
sudden variations in power required from the boilers. Space 
hitherto required for working fires is reduced to some extent. 
Good combustion is insured because of the ease with which the 
proportions of air and fuel may be controlled. Efficiency is 
usually greater than with any other form of fuel. Another ad- 
vantage of oil fuel is that frequent cleaning of fires is eliminated, 
which in the case of coal causes a fluctuation in pressure and a 
reduction in speed. 

9 Cleanliness on Shipboard. The use of oil means the elimina- 
tion of cinders and the reduction of smoke. In passenger vessels 
this may be a controlling factor in the selection of fuel. 

10 Boiler Efficiencies. Higher boiler efficiencies can be ob- 
tained with oil than with powdered coal, but in economic effi- 
ciency powdered coal may make a better showing, depending upon 
the relative cost. 

11 Danger. In the use of oil there is danger from vapor caused 
by leakage into the bilges. There is also the danger of oil leaking 
into the steam side of the heater and entering the boilers. With 
proper precautions these dangers can be overcome. A fire 
hazard also exists with pulverized fuel. 

12 Effects of Sulphur. The high sulphur content of certain 
oils is alleged as a drawback. In practice the injurious effects 
are no greater than from coal of the same sulphur content. 

The foregoing are the important things in the use of fuel oil. 
The impression left in one’s mind is that oil is an excellent fuel, 
but just where does it actually stand? 

In the last few years many enthusiasts have felt that the Diesel 
engine would rapidly assume the place of dominant importance. 
This type of engine has distinct advantages, particularly in size 
of installation, which releases cargo space, and in economy of 
operation, due to the small amount of fuel required. Unifor- 
tunately, the initial cost is very high and the difference in fuel 
cost offsets many of the savings. 

Let us consider a 3000-hp. job, 80 per cent of the ocean ships 
averaging 3000 hp. and practically the whole of the world’s tonnage 
being between 2000 and 4000 hp. A Diesel engine uses approxi- 
mately '/, lb. of oil per shaft horsepower for all purposes. A 
modern steam plant, one equipped with superheaters, etc., uses 
0.85 Ib. of oil per shaft horsepower and the old type of stcam 
plant about 1.1 Ib. On the East Coast Diesel oil is selling at 
about $2.50 per barrel, while Bunker C fuel oil is selling at $1.50. 
The cost of fuel per horsepower in a Diesel engine and in a modern 
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steam plant may be considered as being nearly the same. 

The reason so many foreign vessels are being equipped with 
Diesel engines is that their governments loan money to ship 
owners on a 2 per cent basis, whereas in this country the ship 
owner has to pay from 4 to 6 per cent. 

As for powdered coal it may or may not prove cheaper than oil. 
Some very high boiler efficiencies have been attained which ap- 
proach those of oil, and of course there is the advantage of a 
cheaper fuel. There are reputable engineers who feel it is difficult 
to make out a case for powdered coal. In the average 3000-hp. 
installation there is no increase in overall efficiency. Boiler 
efficiency is increased but is offset by the power required for pul- 
verization and the expense of equipment. Its use does decrease 
labor requirements and in the larger power plants would probably 
effect a gain. 

In the last analysis, the decision whether to use oil depends 
upon the net cost of operation and the service. If the vessel is 
a cargo carrier there may be no advantage in paying for cleanli- 
ness. In the Navy, the important factor is that the use of oil 
gives the most power in a small space and considerably increases 
the cruising radius. Oil is burned with high-pressure forced 
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draft up to 10 in., and a very high rate of combustion is main- 
tained in small volume. 

Another factor is that unless the operating personnel is in- 
structed much of the efficiency will be lost. Economy with oil 
burners is the result of proper adjustment of oil and air, main- 
tained 24 hours a day. 

In the selection of a fuel there are two problems involved—in 
new tonnage it is possible to design boilers and layouts to gain the 
maximum result obtainable, it being easier, for instance, to adept 
pulverized-coal installations to new vessels; and secondly, in 
the conversion of existing equipment, oil has proved unusually 
flexible as the installations are compact and but slight changes 
are required. 

In considering the advantages of firing marine boilers with oil, 
the selection of this fuel is not a question for snap judgment. 
While appreciating the wonderful possibilities of oil as a fuel, it 
would not be fair to give the impression that it is the best to use 
under all conditions. Oil is by far the best if it can be legitimately 
used, and this can only be determined on the basis of net carrying 
cost per ton of cargo or on the grounds of specific advantages 
which warrant the payment of a premium. 
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Railway Practices in Utilization and Conser- 
vation of Oil 


By J. N. CLARK,! SAN FRANCISCO, CALIF. 


In this paper the author mentions the growing competition of the 
airplane and motor vehicle and the manner in which the railroad is 
preparing to counteract that competition. Improvement in service, 
faster schedules, finer equipment, and safer and more efficient 
operation are among the most important steps taken by the roads. 
Fuel being the major item of expense, there is naturally a special 
effort to effect economy. This paper deals with oil fuel and the 
methods employed by the railroads in its utilization. Early ex- 
periments are mentioned and a short treatise on production is given. 
The specifications laid down by the railroads are also given. Then 
follow discussions of methods of delivery and storage, fire hazard, 
locomotive equipment for the handling of the oil, such as heating, 
etc., methods of firing, construction of combustion space, refractories 
employed, etc. Some of the advantages of oil over other forms of fuel 
are also given. The final portion of the paper is devoted to a dis- 
cussion of recent improvements in railroad power equipment, fuel- 
economy devices, increase in locomotive runs, and stationary boilers. 


tion and transportation becomes more apparent each day. 

With air, land, and water competition becoming more for- 
midable, the railroads are fully aware of the struggle which is 
at hand and are endeavoring to improve their service through 
faster schedules, finer equipment, and safer and more efficient 
operation. 

That this improvement must be brought about without en- 
dangering the net return to the millions of investors in railway 
securities, amounting to over eighteen and one-fourth billion 
dollars, constitutes the major problem with which the railroads 
have to contend. At the end of 1927 the total investment in 
Class 1 railways amounted to over 24°/, billion dollars. Avail- 
able statistics show that the railroads are being efficiently oper- 
ated, and too much credit cannot be given to Mr. R. H. Aishton, 
who, as President of the American Railway Association since 
1920, has been an ideal leader in every forward movement for 
better transportation service. 

Fuel is a major item of expense to the railroads, representing 
approximately 13 per cent of their operating expenses. It is 
therefore an item that is given the closest attention to obtain 
the highest efficiency in its use. Both coal- and oil-burning roads 
have accomplished excellent results in reducing this expense by 
conservative practices, but as the subject of this paper deals with 
oil only, all comment will be confined to that kind of fuel, 
first covering its utilization by the railroads and following with 
an outline of conservative practices and accomplishments. A 
brief outline of early railroad practices may prove interesting. 


"Tie inseparable relationship between our modern civiliza- 


First EXPERIMENTS CONDUCTED IN 1879 


Experiments were first conducted in this country in 1879 on 
the Central Pacific Railroad, now a part of the Southern Pacific 
Lines, but in order to conduct this experiment it was necessary 
to transport the oil to San Francisco from the Atlantic Coast 
by boat. The expense of burning oil at that time, however, 
caused the idea to be abandoned, and it was not until 1894 that 


' Fuel Supervisor, Southern Pacific Lines. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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experiments were again conducted, in this instance on the Santa 
Fe Coast Lines. In 1898 oil was being produced in large quan- 
tities in parts of California, Southern Texas, Oklahoma and 
Mexico, and in that year its use by locomotives was greatly in- 
creased. 

Its use has continued to spread until, at the present time, 
there are in the United States 54 railroads burning oil in 7304 
oil-burning locomotives. These roads during 1927 burned in 
locomotives 2,042,137,055 gallons valued at $57,326,689. 


PRODUCTION 


Oil is the principal fuel in those sections of the country where 
deposits of coal are not accessible, but where ample production 
of fuel oil is available in the vicinity of railroads. 

Oil is produced in 19 states of the Union, although three states, 
California, Oklahoma and Texas, produced in 1927, 80 per 
cent of the total output of the United States. The railroads lo- 
cated in the vicinity of these producing sections are naturally 
the greatest users of oil fuel. 

The United States is by far the greatest oil-producing country 
in the world. In fact, it has gone along with production to such 
a large extent that, according to estimate, there remains only one- 
fourteenth of the world’s petroleum stores within the United 
States. Statistics show that the United States produced over 
a ten-year period, 70 per cent of the world’s output. 

The drain on the United States oil supply has reached a pre- 
carious stage. An estimate taken on January 1, 1926, set our re- 
maining oil supply at 5,321,427,000 barrels. As there was pro- 
duced in 1926, 766,504,000 barrels, and in 1927, 903,800,000 
barrels, the remaining oil in the ground on January 1, 1928, by 
simple subtraction, was 3,651,123,000 barrels. 

There have been national attempts for two years to meet the 
situation, but California oil companies have taken the first con- 
crete action by shutting in approximately 130,000 barrels per day. 

The seriousness of the oil situation in the United States has 
caused a study of the problem to be made by the American Com- 
mittee on Economy of Fuel and Economy of Raw Materials of 
the International Chamber of Commerce, and their report may 
put the railroads in oil-production centers under a severe handi- 
cap. In this report the following appears: 


It seems to your committee that fuel conservation in the United 
States must be a matter of gradual growth. The necessity for radi- 
cal changes in general conditions is hastened by the approaching 
exhaustion of the domestic oil supply. 


This report was followed by a recommendation that the use of 
petroleum products for domestic heating, for industrial uses, 
and for fuel on railroads be abandoned. 

The railroads burning oil in locomotives are putting forth every 
effort to prolong the use of this fuel, which has proved more eco- 
nomical than coal where the roads are situated close to the oil 
fields. The subject of oil conservation by the railroads will be 
covered later in this paper. 


REFINING 


Railroads do not use the oil as it comes from the ground, as 
is sometimes believed. Oil as it comes from the well is known 
as “crude” oil, and more than 400 products are made from it, 
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varying from light medicinal oil to asphalt for paving. The 
three most generally referred to are gasoline, kerosene, and fuel 


ool oil. Only the residuum after refining is used for fuel oil. This 
- . varies from 14 to 19 deg. Baumé gravity, and the heat value 
ve varies between 18,000 and 19,000 B.t.u. per Ib. 


SPECIFICATIONS 


A specification for refinery residuum for use as fuel, showing 
some of the requirements, follows: 


1 Must contain as little water as possible, and oil containing more 
than 2% of water and other impurities will not be accepted. 
2 Must contain no sand or foreign matter in the shape of sticks, 
waste, stones, or foreign matter liable to injure valves or burners. 
- 3 Oil must contain no ingredients that will cause settling or 
separation of components in storage tanks when the body of oil is 
cooled below 50 deg. fahr. 
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some problem where large quantities of oil are handled through 
the tank, and this must be removed to avoid limiting the storage 
capacity. Deterioration from storage is negligible where the 
oil is placed in tanks and is not disturbed. 

Storage tanks and service tanks are equipped with floating 
gages to measure the oil for monthly inventories. At many 
points a steel tape is used in lieu of a gage for measuring the 
storage tank, and this method is recommended on account of 
the possibility of a floating gage becoming defective and giving 
inaccurate results. 


Fine Hazanp 


Opinions differ as to the most effective method of dealing 
with the fire hazard to stored oil, It is conceded to be good prac 


tice to ground all storage tanks and roofs to lessen the hazard 


: : by removing as much static as possible. Adjacent to produc 
ip DELIVERY AND SroraGe oF OIL tion centers large storage tanks are built with capacities vary 
5: Oil is delivered to division points direct from refineries through — ing from 1,000,000 to 3,000,000 barrels, with earthen sides lined 
' pipe line, or is shipped in tank cars of approximately 12,000 gal- — with conerete and having roofs supported on steel braces, Light 
Re lons capacity. Oil from tank cars is drained into sumps by pits ning towers are being built tall enough to give a radius of suf 
be: ficient size to cover an entire tank, but their 
Steom effectiveness is not as yet well established 
: ——— A floating roof is generally conceded to 
‘ . be the best fire preventative, and if thi 
4 is closely watched and adjusted to prevent 
too large an air space above the oil it is 
y quite effective. “Foamite,”” a chemical 
| Steam an ———<—————————— compound, is one of the best known means 
Blower £106 4 OO eet Area ~ of fighting an oil fire as it rapidly covers 
the oil surface and smothers the fire by ex 
7 [ eluding oxygen. When steam is available 
it is often used to extinguish fires. 
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or pipes and is thereafter pumped into storage or service tanks. 

Storage tanks at the larger terminals are of 55,000 barrels 
capacity and service tanks hold from 20,000 to 100,000 gallons. 
At some of the less important stations 5,000, 15,000, and 30,000- 
barrel storage tanks are used. 

Storage tanks are built on leveled ground. They are circular 
and made of one-quarter inch structural steel plates, five feet 
wide by nine to fifteen feet long, riveted. Tanks are about 115 
to 117 feet wide and 29 to 30 feet high, with tar and gravel or 
composition roof to prevent evaporation losses and to keep out 
rain and snow. Many storage tanks are equipped with floating 
roofs, for in addition to preventing the losses just mentioned 
they are also helpful in reducing fire hazard. Painting the sides 
of storage tanks is necessary and the use of aluminum paint is 
preferable, as it reflects rather than absorbs the heat, which re- 
duces evaporation losses. All storage tanks are equipped with 
heater coils and water drain valves. 

Service or delivery tanks are located on high supports, and the 
oil is sufficiently heated so that it may flow freely to the loco- 
motive tanks or oil columns, 

Sediment accumulation in storage tanks presents a trouble- 
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Cotumns 


The oil is delivered to the tender of the 
locomotive from the service tank or direct 
from the storage tank through a colurn 
which in shape is similar to a water co! 
umn. Water and oil columns are usual! 
so situated that water and oil may be taken 
at the same time, thereby minimizing (he 
delay in supplying locomotives. 

Locomotive Ow, TANKS 
Locomotives are equipped with oil tanks 
ranging from 1000 gallons capacity on yard locomotives to 5000 
gallons capacity on those of highest power. Oil tanks are set in 
the tender space formerly used for coal. Oil levels in the tanks 
are measured by means of a calibrated rod which shows inches 
and fractional inches and gallonage for each inch. In filling the 
tanks sufficient space is always left to allow for expansion of the 
oil when heat is applied. Oil expands 1 per cent in volume for 
every 25 deg. of heat applied. 


Heatine Ow TANK 


Fuel oil should be heated in the tank sufficiently to enable it to 
run freely to the burner at all times, as the oil in the major' 
of cases feeds from the oil tank to the burner by gravity. The 
amount of heat necessary varies according to the viscosity «! the 
oil. Thick or heavy oil requires more heat than a light, thin ol. 
Heating oil too hot is a bad practice as it causes the oil to bol 
over when the tank is filled. It also interferes with the steady 
flow of oil to the burner. The disadvantages of not heating ol! 
sufficiently are that all the oil will not burn in suspension an the 
locomotive will lag for steam. 

There are two methods of heating oil in locomotive tank», on€ 
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by steam coils and the other by direct. admission of steam into 
the tank. On the Southern Pacific Lines it has been found that 
better results are obtained by direct steam heat, using a two 
and one-half inch heater pipe which discharges within four 
inches of the bottom of the tank. The small amount of con- 
densation is drained from the tank at regular intervals. 

When possible, oil in the tank is heated when the locomotive 
is standing. When heating is done by direct use of steam the 
heater valve is opened up strong and left on until the oil is of the 
right temperature. It is then entirely shut off and not used 
again until necessary. It is bad practice to leave the heater 
operating continuously at a low rate, as it causes condensate 


to accumulate in the oil. 


On, SUPERHBATER 


The oil superheater is used to raise the temperature of the oil 
while it passes through the connecting pipes from the tender to 
that takes the oil from tank to the 
burner is inside the superheater; the conduit is two inches in 


the burner. The conduit 


The valve controlling the 
hig 


diameter, the superbeater four inches. 
flow of steam is called the superheater valve 1 shows the 


piping arrangement of a modern oil burner 
Om, Conpurrs 


The piping between the locomotive and the tender through 
which the oil passes to the burner is a flexible conduit to allow for 
On the tank of the loco 
motive there is located a valve for cutting off the supply of oil 


vibration and curvature of the track 


should a break oceur in the piping. 


hining Vaive 


The firing valve regulates the flow of the oil to the burner 
The 


valve has a notched quadrant and a stop that holds it in position 


and is located on the fireman's side of the locomotive cab. 


surners are located at the front end of the fire pan and atomize 
and deliver the oil to the firebox. The Southern Pacifie Lines use 
the Von Boden-Ingles burner (Fig. 2) which is cast of brass with 
a corrugated lip to receive oil before atomization 

Of all the various types of oil burners that have been patented, 
and the number is approximately 3000, there are in use today less 
than half a dozen types and they are all of the simplest con- 
struction, being just a conduit for oil with a mixture of steam. 
The patents on most of the burners now in use have long since 
expired except for some minor detail. 

The atomizer is that portion of the burner which delivers 
stearn used for carrying and breaking up the oil into small par 
icles to aid combustion. The steam to the atomizer is con 
trolled by a valve on the manifold in the cab of the locomotive 
on the fireman's side. The atomizer should be set to use the 
least amount of steam to break up properly the oil to produce 
a white flame or complete combustion. Too much steam causes 
damage to flash walls, produces drumming and may cause carbon 
to form on the flash wall 
smoke, and imperfect combustion. 


Too light atomizer causes a red fire, 


Experiments with mechanical atomizers, while meeting with 
much success in stationary boilers, have not been so successful 
in locomotive practice, one reason given for this being that they 
lack necessary capacity 400 to 500 gallons per hour when the lo- 
comolive is in heavy service. Ordinary steam atomizers, be- 
cause of their simplicity, can be manufactured for $10 to $15 
each, while mechanical atomizera complete cost from 20 to 40 
times as much. 

Steam required for the atormizers will average from 3 per 
Cent to as high as 7 per cent of the total steam output, and it 
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is this item of expense that offers the mechanical atomizer sales 
man his best selling argument. The only mechanical atomizer 
which the author recalls in recent years wae given a teat ona 
awitching locomotive of the New York Central K Hroad in the 
Riverside Drive yards, New York City. 
on this locomotive showed that it steamed perfeetly although in 


A nde of several hours 


difficult, service, being worked at maximum capacity for five 
minutes and then waiting with a spot fire for several minutes for 
the next cut of cara from the barge. The crew apoke very highly 
of it and stated that they had not found it necessary to sand 
the soot from flues during the two weeka they had been in charge 
of the locomotive. 

This mechanical atomizer was installed by the Peabody Engi 
neering Corp., and ,was mentioned in Mr. Peabody's paper? de 


SECTION AT A-B 
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livered before the Firat National Fuela Meeting, The author 
believes that there is a field for constructive work in developing 
a mechanical atomizer of sufficient capacity for locomotive use, 


but it must be simple and as nearly automatic as possible, 


Fink Pan 


Oil-burning locomotives have neither grates nor ash pans, 
but are equipped with fire pans. Southern Pacific locomotives 
have two designa of pans; square pans for the verticai draft 
and the half-round pan for the horizontal draft which ia now 
being adopted as standard 

Vertical Draft Pan. The vertical-draft pan ia bricked up to 
about the fourth row of staybolts on the sides. In the front 
or burner end, in order to locate the burner a suitable distance 
from the flash wall, there is a draft sheet. In the space between 
the draft sheet and the flue sheet there is an iron plate which is 
protected by firebrick and a thin layer of mortar poured over 
the brick. The flash wall in the opposite end of the firebox is built 
up to within six inches of the fire door. The fire door is flat with 
a four-inch hole in the center to be used for sanding flues and as 
a peep hole to permit the condition of the fire to be observed. 

As just stated, the burner is placed at the front end of the fire 
pan in an opening made in the draft sheet. The size of this 
opening ia usually 6 inches by 8% inches; this allows cool air to 
enter the firebox and also serves to cool the burner, The ve- 
locity of this current of air also helps to atomize the oil apray. 
A flash hole is placed just forward of the flash wall, as a rule 
about five feet from the burner. With this arrangement the 
incoming current of air from the flash hole strikes the horizontal 
spray of oil and, thoroughly mixing it, turns the spray upward 
just in front of the hot flash wall, where conditions are best for 
complete combustion. 

The draft through the flash hole is controlled by meana of a 


?The Burning of Liquid Fuel, by Ernest H. Peabody. Trana- 


actions A.S.M.E., FSP-50-14, Jan.-Apr., 192%. 
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sheet-iron box with a hinged damper on the back side. This 
damper is regulated by the fireman by means of a chain or lever 
running into the cab. The fire pan for this arrangement has to 
be free from air leaks, since such leaks are not only detrimental 
to the steaming qualities of the locomotive, but they cause 
drumming in the firebox, and this drumming injures the fire- 
bricks and shakes them loose. 

Horizontal Draft Pan. With the horizontal-draft arrange- 
ment a half-round fire pan is used. The air openings in this 
pan are located in the draft sheet on both sides of the burner. 
On small locomotives, draft tubes three inches in diameter and 
six inches long are used. The horizontal pan has the same open- 
ing around the burner as that of the vertical draft, for the purpose 
of cooling the burner. The air currents to the rear of the firebox 
are admitted through the fire door. This fire door is made in 
the form of a hood and the air is admitted through the bottom, 
in which there is an adjustable damper. Inside the firebox door 
is located a deflector which turns downward the air coming in 
through the door. The current of air meets and thoroughly mixes 
with the vaporized oil coming from the burner at a point just 
in front of the hot flash wall where conditions are most favorable 
for combustion. In the horizontal draft a great deal more atom- 
ization is used in order to force the oil spray against the incoming 
current of air through the fire door. The air openings on oil- 
burning locomotives require very close attention, and we do not 
always find that the locomotive which runs over the line with a 
perfectly clear stack has the best fuel record. It is good practice 
to regulate the air supply until a very light gray haze shows at the 
stack. Under these conditions air is reduced to a minimum and 
the fuel consumption is kept down. 

There are a number of rules in use for calculating air openings, 
such as seven times the diameter of cylinder; 35 per cent of the 
flue area; and still another formula using 0.027 times the volume 
of one cylinder. Each 10 per cent of excess air passing through 
the firebox increases the fuel consumption 1 per cent. Excess 
air reduces the firebox temperature, increases the gas velocity 


Fie. 3 Brick ARRANGEMENT FOR O1L-BURNING LOCOMOTIVE, 
Front View 


and the time for the gases to give off heat, and lowers the boiler 
efficiency. 
Frre-Box REFRACTORIES 


Very early in our oil-burning experiences we learned to have a 
very high regard for fire-box refractories. Oil is burned in sus- 
pension and it must have no hindrances put in its path. Any- 
thing that does interfere with it becomes a potential locomotive 


failure. Present fire-pan construction makes possible the imme- 
diate removal of fallen brick by raking them through the flash 
wall or the draft hole beneath the burner, but we endeavor to 
prevent brick from falling in the flame way by seeing that they 
are properly placed, with least possible space between them with 
a bearing against the metallic surface of the pan, so that all air 
leaks are eliminated around them and the pan does not vibrate 
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Fie. 4 Brick ARRANGEMENT FOR O1L-BURNING LocomoTIVE, 
View 


nor strike against the locomotive frame. Figs. 3 and 4 show the 
brick arrangement in the firebox of an oil-burning locomotive. 


Front Enps 


Since there is very little fire hazard from an oil-burning loco- 
motive, the use of front-end netting has been discontinued except 
in a few districts where grain is grown, and in such territory net- 
ting is used for a short time during the summer season. Super- 
heater cabinets have been eliminated from all of the Southern 
Pacific locomotives and no ill effects have resulted. 


BLOWER 


When necessary to use the blower it is used just enough to 
produce a gentle circulation toward the flues and keep gases out 
of the cab. Its use necessarily results in a waste of fuel in an 
oil burner, and it is needed very little. 


ADVANTAGE OF O1L OvER CoaL 


Oil is in many ways superior to coal as a locomotive fuel. 
Some of the advantages may be listed as follows: 


1 Loss by pilfering in transit is eliminated 

2 No cinders or ashes to handle 

3 More miles per locomotive, this on account of shorter 
time of getting locomotive into enginehouse and the 
short time in firing up 

Less fuel lost through stack 

Smoke almost entirely eliminated 

Fewer fires are started from sparks 

Fewer cars required for handling fuel; oil is delivered 
to many fueling stations and distributing points direct 
from refineries through pipe lines; it also takes fewer 
cars to handle the oil equivalent of coal on account of 
the additional heat units in a car of oil 

8 An equal amount of oil can be stored in approximately 

two-thirds of the space required for coal and an eual 
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volume of oil has 50 per cent greater heating value 
than coal 

9 Less waste of steam at the safety valve 

10 No loss of fuel through grates 

11 Oil can be stored without danger of deterioration, or of 
spontaneous combustion 

12 Reduction in labor at storage plant 

13 Smaller space required for storing oil 

14 Heating value of oil is practically always the same, 
while heating value of coal varies greatly, making it 
difficult to draft locomotive properly for the changes 
in coal for best results 

15 Full steam pressure can be maintained at all times 
regardless of grade conditions 

16 Oil supply can be placed near water supply, resulting 
in economy 

17 Higher boiler efficiency with oil 

18 Cost of firing tools eliminated 

19 Public enjoys the pleasure of clean traveling resulting 
from absence of cinders and dirt in cars 
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20 Elimination of expense of keeping coal chute machinery 
in repair 

21 Dependable fuel performance records are easily com- 
piled due to accuracy of fuel oil measurements. 


CONSERVATION 


Fuel-oil conservation is a live subject on practically all oil- 
burning railroads and many of the roads using coal. Wonderful 
results have been achieved. In 1920, Class 1 railroads required 
166 pounds of fuel to move 1000 tons a distance of one mile in 
freight service. In 1927, this same amount of work was done 
with only 131 pounds of fuel. While records of improvements of 
oil-burning roads exclusively is not available, the road with which 
the author is connected, the Southern Pacific Lines, consumed in 
1913 (oil figures equated to coal) 199 pounds of fuel to move 
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1000 tons one mile; in 1920, 163 pounds, and in 1927, 124 pounds; 
a reduction in 1927 as compared with 1913 of 38.7 per cent. 
(See Fig. 5.) 

Similar results have been brought about in the use of fuel 
in passenger service. In 1920, on Class 1 roads, it took 18.1 
pounds of fuel to move a passenger car one mile. In 1927 the 
amount of fuel required to do this same work had been reduced 
to 15.4 pounds. On the Southern Pacific Lines consumption in 
1913 was 15.5 pounds, dropping to 13.3 pounds in 1920 and to 
11.4 pounds in 1927; the year 1927 showing a saving of 26.5 per 
cent over 1913. (See Fig. 6.) 

These gratifying results were brought about by improvements 
and increased efficiency in double-track mileage, longer sidings, 
remote-control switches, changes in roadway to eliminate grades 
and curves, new and more modern power, fuel-economy devices on 
locomotives, longer locomotive runs, heavier train loading and 
by educating and gaining the cooperation of employes. 


PowER 


Locomotive development is one of the large factors contrib- 
uting to fuel conservation. The largest locomotive in use on 
the Southern Pacific Lines 30 years ago was the Mogul Type, 
2-6-0 Class. Gradually the cost of hauling tonnage has been 
reduced by improvement in design and construction of locomo- 
tives, especially during the last several years when remarkable 
progress has been made. Recent developments on the Southern 
Pacific Lines include the three cylinder, 4-10-2 Class (Fig. 7), 
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the Articulated Consolidation, 2-8-8-2 Class (Fig. 8), freight 
locomotives, and the Mountain Type, 4-8-2 Class (Fig. 9), 
passenger locomotive. 


Locomotive IMPROVEMENTS 


Among the fundamental improvements recently made in this 
country in the steam locomotive that have helped to make the 
locomotive more efficient in fuel are: 

Higher Boiler Pressure. Substantial increase in economy 
has been accomplished by higher boiler pressures. Notable ex- 
amples of recent construction carry 240 to 250 pounds pressure, 
representing an approximate increase in economy of 3'/2 per 
cent over a boiler carrying 200 pounds. Most modern locomo- 
tives of the Southern Pacific Lines carry 235 pounds pressure, 
and the capacities of many of the older locomotives are being 
increased by raising the pressure. 

Limited Cut-Off. The limitation of the maximum cylinder 
cut-off is one of the important developments in locomotive design. 

The limited cut-off was developed to increase the expansive 
use of steam in locomotives. By apportioning the cylinder 
diameter for 50 per cent to 60 per cent cut-off and providing 
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auxiliary steam in starting, the necessity of working the engine 
at full stroke or nearly full stroke for relatively long periods was 
eliminated. The limited cut-off results in a saving in fuel, water, 
and maintenance expense of locomotives. 

Reciprocating Parts. Machinery parts, including cylinders, 
wheels, rods, frames, etc., have been lightened and strengthened 
by better design and the use of high-quality steels, and the 
weight saved in this way has been put into better boilers and 
fuel-saving devices. 

Four-Wheel Trailer Trucks. Larger fireboxes with increased 
heating surfaces providing greater boiler output have been 
installed. Where it has been found impossible to apply the 
larger firebox within the allowable limits of driving-wheel and 
single trailer-wheel weights, four-wheel trailer trucks have been 
applied. 

Tender Capacities Increased. Larger locomotive tenders are 
another factor in the conservation of fuel oil, as the increased 


Southern Pacific road has 355 locomotives on which this equip- 
ment has been installed. 

Boosters. The locomotive booster is an auxiliary engine con- 
nected directly to the trailer axle or tender-truck axles through 
suitable gearing by which it may be engaged or disengaged at 
will by the engineer. It is designed for applying additional 
power at starting and for negotiating difficult grades, thereby 
increasing the capacity of the locomotive. 

Boosters in starting and at low speeds make use of steam that 
is not needed at the cylinders, and experience has definitely shown 
that they assist in the draft of the locomotive at such times and 
in this way improve steaming. 

The Southern Pacific Lines have 237 locomotives equipped 
with boosters. This includes new locomotives purchased with 
this equipment and older locomotives modernized by the appli- 
cation of the booster and other economy devices. 

Back-Pressure Gage. A recent development in economy de- 


Fie. 7 Mopern Freicut Locomotive, SouTHERN Paciric Typr, 4-10-2 CLass, TractivE Power, 84,200 Ls., Witn Booster, 96,350 Ls. 


water and oil capacity eliminates stops for water and oil that 
formerly had to be made with the smaller tanks. The largest 
tenders in use on the Southern Pacific Lines in 1913 held 7000 
gallons of water and 2900 gallons of oil. Tanks on modern 
power today have a water capacity of 16,000 gallons and an oil 
capacity of 5000 gallons. Many of the older tenders are being 
shopped and water and oil capacities enlarged. 


Fue. Economy DEvIcEs 


Steam Superheaters. Superheaters as adapted to locomotive 
service established themselves as practical several years ago. 
All modern locomotives are superheated and older locomotives, 
with the exception of some of the very old types, have been 
superheated. 

The Southern Pacific Lines had but 7.6 per cent of their loco- 
motives superheated in 1913, while on December 31, 1927, 70.8% 
were so equipped. The saving in fuel of a superheated over a 
saturated locomotive is between 17 per cent and 25 per cent per 
unit of work done. 

Feedwater Heaters. This device is applied to locomotives for 
the purpose of heating the feedwater before it enters the boiler, 
by utilizing heat from the exhaust steam which formerly was 
wasted, thereby relieving the fuel in the firebox from heating the 
cold feedwater and saving about 6 per cent to 10 per cent of the 
fuel. 

Feedwater heaters were first applied to locomotives in 1920. 
At the present time over 5000 locomotives are so equipped. The 


vices is the back-pressure gage, which is situated in the cab of the 
locomotive. This device gives the engineman a direct indication 
of the back pressure as an index in the proper adjustment of the 
reverse lever. This enables him to work the locomotive to 
advantage, save fuel and water, and prevents abuses of the loco- 
motive. It is also beneficial in correcting irregularities in valve 
setting and is of material assistance in determining incorrect 
exhaust-nozzle sizes. The Southern Pacific Lines have adopted 
the back-pressure gage. 

Multiple Throttle. One of the latest improvements in |oco- 
motive design is the multiple throttle, located in the superheated 
steam passage of the superheater header. It permits perfect 
graduation as the throttle valves respond perfectly to the control 
from the cab, affording easier handling of the locomotive at all 
times. Valves remain absolutely tight due to their single-seat 
design and their size, and they are a distinct advantage over one 
large valve. It has many other advantages. Being a front end 
throttle, the superheater is always under pressure and a supply 
of superheated steam is constantly available for operating auxil- 
iaries, such as headlight dynamo, air pumps, water pumps, ato- 
mizer, blower, whistle, in fact all auxiliaries with the exception 
of injectors, resulting in a saving in fuel oil. 

Power Reverse Gears. Power-operated apparatus for the move 
ment of valve gears or altering the cut-off has become standard 
equipment on modern power, mainly because of the increased 
weight of locomotives, with larger valves and somewhat heavier 
valve gears. The ease of operation as compared with the old- 
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Fic. 8 Mopern Freiaur Locomotive, ARTICULATED CONSOLIDATION, 2-8-8-2 CLass, TractTiveE Power, 90,940 
Wirn Boosrer, 105,140 La. 


style lever permits the engineman to use steam more economi- 
cally, no matter how the speed changes, resulting in a smaller 
amount of fuel being consumed. 

Air Whistle. Several railroads have been experimenting with 
the use of air-operated whistles of sufficient caliber to meet steam 
railway requirements both as a safety measure and a fuel saver. 

The Union Pacifie Railroad, which has quite a number of these 
whistles applied, reports a saving in fuel of about $1.15 per loco- 
motive day in passenger service between Omaha and Cheyenne, 
in a territory where grade crossings are less frequent than in 
other sections of the country. The Southern Pacific Lines have 
two locomotives equipped with air whistles, but a test of the 
device has not been completed and, therefore, figures on economy 
are not available at this time. 

Thermic Syphon. The thermie syphon, installed in the loco- 
motive firebox, increases the heating surface, provides rapid 
circulation of water in the boiler, maintains an equal temperature 
balance throughout the boiler, minimizes the deposit of scale, 
prolongs the life of flues and firebox, and affords protection to the 
crown sheet. Coal-burning roads report a fuel saving attrib- 
uted to this application of from 10 to 15 per cent, but the econo- 
mies shown for oil burners in unofficial tests have not been as 
large. 

Martin Water Tables. One of the large oil-burning roads has 
reported a saving of 11 per cent in fuel and 14 per cent more 
water evaporated per pound of fuel by the use of the Martin 


Water Table (Fig. 10) in the locomotive firebox. This table is 
placed in an advantageous position to receive the flame play 
from the burner and heat of combustion within the firebox. 

This equipment replaces the fire pan as appended below the 
mud ring, and not only increases the heating surface, but also is 
the means of causing active circulation of water in the side legs 
now dormant a considerable distance above the mud ring, and 
on account of being dormant requiring protection of refractory- 
brick covering along the side sheets. Approximately 500 fire- 
brick are eliminated from the firebox of a Santa Fe type loco- 
motive. The arrangement is in effect an auxiliary boiler in a 
space hitherto non-productive. 


LonGcEerR LocomotivE Runs 


Increasing the length of locomotive runs has done much to 
reduce fuel consumption. Where it was the practice some years 
ago to operate both freight and passenger locomotives over one 
operating division, many of the roads have extended the runs 
to more than one division. The extension, however, in freight 
service has not gone as far as the extension in passenger service. 

Some of the advantages and economies in longer runs are: 
increased mileage per locomotive; decreased number of loco- 
motives to handle the business; and large reduction in round- 
house expense at intermediate stations that were formerly loco- 
motive terminals, particularly in fuel used to fire up and hold 
locomotives under steam. 


Fic.9 Mopern Passencer Locomotive, Mountain Type, 4-8-2 Ciass, Tractive Power, 57,510 Ls., Wita Booster, 67,660 La. 
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The Southern Pacific Lines pioneered in longer locomotive 
runs. On August 1, 1916, this road began running its passenger 
locomotives through between San Francisco and Los Angeles, 
482 miles. Since that time the practice has been extended, until 
now passenger locomotives are run through from Sparks, Nevada, 
to Odgen, Utah, a distance of 536 miles; from Gerber, Cali- 
fornia, to Portland, Oregon, 533 miles; and from Los Angeles, 
California, to El Paso, Texas, 888 miles. In the latter territory, 
under the old method, 50 locomotives were required, while 
under the plan of running the locomotives through but 25 loco- 
motives are required. Four locomotive changes have been elimi- 
nated in this district. While the principal saving in this particu- 
lar pool, between Los Angeles and El Paso, is in capital invest- 
ment, the saving in fuel alone amounts to about $32,000 


Fie. 10 Martin Water TABLE 


per year. Large savings have been effected in other terri- 
tories also. 


REMOTE ContTROL OF SWITCHES 


Remote control of outlying switches in reducing the number 
of train stops has proved very advantageous to fuel conservation. 
Where this mechanism is not installed a train taking a siding to 
meet or be passed by another train has to make several stops. 
All of these stops except one are eliminated by installing low 
voltage switch and lock movements and signals, controlled by a 
dispatcher or operator. The estimated cost of stopping a freight 
train is between $2.00 and $2.50, the largest item of the expense 
being fuel. Remote control switches are coming into use on many 
roads. 


STIMULATION OF INTEREST AND CooPERATION IN SAvING FvuEL 


Assuming that locomotives are properly maintained in order 
to obtain the best results from burning fuel we must inspire 
interest and secure the cooperation of the men on the foot- 
boards of our traveling power-plants. How these ends are at- 
tained will appear from a brief of the practice on the Southern 
Pacific Lines covering many states and operated under the most 
varied topographical and climatic conditions. 

1 Thorough monthly inspections are made of all parts of 
the locomotives, boiler and appliances, draft arrangements, etc.; 
in addition, inspectors provided at each terminal inspect loco- 
motives on arrival and again before departure to see that no 
defects remain uncorrected before the locomotive begins its trip. 

2 Statistics systematically collected and classified supply a 
complete history of operation. To be of most use they are 
issued immediately after the occurrences they record. 
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(a) A fuel bureau receives daily reports of train and loco- 
motive movements within two days after movement. 
Ton-miles, fuel consumed per 1000 ton-miles, tons per 
train for each individual locomotive and each individual! 
engineman and fireman are then computed, and the 
results put into the superintendent’s hands three to 
six days after movement, so shortcomings can quickly 
be detected and corrected 

(b) Monthly statements of individual performance of 
enginemen, firemen and locomotives are prominently, 
displayed on bulletin boards 

(c) Asheet recapitulating results by divisions is also issue: 
monthly. 


3 On each division a fuel committee composed of two engine- 
men, two firemen, one conductor, and one brakeman, serves 
for six months and holds meetings bi-monthly, the superintendent 
acting as chairman. The meetings are well advertised and are 
attended by the superintendent’s staff and employees from al! 
related departments, who offer suggestions freely. Motion 
pictures illustrating actual road conditions are exhibited. Min- 
utes of these meetings are widely distributed and published in 
the employees’ magazine. 

4 To create emulation between divisions, a trophy cup is 
awarded quarterly to the division showing greatest improvement 
in fuel consumption. The division winning three times retains 
the cup as its permanent property, and a new cup is put up for 
competition. 

5 Gold-plated cap badges are awarded annually on each 
division to the engineman and fireman showing the best fuel 
record in through and local freight and passenger service. 

6 Each superintendent publishes the names of ten enginemen 
and ten firemen having the best fuel records for the month in 
through freight, local freight, through passenger and local pas- 
senger service on an efficiency list, which is posted in round- 
houses and printed in the employees’ magazine. A proficiency 


-certificate and letter of commendation is sent to each man whose 


name appears on the list. 

7 The company sends yearly, at its own expense, 38 men 
consisting of an engineman and a fireman from each division 
with the best fuel records, as its representatives to the annual 
convention of the International Railway Fuel Association. 


STATIONARY BoILers 


About 10% of the total railway fuel is consumed in stationary 
boiler plants. 

In order to improve the performance of stationary boilers, the 
Southern Pacific Lines organized a committee about eight years 
ago to devise and put into practice methods leading to fuel 
economy, and through the work of this committee excellent 
results have been achieved. 

A thorough inspection is made of every plant at least once 
per year. The need of repairs or additional equipment is <eter- 
mined and the work programmed for the year. Plants are rated 
at these inspections. The details taken into consideration in 
making the ratings are: Combustion efficiency, air leaks in set- 
tings, insulation of lines, feedwater temperature, dampers, 
drafting, soot, and general appearance of plant. 

To increase the incentive for fuel conservation, the ratings of 
plants are given wide circulation. A list of all plants on the Pacific 
Lines, showing the rating of each plant, with the highest ratings 
at the top of the list, is sent to each plant annually. Plants are 
also grouped by divisions, and averaged so that the standings 
of divisions can be determined. ll plants receiving a rating of 
80 or better are classed as Premium Plants and are issued a framed 
certificate, signed by the committee, showing the rating and the 
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reasons therefor. The results have been very interesting. For 
the year 1921 there were 10 premium plants; the average rating 
of the 10 plants being 85.1. For the year 1927 there were 109 
premium plants with an average rating of 91. The average rating 
for all plants for the year 1921 was 66.72; and for the year 1927 
was 89.14. 


CONCLUSION 


In 1919 Dr. David White, Chief Geologist of the United 
States Geological Survey, estimated the world’s supply of oil 
in the ground at 65 billion barrels, 12 billion of which was in the 
United States. To date the foreign fields have produced 3*/, 
billion barrels, while the United States has produced 8'/; billion 
barrels, leaving 49'/, billion barrels in fields outside of the United 
States, while we have left at home only 32/; billion barrels. Last 
year we produced over 900 million barrels of oil, while only 350 
million barrels were produced outside. 

With the supply of crude oil diminishing at so rapid a rate, 
there is urgent need for applying the most efficient methods in 
its production and utilization. The oil-burning railroads may 
be depended upon to exert every effort to forestall the inevitable 
return to coal. 

In the opinion of the author, the American Society of Mechan- 
ical Engineers is in a most enviable position to render a vast 
amount of assistance through intensive study of the problems 
confronting the producers of crude oil. 


Discussion 


J.G. Crawrorp.* We were not pioneers in oil burning by any 
means. However, we never have felt it necessary to use a brass 
burner. The roads which we followed used the Booth cast-iron 
burner and we continue inits use. A neighboring road changed 
to a brass burner at that time. They had trouble with the cast- 
iron burner cracking as there was insufficient air opening around 
the burner and the burner projected too far into the firebox. 
A check covering a year’s period shows that the maintenance 
cost of cast-iron burners was negligible. A neighboring road, 
on the other hand, declared that in fuel economy there was no 
difference between the brass burner and the Booth cast-iron 
burner. 

In the matter of brickwork we have for about two years used 
a much larger brick in order to cut down the number of units and 
thus the number of spaces between the units which cause air 
leaks. There has been for many years an admirable fuel-super- 
vision system on three of the larger railroads, and among those 
roads is the Southern Pacific. As to the short time elapsing be- 
tween the performance and the report back to the superintendent, 
a Southern Pacific is one of the few roads which accomplishes 
that. 

We did not go to oil from the fuel-economy standpoint. When 
the field in Wyoming was first opened we burned crude oil, but 
very little, merely to help the wells to get started. Later on the 
refineries took off just the very lightest oils for commercial sale 
and which we of course hauled at that time. Still later on and at 
the present time they have gone into the cracking process and 
have increased the percentage of oil moved commercially. We 
had to use oil if we were going to haul their commercial ship- 
ments. There are no doubt other roads similarly situated that 
went to oil for the same reason. 


Mortmer Strverman.‘ Has the author any figures that will 
- * Fuel Engineer, Chicago, Burlington & Quincy Railroad, Chicago, 


‘ Assistant to President, Boston & Maine Railroad, Boston, Mass. 
Mem. A.S.M.E. 


give the comparative costs per thousand gross ton-miles, including 
furnace maintenance on the coal and the oil-operated locomo- 
tives? 

It is assumed that the choice of oil or coal on the two-divisions 
was because of the comparative cost of fuel. Is there a division 
of costs as between oil-fired and coal-fired locomotives? Are 
there figures that will approximate the average cost of fuel per 
thousand gross ton-miles in freight service that would include 
both coal and oil? 

In New England of course we are up against a very stiff coal 
rate. Coal on the locomotives costs close to $5 a net ton, and in 
order to bring this down to the lowest possible unit we started 
obtaining statistics to give actual costs per thousand gross ton- 
miles, not only on the system, but also on the division. At present 
oil is offered in New England at a very low rate due to the abund- 
ance of Venezuelan oil which has been coming in. In fact, oil 
is offered now around a dollar, which would be equal to $4 or 
$4.50 on coal. The fuel costs on producing a thousand gross 
ton-miles of freight through our hilly section approximate 30 
to 33 cents. It would be of interest to find out what it is costing 
other railroads. In New England we have had to make a very 
hard drive on the cost of fuel. When it is considered that the fuel 
cost varies from 65 to 80 per cent of the train labor cost or train 
wage, it can be seen that overtime is not the only problem with 
which we have to deal. 


Frank P. Roescu.5 While the most compelling reason for the 
conversion of a locomotive from coal to oil or from oil to coal is 
the availability and the price of either fuel, yet there is in this 
country what is termed low-grade fuel, or lignite, and sub-bitum- 
inous coal that is not being used as it should be, principally be- 
cause it cannot be successfully hand-fired. At one time a large 
number of locomotives in use on the Northern Pacific Railroad 
burned oil. The Great Northern Railway, paralleling the 
Northern Pacific, still burns oil. The reason the Northern Pacific 
Railroad now burns coal is because it has opened up an im- 
mense deposit of coal at Coal Strip and gets the coal from that 
mine. It is a low grade running about 8,000 B.t.u. as mined, a 
sub-bituminous, very high in moisture and well up in ash, but 
the road can use this coal at a material saving in fuel cost as com- 
pared with oil. 

In Texas there are about 20 billion tons of brown lignite which 
runs about 7,000 B.t.u. as mined and around 28 to 30 per cent 
moisture. The Texas & Pacific and the International-Great 
Northern Railroads experimented a year or so ago with the use 
of this coal and obtained some comparative figures on the cost 
of lignite coal and oil on a thousand gross ton-mile basis. The 
lignite coal cost them $1.13 per ton as against $1.50 for a barrel 
of oil. The figures as compiled by the International-Great 
Northern cover the total cost of all the lignite and oil purchased, 
and into that they divided the gross ton-miles produced. That 
gave them the cost per thousand gross ton-miles, including the 
standby losses, waste, etc. They then added an arbitrary 
charge to cover the cost of handling. According to their reports, 
they saved in money through the use of lignite as compared with 
oil 34 per cent per thousand gross ton-miles. 

The Texas & Pacific Railway experimented at the same time 
with a forced-draft locomotive using lignite coal, and while of 
course with forced draft the horsepower of the locomotive was 
increased about 450 hp. through the reduction in cylinder back 
pressure, their figures showed that lignite saved them 40 per cent 
in money as compared with oil, taking into consideration all the 
standby losses, cost of handling, etc. 

According to Mr. Clark there is under the ground an estimated 


5 Sales Manager, The Standard Stoker Company, Inc., Chicago, 
Ill. Mem. A.S.M.E. 
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supply of oil sufficient to meet all requirements for about three 
years longer. It would therefore be well worth while to further 
investigate the possibilities in connection with the better utiliza- 
tion of the low-grade fuels, of which there is an abundance in this 
country. Riding on the locomotives of the three railroads men- 
tioned as burning their low-grade fuels, it has been noticed that 
there was no difficulty in maintaining maximum steam pressure 
under all conditions and in every kind of service. The low-grade 
fuels can be successfully used in locomotives if the locomotives 
are adapted to handle it. 

The principal underlying reason for failure to further extend the 
use of or to take advantage of the possible saving obtainable 
through the use of the lower grade (as classified) coal is, as stated 
in the beginning, the difficulty experienced in hand-firing it, 
coupled with the natural hesitancy on the part of railroads to 
experiment. However, the Northern Pacific has demonstrated 
that this coal can be equally as successfully burned in locomotives 
having but 43 sq. ft. of grate as in those having 120 sq. ft. of 
grate, the former engine having less than 1 sq. ft. of grate per 
1000 lb. tractive effort. In fact, this road has recently had built 
for it the largest locomotive in the world, developing 153,300 lb. 
tractive effort, with a grate of 183 sq. ft. This locomotive is in- 
tended to burn the sub-bituminous coal referred to, and it is es- 
timated that the maximum requirement might run up to 40,000 
lb. per hour. 

There is another apparent reason why the roads in Texas have 
not taken advantage of the lignite deposits and changed from oil 
to coal, and that is that all of the Texas roads and such roads 
as extended their lines into Texas have been using oil as fuel for 
quite a number of years. Their locomotives are adapted for it. 
They have no coaling stations, no cinder pits, and few coal cars. 
Therefore, in order to change to coal it would require a quite 
substantial initial investment, not only in the changes necessary 
in the locomotives, but also in facilities for handling coal. In 
addition to this it would be necessary to instruct the majority of 
firemen in the proper firing of this grade of fuel. Therefore, tak- 
ing it all in all, it is not surprising that the railroads hesitate to 
take the step; yet on the other hand when one takes into consid- 
eration the possible economies as demonstrated on the Interna- 
tional-Great Northern and Texas & Pacific Railroads and dis- 
counts these figures 50 per cent, it would appear that where the 
fuel costs run up to such substantial figures as they do on the 
Texas & Pacific, Southern Pacific Texas lines, Missouri Pacific 
and allied lines, Missouri-Kansas-Texas, Santa Fe, etc., the 
initial investment would be returned in the shape of reduced fuel 
costs in a period of less than two years. Furthermore, if the esti- 
mates as presented by Mr. Clark are even approximately correct, 
it would indicate that there is bound to be a gradual increase in 
the price of fuel oil, while all the statistics indicate a decrease in 
the price of coal. Furthermore, inasmuch as the increase in the 
price of oil may not be quite so far distant as some anticipate, 
it would appear as though it might be good business on the part 
of the railroads to anticipate this price differential as between 
oil and lignite coil and make preparations to meet it. 


AvuTHOoR’s CLOSURE 


Mr. Selby Haar* asks why the Southern Pacific still retains 
256 coal-burning locomotives. Local conditions make it cheaper 
to do so. The E] Paso & Southwestern, which we purchased in 
November 1925, owned and operated these 256 locomotives and 
had an abundance of very fine steaming coal on its lines and coal- 
ing facilities of all kinds ready to use We have continued to use 
coal on that part of the line. Since that time we have converted 
44 oil-burning locomotives to burn coal and assigned them in 
that territory. 

* Board of Transportation, City of New York. Mem. A.S.M.E. 


Mr. Silverman asks for comparative costs per thousand gross 
ton-miles. There are no figures for this, because that is largely 
dependent upon the topography of the territory, the type of loco- 
motives in service, and the cost of fuel as between coal and oil. 

The choice of oil or coal was based upon the cost. It has been 
found over on the extreme east end of our property, going down 
through New Mexico and Texas and up into the country north 
of El Paso, because of the coal being so close at hand and of hav- 
ing facilities already established for handling coal, that it is 
cheaper to stay in coal than it would be to convert locomotives 
and put up fueling facilities to handle oil. 

We do not divide our costs as between oil-fired and coal-fired 
locomotives. A very careful study was made of that when we 
contemplated going te coal on the lines between Sparks and Ogden, 
Utah. There are many coal mines in that part of western Color- 
ado and Utah and Wyoming, and we contemplated going over to 
coal as a fuel in there, but the study that was made would not 
justify us in making the conversion at that time. We did make 
a complete study of all the factors that entered into it, but on the 
lines east of Los Angeles we have stayed in oil on all of the pas- 
senger power and have extended the use of coal over only a part 
of the Tucson and the north line on the Rio Grande division be- 
cause of price, which is a controlling factor. 

There are no figures obtainable that will approximate the aver- 
age cost of fuel per thousand gross ton-miles in freight service 
that would include both coal and oil. We have territories where 
we burn as low as 60 lb. and others where we burn as high as 
175 to 200 lb. per thousand gross ton-miles, depending on the 
grade conditions. 

Mr. Thomas G. Estep’ asks the question, taking the boiler of 
a locomotive of a given amount of heating surface and assuming 
that we have a reasonably satisfactory bituminous coal for fuel, 
how the maximum steaming capacity obtainable compares with 
fuel oil, hand-fired bituminous coal, and stoker-fired bituminous 
coal. 

We find that with a modern stoker-fired locomotive using bi- 
tuminous coal we do not have any trouble supplying all the steam 
that we need. Modern locomotives are too large to fire success- 
fully by hand. On the trip just made the author rode behind a 
Mountain-type coal-burning locomotive from El Paso to Tu- 
cumeari. There were 14 cars, 8 of them steel Pullman cars of the 
heaviest type. The train would weigh perhaps 900 tons. They 
made the scheduled time with a stoker-fired engine without a 
helper for 331 miles. It is not believed that an oil-burning loco- 
motive would have done any better in that territory. The reason 
that they did net have an oil burner on there is because coal 
could be bought cheaper than oil could be shipped from El] Paso 
or from Los Angeles into that territory. The location of the 
fuel supply and the cost are the principal factors that control the 
kind of fuel used. The modern stoker-fired locomotives that we 
have—and there are quite a percentage of those 256 with standard 
stokers of the various types—stand up under the service with 
Dawson coal and do just as good a job as can be done with an 
oil burner. 

There is a big field for the American Society of Mechanical 
Engineers to aid in the conservation of fuel oil and the better use 
of it. Technical men should put more effort and more thought 
into the production of all of the oil instead of part of it from the 
wells, and then upon means to burn it more efficiently. Much oil 
is used in heating buildings and residences and in power plants, 
and a great deal of it can be saved if technical men will devote 
their best efforts to the proper use of that oil. The same thing 
applies in burning it in locomotives. Technical men could tackle 
that problem with a hope of success. 


7 Associate Professor of Mechanical Engineering, Carnegie I0- 
stitute of Technology, Pittsburgh, Pa. Mem. A.S8.M.E. 
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Selection and Use of Fuels in Locomotive 
Practice 


By MALCOLM MACFARLANE,! NEW YORK, N. Y. 


the sun is to the natural world, the great source of light and 

heat with their innumerable benefits. It is not only the 
principal generator of steam, but steam is also dependent on 
iron, and the manufacture of iron on coal; therefore, these three 
most powerful among the physical agents of modern advancement 
have their source in the coal mine.’’? 

The total production of bituminous coal in America for the 
vear 1927 amounted to 519,580,000 net tons. The railroad 
systems of the United States, Canada, and Mexico, covering a 
network of 303,040 miles, operating 71,818 locomotives, use 
more fuel coal than any single industry in these countries, not 
alone in quantity but in the variety of coals, including anthracite, 
down through the different grades of bituminous coal and lig- 
nites. 


I: HAS been said that “Coal is to the world of industry what 


Amount oF Coat By Cuiass 1 Roaps 


The Class 1 railroads of the United States used in 1927 in 
passenger and freight service the following amounts of fuel: 
Anthracite, bituminous, sub-bituminous, and lignite, 109,404,000 
net tons; fuel oil, 2,042,137,055 gallons. Exclusive of anthra- 
cite and fuel oil, 24 states contributed this vast tonnage. 

West Virginia supplanted Pennsylvania as the premier bitu- 
minous coal producing state; and the ranking order, according 
to tonnage in 1927, of the first seven bituminous states stands as 
follows: West Virginia, Pennsylvania, Kentucky, Illinois, Ala- 
bama, Indiana, and Ohio. The first two states contain more 
than one hundred separate workable coal beds. Some of these 
have extremely wide variations as regards chemical analysis and 
physical characteristics, and although chemical analysis within 
certain limitations is recognized, railroad fuel is not generally 
purchased on this basis. 

West Virginia and Pennsylvania produce the greatest variety 
and widest range of fuels as regards analysis and structure. It is 
therefore essential that selection be made by our railways for 
the particular service for which each coal is best adapted. Many 
railroads have an acceptable list of mines whose outputs are 
suitable for locomotive fuel. In order to determine this suita- 
bility an interior inspection of mines is necessary, and this is 
known as the initial mine inspection. The coal seam is viewed 
in various sections of the mine to ascertain its character, and an 
average cross-section of the coal is charted showing the height, 
and if slate or sulphur bands are found these are noted, with the 
thickness of each. Top and bottom condition is also carefully 
noted as these will influence the amount of impurities. Methods 
of loading and face preparation also have their bearing. 

Outside equipment at tipples is observed, especially whether 
picking tables are provided or what other method is employed 
for the removal of impurities. The data contained in the report 
furnish information as to the suitability for final preparation of 
the coal for a supply fuel. The initial inspection form used by 
the New York Central Lines is shown in Fig. 1. 

In the broad grouping there are three primary classifications: 
low volatile, medium volatile, and high volatile; each of these 


* General Fuel Inspector, New York Central Lines. 

Coal Regions of America,” 1873, by James Macfarlane, Ph.D. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Ivision, Cleveland, Ohio, September 17 to 20, 1928. 
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has its particular duty to perform. For example, low-volatile 
bituminous, anthracite, or coke is generally provided for use in 
smoke zones, but as these three grades lack the flexibility of 
medium- or high-volatile coal, special draft arrangements must 


NEW YORK CENTRAL LINES 
INITIAL MINE INSPECTION REPORT 


File No 
Date of inspection___ Inspector 
Operating Company —y—Address. 
Location of Mine Coun ty State 
Railroad — Billing Pt 


Geological Name oi Seam______ Local Name of Seam — 


_______Date Output 


Kind of Mme__ 


Chart of Seam. 


Method of Mining Analysis 


Kind of Tipple 


Kind of Screens 


Ash____ 
Sereening 


Picking Tabdles__._ FC 

Side or End 

No of Men On Picking Tables. 

in Cars 8.T 

Other Duties. 

Grades of Coal Possible To Load 

Perc Scgs mn MR______ In 1%" Lp. — 


Where was sample taken. 


Grade of coal containing least impurities — 


Power Plants 


What grade is suitable for Engine use_— 


Is present preparation suitable for fuel suppl y——__—— 


Are Railroad Cars Cleaned before loading. 


Where is coal weighed in railroad cars. Which Wr is used ___ 


__— Ne of Rooms and width 


In Rooms of Powder. 


No of Entries working 


No of Shots in Entries— 


—_Kind of Machines. 


Powder used per shot 


_ Where Made______ 


is Cos! Saubbed 


Are there wet places in mine and where — — 


Are there faults in mine 


Roof condition and its effect on prepa —_ 


Are impurities Gobbed by loaders 


Floor condition and its effect on prep 


Describe Characteristics of Coal 


Type of Equipment 
they can load 


What Docking System 1s used 


Remarks and suggestions for wmproving the preparation 


Fig. 1 Form Usep 1n Reportine [NsPEcTION oF CoAL AS 


To Its Surrasiuity For Locomotive Fue. 


be provided for the locomotives. This grouping would be too 
general and can be called preliminary to a more intimate investi- 
gation of the initial mine’ inspection report. 


FrreMan’s TRAINING Is DEMONSTRATED 
Excellent results are obtained by an extra measure of super- 
vision on locomotives, and this was clearly demonstrated during 
a recent trip on the Baltimore and Ohio Railroad. While seated 
in the smoking compartment of a Pullman car, with the window 
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opened wide and also the curtain raised, the heavy train passed 
through a tunnel seven-eighths of a mile in length, and the author 
noticed no smoke or coal gas entering the compartment, thereby 
indicating proper combustion in the locomotive firebox. This 
was brought about by excellent discretion on the part of the 
fireman and by the cooperation of the engineer, who exer- 
cised first-class judgment in the observance of the prescribed 
practices in this important work. This excellent performance 
was not obtained on one trip or in a single year, but through 
several years of patient effort and the cooperation of the loco- 
motive men and with an efficient corps of supervisors. 

For further consideration of this broad subject, the following 
system for indicating the relative physical and analytical value 
of railroad fuel coals is submitted, each coal being given a com- 
bination letter and numeral designation, as A-1, B-3, etc.: 


Best coal physically; firm structure 

Second quality; mining and preparation require care 
Friable structure; fines tend to excessive proportion 
Mining methods and preparation not satisfactory 
Natural conditions prevent satisfactory preparation 

Best coal chemically; low ash, low sulphur 

Good coal chemically; preparation requires care 

Fair coal chemically; preparation requires special care 
Not satisfactory chemically 

Unsuitable chemically. 


Excessive slack content of coal has frequently been responsible 
for rejecting and precluding the purchase of coal for locomotive 
use from those mines where this condition predominates. Al- 
though the chemical analysis may have shown an exceptionally 
high thermal value, the excessively high slack tends to retard 
proper combustion. Another objection is wastefulness through 
stack loss. In view of the fact that more than 12,000 stoker- 
equipped locomotives are operating on American railways, the 
selection of coal for these has received serious consideration. 

Mine-run coal is used by many railroads for stoker-equipped 
locomotives, but this grade should be loaded at the mine over 
adequate picking tables with the proper number of men stationed 
alongside to remove impurities, especially hard wood or other 
matter which causes obstruction of stokers. Some roads pur- 
chase mine-run coal and find that by breaking it through bars 
or crushing it mechanically to 6-in. size, it gives the best results 
for their requirements. 

It is evident that in a 3-in. or 4-in. and possibly in a 6-in. mine 
run, the greater percentage of foreign matter that would cause 
stoker failures would be removed with the lump coal, and for 
this reason a modified mine-run coal would be desirable for use 
on stokers. However, all coals cannot be successfully used on 
locomotives in the modified mine-run size; for example, coal 
of low heat value in which the removal of the lumps materially 
increases the percentage of ash in the resultant coal. 

The decision on stoker coal is one which must be worked out by 
individual railways on account of the variety of coals available, 
type of stoker in use, and the railway operating conditions. In 
order to obtain the highest efficiency it is necessary to arrange a 
schedule for the various grades of coal, such for example as to 
main-line passenger, express, and mail trains, divisional and 
branch passenger, express, and mail trains; freight trains; switch- 
ing locomotives; locomotives operating within anti-smoke regu- 
lation zones; power plants; station buildings, water-pumping 
plants, etc.; flag and switch shanties, cabooses, etc.; black- 
smithing use. 


O 


Eacu Service Neeps Its Particutar Fue. 
The New York Central Lines are obtaining excellent results by 
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regularly assigning the same grade of coal to a particular service. 
Locomotive men become accustomed to the use of certain grades 
of coal and can bring about more efficient results than when there 
is any deviation from their regular fuel. 

In Table 1 is given the average consumption of fuel by loco- 
motives in freight service, shown in pounds of fuel per 1000 
gross ton-miles, for each month of 1927, 1926, and the five-year 
period of 1922 to 1926. 


TABLE 1 POUNDS OF FUEL PER 1000 GROSS TON-MILES 
(INCLUDING LOCOMOTIVES AND TENDERS) BY MONTHS 


Average 
1927 1926 1922-1926 
153 158 173 
February........ 142 153 169 
ee 136 150 161 
eee 132 140 151 
125 128 141 
June 121 124 135 
OF 118 121 134 
118 121 134 
September....... 119 125 138 
124 130 145 
November....... 135 143 155 
December....... 148 153 166 


Every month of 1927 broke a record, with the lowest, meaning 
the best, fuel performance of any corresponding month in any 
year. For the year the average was 131 lb. per 1000 gross ton- 
miles compared with 137 lb. in 1926 and 140 lb. in 1925. The 
low figure of 118 lb. per 1000 gross ton-miles reported for July 
and August was the best record of any one month in railroad 
history. 

Corresponding statistics of locomotive fuel consumption in 
the passenger service appear in Table 2. 


TABLE 2 POUNDS OF FUEL PER PASSENGER TRAIN CAR-MILE 
BY MONTHS 
Average 


1927 1926 1922-1926 
17.4 19.2 
16.8 17.6 19.1 
Ree 16.3 17.1 18.3 
15.6 16.2 17.1 
May. 15.0 15.1 16.3 
14.0 14.3 15.3 
August...... 14.1 14.3 15.4 
September............ 14.2 14.6 15.7 
14.9 15.4 16.6 
16.6 17.0 18.0 


As in the freight service, every month of 1927 reported a 
record-breaking achievement with respect to fuel conservation 
in the passenger service. The average amount of fuel con- 
sumed per passenger train car-mile was 15.4 lb. during 1927, 
compared with 15.8 Ib. in 1926 and 16.1 lb. in 1925. The low 
record for a single month was reached in July, 1927, with an aver- 
age of 14.0 lb. per car-mile. 

These savings in the use of fuel per unit of traffic, in the freight 
and passenger services combined, meant a saving in aggregate 
locomotive fuel consumption, during the year 1927 as compared 
with 1926, of more than 4,450,000 short tons. 

The performance figures are from the report for 1928 of the 
standing committee on inspection, preparation, and analysis of 
fuel, International Railway Fuel Association. This association 
is composed of representatives of practically every department 
of the most important railroads of the United States and Canada. 

The time is not long past when railways gave little attention 
to their fuel supply. Today they are recognizing the importance 
of such measures, and the fuel performance records of the present 
have demonstrated their value. It is the author’s opinion that 
the future will see still further advancement in the proper selection 
and use of fuel in locomotive practice, in order that American 
railways may continue to give that unsurpassed service for which 
they are noted. 
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FUELS AND STEAM POWER 


Discussion 


Harry N. Smiru.* The author has mentioned the use of me- 
chanically cleaned coal in locomotive furnaces. Former practice 
has generally been to use a run-of-mine size for both hand-fired 
and stoker-fired furnaces. This particular size was used, since 
the smaller size in a great many coals contained too high a per- 
centage of ash as well as too large a percentage of fines. 

Recently the writer ran tests on a locomotive equipped with 
automatic stoker, making 60 trips between McKees Rocks, Pa., 
and Youngstown, Ohio, in which approximately the same load 
was hauled. Evaporations for 15 different coals from Pennsyl- 
vania and northern West Virginia in several sizes were obtained 
from coal and water weights. These show that the loss in un- 
burned carbon passing out of the stack is in direct proportion to 
the amount of fines in the coal as it enters the furnaces. This one 
loss with dusty, soft, and friable coals often amounts to 20 per 
cent or more of the heat in the coal fired. 

These tests indicate that by feeding into the furnace a coal 
free from the size than can be carried up the stack, this loss can 
be very considerably reduced, with a corresponding increase in 
efficiency and a consequent saving in coal. Perhaps it would be 
necessary to screen out only the minus-'/,;in. size. 

Furthermore, mechanical cleaning permits the use of a small 
size coal that otherwise would be unsuited owing to high ash 
content. This size would be approximately '/, by 2'/2 in. It is 
quite likely that in the future for mechanical stokers on locomo- 
tives the present coal crushers will be designed to act as a feeder 
only without crushing, so as to avoid making additional fines in 
the crushing process as at present. 

For over a year the writer's company has been operating a 
mechanical cleaning plant at one of the mines having a capacity 
of 320 tons per hour and costing $300,000. There soon will be 
in operation three additional plants cleaning the smaller sizes 
from nine additional mines and costing about $1,700,000. 

As to cleaning coals with the air process, the cleaning is done by 
stratifying the slate and impurities in the coal by means of con- 
centrating tables. The coal comes into the cleaning plant, is 
screened in several sizes on the top floor, comes down on the floor 
below, and is led to concentrating tables, where the separation 
of the impurities and the cleaning of the coal are done. The 
table is slanted and has a wire mesh screen in the bottom where 
the air blowing up through sometimes has a pressure up to 3 in. 
The combination of the slanting table, the air pressure under- 
neath, and the rapid vibrating of the table has a tendency to lift 
the clean coal (which is lighter in gravity than the slate and im- 
purities) to the top, while the slate and heavy impurities sink to 
the bottom. 

The slate goes out through the paths made by baffles on the 
tables, and the clean coal comes off over the top and is ready to 
be shipped. The new plants that are being built are on the wet 
process and are equipped with boilers. They are burning the 
reject in the boilers to make steam for drying the coal. 

With mechanical cleaning, there can be produced coal in all 
sizes and having any desired ash content down to within 1 or 2 
per cent of the inherent ash content of the coal. The plant is 
under laboratory control and samples are taken at regular in- 
tervals and analyzed. As soon as the product runs high or low in 
ash, adjustments are immediately made to bring it up to whatever 
standard is desired. 

There is being produced what we call a pulverized fuel used 
for pulverized-fuel installations which is */,. in. minus. That 
runs from day to day very steadily between 7 and 8 per cent ash. 
The next size is stoker size, which is */;, X 1 in. square, which 


*Combustion Engineer, Pittsburgh Coal Co., New York, N. Y. 
Mem. A.S.M.E. 
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runs very uniformly 6'/. to 7 per cent ash. The next larger size 
is 1 X 2'/, in., which runs very consistently 6 to 6'/, per cent 
ash. As to the stoker coal that is being produced, it is particu- 
larly well adapted to certain types of boiler-room equipment 
under certain conditions, particularly in plants with insufficient 
boiler capacity. It is not an economical coal for every steam plant 
to use. For that reason we have our engineers trained to study 
power-plant requirements; on the basis of the information ob- 
tained they are then able to recommend the particular coal that 
will best meet each plant condition, taking into consideration 
both performance and economy. 


Frank P. Roescu.* There is one thing that the purchaser of 
fuel for locomotives, particularly in connection with locomotive 
stokers, seems to overlook, and that is that regardless of the size 
of the lump that is put on the tank, when the stoker puts it into 
the firebox, it is screenings. The mechanical stoker reduces the 
lump to a maximum of 2'/, to 3-in. cubes. In the reduction 
of the larger lumps of that size, naturally quite a lot of fines are 
produced, running to '/,4 in. minus. The stack loss is propor- 
tional to the fineness of the coal, but there is something else that 
has an even greater bearing on stack loss which apparently has 
been overlooked by locomotive designers, and that is the kind of 
coal that will be used in the locomotives and the kind of grate 
best adapted to that coal. 

When our locomotives were designed, they were given a grate 
adaptable to the kind of fuel (size) we were using, and the kind of 
a fireman we were using, and with a large air opening. We 
figured that they had to have a certain amount of air to burn 
every pound of coal—10 lb. of air to burn a pound of bituminous 
coal—and we adjusted the air openings to suit. When the fire- 
man in hand-firing saw a hole forming in the fire, he took the 
scoop and filled it up. The stoker has no eyes. It cannot see a 
hole. The fireman adjusts the stoker to spread a level and even 
fire all over the grade. If we have a grate through which the 
coal that is fired can fall into the ashpan, we are going to have a 
loss—the stoker is not going to fill it up; therefore, the first thing 
to do in connection with stoker-fired engines is to adapt the grates 
to handle stoker coal, which is nothing more or less than screen- 
ings. 

We analyzed some of the screenings purchased from the various 
mines throughout the central fields. It was found that it ran 
considerably higher in minus-'/,in. coal than ordinary mine-run 
coal (running about 40 to 50 per cent) after it passed through the 
stokers; but we also found that after passing screenings through 
the stokers there was no material increase in the fines, indicating 
that there was no crushing action. It was simply a conveying 
action, and what little increase in fines was found after it passed 
through the stoker was due to the rubbing of one particle of coal 
against the other. 

Another thing in connection with the stack loss, so-called, is 
the type of arch that is used in locomotives. That is matter that 
has not been studied as well as it should have been. Arches are 
too short as a general proposition. They are too far away from 
the tube sheet; in fact, the sealed arch is the only arch, in the 
writer’s opinion, that should be run. Facts, figures, and tests 
conducted at a testing plant prove the statement that through 
the application of a correctly designed arch as compared with a 
standard arch used on the average American railroad there was a 
reduction of from 12'/; to 15 per cent in the amount of coal fired 
per pound of water evaporated under the various rates of com- 
bustion. Furthermore, speaking about this low-grade coal, there 
is a coal mined in Pennsylvania which is called low volatile. 
That is the only name they have for it. A lump can be taken in 

4Sales Manager, The Standard Stoker Co., Inc., Chicago, Ill. 
Mem. A.S.M.E. 
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the hand and crushed and it reduces to powder. In trying to 
burn it, while it is low volatile it is very high in B.t-u. ‘It could 
not be burned economically because of the excessive stack loss. 
By simply reducing the openings in the grates in a rather crude 
way, there was obtained an increased evaporation of 20 per cent 
under the different rates of combustion, showing that there is the 
foundation to start from; namely, the grates in the locomotive. 

In the mid-central states, as Indiana, Ohio, Illinois, and Ken- 
tucky, there is a differential between the price of screenings and 
mine run of about 50 cents a ton. Of course, if the railroads go 
extensively into the purchase of screenings, the operators will 
increase the price of screenings, so there will not be that differen- 
tial, because there will be a market for screenings. It has been 
stated that as a rule the screenings will run higher in ash than 
mine-run from the same mine; and as all know, for one pound of 
ash there is a loss of about a pound and a half of the heat value of 
coal, but here is one of the anomalies or contradictions that are 
sometimes found in this business. 

There was a time when a certain railroad’s yards were con- 
gested with carloads of screenings. The mine tracks were filled 
up with screenings, and the price went way down. The writer 
suggested to the fuel agent that they buy the screenings and burn 
it in the stoker-fired engines. Inthe meantime they should adapt 
the grates so as to handle it. They did so, and strange to say 
where the average on that district showed 123 lb. of coal per 1000 
gross ton-miles with mine-run, it only showed 113 with screen- 
ings, and that for months. The answer is that regardless of the 
fact that there was a little more foreign matter or non-combustible 
in the screenings than there was in the mine run, better combus- 
tion was obtained. 

With stoker-fired engines it does not make any difference how 
big a lump is put on the tank providing it will go in the crusher, 
which is a 20 X 20 in. cube; when it goes into the firebox it is 
only about 3 in. as a maximum, and much of it is minus '/, in. 


J. G. Crawrorp.’ The author includes in his paper the form 
of a very complete mine inspection report. If in all cases such 
an inspection of mines were made by representatives of the rail- 
road serving them and before any large amount of money had 
been spent in their development, there would probably be fewer 
abandoned mines, many of which have complete and expensive 
top works but a seam of coal which cannot be worked with econ- 
omy. 

No mine should depend solely on a railroad-fuel order for its 

5 Fuel Engineer, Chicago, Burlington & Quincy Railroad, Chicago, 
Ill. 


existence, and if one mines coal in a seam which will not produce 
commercially salable coal at a price which will enable it to com- 
pete with its neighbors, it should not be given support by the 
railroad company, as in a short time it will go out of existence or 
become mainly a railroad-fuel mine. The best time to discuss 
such a situation with the coal company is prior to entering into a 
contract for railroad fuel, even though this contract may be a 
small one. 

After the initial inspection has been made and the coal is 
found satisfactory for railroad purposes, there comes the pur- 
chase, either under or without formal contract; and then arises 
the problem of keeping the coal up to the standard agreed upon, 
which can only be done by frequent inspection. 

The advent of mechanical loading has made inspection more 
important, for mechanical loading units will load everything 
within their reach, and this means the entire seam and oftentimes 
part of the floor and part of the roof. 

Under a contract made with a company operating several 
mines, it often happens that the coal company will try to confine 
the railroad shipments to the mine or mines producing coal less 
salable on the commercial market. The mechanization of one 
mine of a group may result in the railroad-fuel shipments being 
made solely from that mine if permitted. 

Periodical revision of the initial mine-inspection reports should 
be made and the coal kept to standard as the result of these re- 
ports and the daily reports of the fuel inspectors, for a small in- 
crease in ash percentage or slack percentage will frequently result 
in a large increase in locomotive-fuel cost. 


AvuTHor’s CLOSURE 


Those in the railroad industry are very much interested in Mr. 
Roesch’s remarks about the grates. This is a progressive age. 
The author believes that the American Society of Mechanical 
Engineers can assist the railroads in the solution of the problems. 
Every day there are problems coming up, and the grates and also 
the arch form very important ones. 

As to Mr. Crawford’s remarks about the initial mine-inspection 
report, we have a daily mine-inspection report, and that is for 
the purpose of determining whether the operator is giving what 
we are buying. We have coal inspectors in the fields from which 
the supply coal is drawn, and it is their job to see that we get what 
we are paying for. Of course many people remark about the 
price, the present prices being not as high as they were during the 
war. We all know that, but we try to keep the standard of coal 
preparation up, in order to render service to the public, which is 
what the railroads are for. 
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Development and Recent Design of Stoker- 
Fired Equipment for Steam Generation 


By JOSEPH G. WORKER! ann JOSEPH S. BENNETT,? PHILADELPHIA, PA. 


velopments are discussed and described. While engineers 

are much interested in these technical developments, the 
authors find that they are more interested to learn the extent 
to which the stoker as a fuel burner will enter into their future 
plans than they are in the particular technical processes by which 
itsimprovement and development have come about. 

The stoker method is the one by which the bulk of the coal is 
burned. Its users pay annually over a billion dollars for the coal 
consumed by it. For the future a promising development ap- 
pears to be low-temperature carbonization. A large amount of 
experience and information have been obtained, experimental and 
otherwise, during the past ten years, and this indicates that the 
fuel resulting from low-temperature carbonization can best be 
burned on some form of stoker, the prime reason being that this 
fuel can be discharged directly to the stoker, with the following 
results: 

1 It is the only method by which the sensible heat in the fuel 
can be retained. 


Fr; THE paper which follows, various technical designs and de- 
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Fic. 1 Increasep Erriciency oF BoiLerR Rooms By ADOPTION OF 


MopeEerRN EquiIpMENT 


2 It makes unnecessary the quenching of the fuel with water or 
steam or similar process. 

3 The fuel in its hot state burns successfully on stokers. 

4 Because of the stoker’s simplicity and directness, the process 
of fuel feeding, burning, and ash disposal is all in one spot, right 
in the furnace. 

Engineers should also be interested to learn-that this coal bill 
of over a billion dollars could be reduced by from 10 to 20 per 
cent by the adoption of modern stoker equipment. (Fig. 1.) 

Industry has been and still is lax in the methods of burning fuel. 
A notable exception tothisis the paper-mill industry. Alterations, 
improvements, and extensions have been made to the fuel- 
burning and steam-plant equipment in the paper-mill industry, 
and remarkable results are now being obtained. The central 
Stations long ago realized this matter as of prime importance. 

It is a matter of speculation whether the steel industry is fully 


A . Satietant to President, American Engineering Company. Mem. 
5.M_E 


Pi Engineer, American Engineering Company. Mem. 
A3.M.E. 


Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928, and at the 
meeting of the Metropolitan Section, New York, N. Y., November 
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alive to the enormous amount of fuel it burns and the possibili- 
ties for saving. These better results can be accomplished only by 
close cooperation between those who design such equipment and 
those who have a use for it. 


FUNDAMENTAL PRINCIPLES FOR BuRNING COAL 


There are important functions that must be performed in the 
burning of coal by any system. Whether coal is burned on the 
fly in powdered form or stationary in lump form, these important 
functions must be contemplated in the design of the device. 

1 There must be a positive supply of the coal to the furnace, 
with a rate of feed that can be varied over a wide range. 

2 After the coal has been conveyed to the furnace there must 
be a feed of relatively small quantities at a time, and a positive 
distribution to replenish the coal burned. 

3 Means must be provided for feeding and ultimately dis- 
charging the incombustible matter known as ash. 

4 The consumption of power for driving moving parts should be 
small. 


Mopern UNDERFEED STOKER STEEL PLATE Support- 
ING THE GRATE STRUCTURE 


Fig. 2 


5 There must be a source of oxygen sufficient in amount and 
pressure to overcome the resistance in the conduits as well as in 
the furnace. 

6 Means for directing the flow of this oxygen or air. 

7 Means of control for varying those quantities for different 
rates of operation and conditioning characteristics of fuel. 

8 The air pressure should be kept as low as possible to reduce 
the power required. 

9 A furnace enclosure designed to accommodate the heat 
liberated by the combustion processes and the proper flow of gases 
before the heat is converted into useful work. 

10 A furnace design with provision against abrasion by the fuel 
and ashes, protection from the hot ashes and clinkers, and 
strength to resist the effects of excessive clinkering. 


ComBusTION UNIT AND DEVICES 


Consideration of the complete problem should include what is 
being done at the present time to meet the situation by stoker 
firing. The systems most commonly used are the chain grate and 
the underfeed stoker. 
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x With the underfeed stoker the coal is delivered to the coal 
ae hopper. Reciprocating cylindrical rams take the charge of coal 


3 from the hopper and force it into the throat of the retort at 
$ great pressure, causing the coal already in the retort to rise. The 
coal would all rise at the front of the retort if it were not for a 
system of distributing pushers which operate simultaneously with 
the primary rams. The movement of these pushers is so regu- 
ae lated in amount and speed as to cause such an amount of fuel to 
A on rise over each portion of the retort as can be burned. Alternat- 
e. ing between the retorts are rows of tuyeres which bring the air 
in proper direction and quantity into the fuel where it is issuing 

: from the retort (Fig. 2). The fuel, which is in process of coking 
‘ and final stages of burning, covers both the retort and the tuyeres 
in a solid mass. The fuel bed is continuous from one side of the 


Fie. 3 Lone UNDERFEED STOKER WITH ELECTROHYDRAULIC Drive, 
CONTROL, AND ELECTROHYDRAULICALLY OPERATED 
Asu-DiscHarGe Roiis AND AsH GATES 


furnace to the other, as the fuel rising from the top of one retort 
meets the fuel rising from the top of an adjacent retort over the 
tuyeres. The ash is of course to be found on the upper surface of 
the fuel bed. Due to the downward slope of the fuel bed, com- 
bined with the breathing action by means of intermittent feeding, 
the ash gradually descends to the rear in increasing concentration. 

In the process of burning, much or all of the volatile matter in 
the fuel is liberated over the retorts, and this volatilization is 
retarded at the front due to the compression of the coal. There 
is left a devolatilized coke and ash. For the further burning of 
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the devolatilized coke and the discharge of ash at the rear of the 
furnace a special form of inclined grate is provided. 

In this grate air is supplied to the fuel at a lower pressure than 
prevails in the air supply to the retorts. The grates in some cases 
have a horizontal stroke for moving the material on them and for 
burning out combustible material left in the ash. Other designs 
provide an agitating grate for this purpose. 

The ash and the clinker which forms from the ash are by this 
process ultimately deposited at the rear of the furnace. In the 
illustrations (Figs. 3 and 4) there is shown the receptacle or pit for 
this purpose. The ash, clinker, and residue coke descend slowly 
through this deep receptacle, to which small quantities of air are 
supplied through ventilated walls, the ash and clinker slowly 
coking and the combustible material slowly disappearing, until 
finally the ash and clinker are deposited on heavy crushers after 
the combustible has almost completely disappeared. The 
crushers are operated at a rate which conforms with that of the 
whole process, so that the ash and clinker are removed at a rate 
that will carry out the process successfully. 

The air to burn the fuel and to maintain the life of the machine 
that performs this function is supplied by forced-draft fans to the 
stoker through large ducts to an air chamber (Fig. 3) which is con- 
tinuous under the entire stoker. The air supplied to the tuyeres 


Fic. 4 Lone Crusuer Drive Stoker With AGITATING OVERFEED 
SECTION 


passes up through inclined conduits, called tuyere boxes, upon 
which the tuyeres rest. Additional air is led off to ventilate the 
walls in the ash and clinker receptacle and also for the moving 
extension grates. 

A section through a typical chain-grate stoker is illustrated in 
Fig. 5. The coal is supplied to the stoker hopper in the same way 
as with the multiple-retort stoker. The amount of coal fed is 
controlled by the rate of travel of the grate. The moisture is 
driven off rapidly, and the distillation of the volatile matter is 
accelerated by the reflection of heat from the arch over the front 
part of the stoker. The quantity of air delivered is varied by the 
pressure of the air through different sections of the fuel bed, the 
common practice being idual decrease in the pressure 
the fuel is wasted away &, vurning. The ash is discharged over 
the back. 

The remainder of this paper will be devoted largely to following 


‘ the underfeed stoker through its elements of design with reference 


to the ten fundamental principles. 
Coal To THE STOKER 


In the free flow of coal there is a tendency for the coarse and 
fine to segregate. This affects combustion on both multiple 
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FUELS AND STEAM POWER 


retort underfeed stoker and the traveling-grate stoker. Fuel can 
be fed uniformly to the stoker by several methods as shown in 
Fig. 6. 

1 Individual spouts may be led from the coal bunker to the 
individual retorts of an underfeed stoker. 

2 Coal chutes formed by a section of a cune so that the coal 
enters the chute at the top and the coarse and fines are distributed 
uniformly across the stoker hopper. 

3 The traveling larry distributing coal across the stoker hopper 
uniformly. 

4 The traveling spout, connected to the coal bunker and with 
the lower end swinging across the stoker width, insuring distri- 
bution of the fine and coarse material. This may be operated by 
hand or mechanically and can be timed to speed up with an in- 
crease in burning rate and to slow down with a lower rate. 


Rate oF Feepine Coat Into THE STOKER 


The importance of a wide range in the rate of feeding fuel into 
the stoker has been largely overlooked. It is desirable to make 
this range as wide as possible. A characteristic load curve in a 
modern public-utility plant is shown in Fig. 7. The range of 
steam output required is 6 to 1. 

It is apparent that this range of coal feed will not be sufficient 
as there are substantial variations in steam requirements due 
to feedwater regulation, temperature variation in _ feed- 
water supply, sudden small peaks that occur in the normal 
operation of a plant, and peak requirements of a substantial 


Fie. 5 Forcep-Drart Cuarn-Grate Stoxer Serrine 


character due to the many unusual conditions that ean occur in a 
Power plant. Moreover, to maintain a condition of this sort a 
reserve in fuel supply must be provided. The heat necessary to 
bring a boiler from a banked condition to its full load in five min- 
utes will require a rate of coal feeding ten times that required to 
Maintain normal rating. 
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It is important to differentiate between merely a wide range of 
speed and a wide range of speed with any intermediate 
speed desired. For example, a four-speed motor may give a 
range of 4 to 1 but it is difficult to get the right speed for a given 
condition, and a combination of a higher and lower speed must be 
used. 

There also should be provided a quick-acting high-speed at- 
tachment for making up any fuel-bed deficiencies due to breakages 
or faults in operation or other considerations, this high-speed at- 
tachment making it possible to speed up one section of the stoker 
to run faster than another. 

A highly developed stoker in a modern furnace with an efficient 
boiler and heat-recovery devices should not have its possibilities 


Fig. 6 Designs or CuutTes For CoNnveYING Coat To STOKER 
Hoppers 


(1 Individual spout. 2 Cone type coal spout. 3 Traveling larry. 
4 Swinging spout.) 


limited by a driving unit with a limited range. Different plans 
for obtaining speed variations have been tried. An effective 
system is the electrohydraulic drive, illustrated in Fig. 8. Here 
a constant-speed motor drives a pump discharging oil at a rate 
which can be varied to suit the load conditions of the boiler. 
The oil discharge is connected to a motor with constant displace- 
ment, which of course runs at a speed determined by the quantity 
of oil discharged by the pump. In this way a speed variation of 
20 to 1 can be obtained, or converting it into the usual terms, a 
boiler rating from 25 to 500 per cent can be carried. This drive 
does not permit individual longitudinal sections of the fuel bed to 
be thickened or thinned out. This result is obtained by providing 
two-speed gear boxes for each section, allowing a speed 50 per cent 
higher than the normal, which permits the proper increase in coal 
feed to maintain the best conditions. 


DistrRIBUTION oF CoaL Over STOKER STRUCTURE 


In the underfeed stoker the fuel bed shape is maintained by 
distributing rams moving in the bottom of the retort, as illus- 
trated in Fig.2. With a fuel-burning rate of 50 lb. per tuyere ona 
given stoker, a 20 per cent ash coal will require a much greater 
movement of the lower pushers than coal containing 5 per cent 
ash, as the quantity of ash is greater and therefore its velocity 
must be higher with the 20 per cent ash coal. It may be desirable 
to impart higher velocity to the fuel in a given longitudinal sec- 
tion of the fuel bed. This is done by inserting lost motion with 
the adjustment shown in Fig. 9, which controls the groups of 
pushers and the overfeed section of the extension grate. 

The product leaving the underfeed section of the stoker is 
largely ash with some devolatilized coal. The reciprocating 
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movement of the extension grate breaks up the mixture of ash 
and coke and moves it toward the ashpit, at the same time re- 
ducing its carbon content. 

From this point on, gravity carries the residue to the crusher 
rolls, which rotate at a speed determined by the operator, dis- 
charging the ash in small pieces. The free movement of this ash 
is insured by a cold surface in the rear wall, ordinarily the high- 
pressure water-cooled section. 

An interesting relation between ashpit proportions and com- 
bustible in the residue discharged is shown by Fig. 10, in which 
the combustible is plotted against time. Adequate design will 
arrange for the ash particle to remain in the ashpit at least 12 
hours during normal operating loads to insure a low carbon con- 
tent. 


IMPORTANCE OF AIR DISTRIBUTION 


Upon proper air distribution depends the efficiency and ca- 
pacity of the unit. The fuel rising from the retorts and spreading 
over the tuyeres must be supplied with air down in the retort as 
well as over the tuyeres and at a velocity to scour away and scav- 
enge all pockets in the porous fuel bed. The air distribution must 
be uniform through the width of the stoker, or the fuel bed will 
burn more rapidly in one section than another, producing an 
unbalanced condition which forms a vicious circle, as a thinner 
fuel bed exaggerates the trouble which produced it. 

In the past, when furnaces were small, it was customary to 
admit the air for combustion into one chamber, with perhaps a 
part bled off for use at reduced pressures for, treating the coal 
residue before discharging it into the ash hopper. 

Modern furnaces are of so great dimensions that this method is 
not reliable. Mechanically operated dampers in sections of the 
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Fic. 7 CHARACTERISTIC CENTRAL-STATION Loap Curve SHOWING 
RANGE or Steam Output RequtiRep 6 To 1 


fuel bed have been used, but automatic distribution of air was 
solved only with the development of the air motor. The device 
is illustrated diagrammatically in Fig. 11. The fuel bed under 
the tuyere is divided into sections, each provided with an air- 
motor unit. These are interconnected, so that when one section 
is forced into action by the weakness of the fuel bed, that unit 
through its interconnection with the other units will actuate the 
least resisting unit, which must be the one where the fire is some- 
what heavy. As the fuel bed builds up so as to correct the weak 
spot and liven up the sluggish section, the interconnected sections 
align themselves and bring about a well-balanced air flow and 
a uniform fuel bed. 

The functioning of the unit is based on differential pressures, 
and this differential furnishes the motive force to motor vanes 
which actuate balanced dampers through connecting links. 
When the air flow is normal, the motor vanes attain a normal 
position and move the balanced dampers, which will admit 
the quantity of air at the windbox pressure that is required for a 
normal fuel bed. If the fuel bed burns thin in spots, so that the 
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air flow is increased above the normal, the differential pressure 
increases and the motor vanes become active and move the bal- 
anced dampers into a closed or closing position, depending on 
the amount of air flow. 


Fig. 8 INSTALLATION OF ELECTROHYDRAULIC Drive Givine SPEED 
VARIATION OF 20 To 1 


The air-pressure variation in the windbox, has very little 
influence on the automatic air-control system, as the relative 
differential between the ingoing and outgoing air remains prac- 
tically constant. 


PoweER REQUIRED FOR COMBUSTION 


The power required for the combustion of coal by a modern 
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TABLE 1 SIZES OF FURNACES IN A NUMBER OF STOKER-FIRED PLANTS 
Straight-Tube Boilers 
Floor 
Fur- Cu. to 
jected nace ft. bottom B.t.u. per cu. ft. Lb. per sq. ft. 
Boiler grate volume per front Maxi Maxi- Nor- B.t.u. 

Name of company Boiler make hp. area cu.ft. hp. header mum Normal mum mal coal Kind of coal 
Hirmingham Cahaba Station BK. & W, 475 94.1 1040 2.20 13’ 1” ro 35,800 > 30.0 13,200 Alabama 
Riverside Power, lowana, lowa Heine 1044 268.0 5374 5.14 16’ 0” 37,000 lati 70.0 = 10,576 ~~ Illinois 
United Elec. Lt. & Pr. No. 73 Springfield 1210 378.0 6500 5.37 14’ 6” 39,100 22,000 48.0 27.6 13,800 Pocahontas 
United Elec. Lt. & Pr. No. 63 Springfield 1210 378.0 6700 5.52 14’ 10'/s”) 62,700 22.800 78.0 29.0 14,000 Pocahontas 
United Elec. Lt. & Pr. No. 51 Springfield 1550 378.0 6700 4.32 14’ 10'/2” 86.700 23,500 109.0 28 4 14,000 Pocahontas 
Dow Chemical, Midland No. 1 Wickes 800 177.1 3150 3.94 12’ 0” 23,700 ‘ 30 13,800 Island Creek 
lowa Ry. & Lt., Cedar Rapids Edge Moor 627 104.0 770 1.2% 7’ 5'/4"”) 104,000 43,700 71.0 30.3 10,000 Springfield 
Riverside Power, lowana No. 1 Heine 1044 270.2 5374 5.14 16’ 0” 38,600 22,100 66.0 38.4 11,500 Screenings, IN. 

1 R. T. Co., 59th St. Sta. No. 64 BL& W. 1140 212.0 3720 3.26 16’ 1” 46,500 38,430 58.0 35.1 14,000 Pennsylvania 
Zilwaukee, No. 3 B. & W. 928 324.0 5620 6.04 13’ 8” 40,000 24,000 53.1 28.8 13,200) W. Virginia 
Col. Ry. Lt. & Pr. B.& W. 1470 289.0 6000 4.08 17’ 6” a 28,800 oe 41.7 10,880 Southern Ohio 
Edgar Station No. 4 Bo & W. 1974 374.410,430 5.28 19’ 6” 31,200 14,350 61.4 28.2 14,000 New River 
Mason City Springfield 538 166.3 2690 5.00 14’ 0” 30,400 18,550 54.0 31.0 9,400 Bevier, Mo Py 
Zilwaukee No. 5 B. & W. 1234 385.3 6100 4.94 14’ 0” 33,500 19,100 39.0 23.4 12,900 W. Virginia 
Johns Hopkins Univ. BL. & W. 264 35.8 450 1.71 8’ 0" 33,000 29,000 35.1 29.0 12,500 WW. Virginia 
Escanaba Paper Co. B.& W. 400 94.1 705 1.76 8° 0” 54,300 38,600 32.1 22.3 12,800 Pittsburgh 
United Ill. Co. Steel Pt. PI B. & W. 480 181.2 1325 1.77 12° 0" 40,300 29.6 13,800 Pennsylvania 
City of Chicago Edge Moor 607 113.0 1130 1.86 12’ 0” 49,300 36,200 41.3 31.7 11,250 Illinois 
Great Western Paper Co. Springfield 512 103.0 250 2.44 16’ 0” 58,700, 36,000 59.7 36.4 12,000 Pittsburgh 
Univ. of Wisconsin B. & W. 516 94.0 635 1.23 10’ 0” 110,000 75,500 70.8 48.7 10,500 Kentucky 
Anglo-Canadian B. & W. 1253 289.3 3950 3.15 15’ 0” 41,700 25400 42.6 36.3 13,300 Dominion Slack 
St. Maurice Valley Corp. B. & W. 1000 227.0 2220 2.22 14’ 0” 60,300 52,800 45.4 39.7 13,000 Dominion 
Georgia Ry. & Pr. Co. B&W. 600 130.3 1291 2.15 14’ 0” 75,700 29,800 54.8 21.6 13,700 Kentucky 
Ohio Edison B.& W. 1250 352.7 6780 5.40 14'0” 48,300 17,900 76.7 28.3 12,150 Kentucky 
Sherman Creek B. & W. 625 113.0 750 1.15 10’ 0” 118,000 63,000 63.0 34.0 14,000 Pocahontas 
Pressed Steel Car Co. B. & W. 250 46.0 255 1.02 102,500 oe 53.7 . 12,042 Pennsylvania 
IR. T. Co. 59th St. Sta. B. & W. 600 137.0 825 1.38 6’ 6” 157,500 65,600 69.3 29.4 13,700 Pennsylvania 
Walworth Mfg. Co. Edge Moor 613 108.0 770 1.26 8’ 6” 79,300 50,000 56.7 35.6 10,000 Illinois 
New York Edison Co B. & W. 638 105.5 590 101,500 61,700 42.4 21.6 13,500 Pennsylvania 
Bent-Tube Boilers 
Pro- Fur- Cu. Floor to 
jected mace ft. center B.t.u. per cu. ft. Lb. per sq. ft. 
Boiler grate volume, per mud Maxi- Maxi- Nor- B.t.u. 

Name of company Boiler make hp. area cu.ft. hp. drum mum Normal mum = mal coal Kind of coal 
Purdue University Stirling 500 82.6 2110 4.22 12’ 0’ 13,380 28.4 11,700 Knox County, Ind. 
Richmond Station Stirling 1569 336.8 7780 4.96 13’ 0” 36,000 19,200 60.0 31.8 13,800 Clearfield Co. 
Saxton Station Stirling 1100 297.3 5200 4.73 8’ 6” 42,600 16,800 54.5 21.5 13,800 Broad Top Mountain 
Chester Station Stirling 1421 310.0 7300 5.14 11’07 32,200 16,600 55.0 28.2 13,800 Clearfield Co. 
Columbia Chemical Co. Stirling 823 192.6 3140 3.81 11’ 0” 25,400 20,530 41.0 26.6 12,600 Belmont Co. Slack 
Indianapolis Abattoir Co. Stirling 394 71.9 680 1.70 4’ 0” 52,000 38,000 43.5 31.8 11,280 Indiana 5th Vein 
Northwest Paper Co. Stirling 834 214.7 4580 5.48 11’ 0” 32,000 18,450 51.5 29.5 13,300 Duluth Dock Coal 
Packard Motor Co. Connelly 1165 227.1 6500 5.58 11’ 0” 26,500 18,100 57.2 39.0 13,250 Island Creek, W. Va. 
Willys Overland, Inc. Stirling 1611 317.3 5400 3.35 11’ 8” 33,300 22.800 47.3 32.9 12,000 Ohio 
Kansas Gas & Elec. Co. Stirling 1200 388.0 7250 6.03 14’0” 44,300 34,800 73.5 57.7 11,400 Cherokee Slack 
City of Litchfield, Minn. Badenhausen 352 75.5 880 2.50 9’ 0” 44,800 25,500 41.4 23.6 13,200 Youghiogheny 
Waterworks of Holland, Mich. Stirling 500 103.0 1580 3.16 8’ 0” 49,300 20,800 54.0 22.6 14,000 East Kentucky 
Indiana Service Corp. Stirling 1196 281.0 6200 5.16 9’ 0” 31,000 16,500 50.5 27.0 13,500 West Virginia 
Ajax Rubber Co. Wickes 804 196.3 2930 3.64 10’ 0” 40,300 23,900 54.5 32.3 11,000 Franklin Co., Ill. 
Gardner Harvey Paper Co Connelly 440 96.6 1300 2.96 7’0” 39,200 $28,300 40.1 29.0 13,100 West Virginia 
Ball Bros. Co. Badenhausen 796 196.5 3600 4.52 10’ 9” 58,200 21,700 76.0 30.0 11,343 Indiana 4th Vein 
City of Anderson, Ind. Erie City 750 149.8 1880 2.50 60” 55,000 $30,000 55.5 34.0 13,000 West Virginia 
Columbia Chemical Co. Connelly 1544 395.0 7000 4.53 11’0” 28,700 18,500 37.0 24.2 12,000 Belmont Co. Slack 

3 of] T TI T the modern units, a study of the units typical of the years 1911 

&. 45} s t }} | and 1923 has been plotted in Fig. 12. These curves show a 

eos t wi | marked decrease in the energy required per ton of coal burned for 

$5 isi supplying the air and driving the stoker. Units as designed today 

%e i = = show the power consumption as indicated in the third curve. 

Operating Range of Modern Stoker 
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(Weight of refuse, 40 Ib. per cu. ft. Time in ashpit is based on weight of 
refuse discharged by rolls.) 


multiple-retort underfeed stoker consists of three main items, 
namely: Power to feed and distribute the coal; to drive the 
crusher rolls; to supply the air required at the desired pressure. 
The last is the most important. Power to drive the stoker 
and crusher rolls ordinarily does not exceed 0.2 hp. per retort, ae 
which amounts to a total of only 3 hp. on a very large stoker unit. 
In practice it is customary to furnish motor units of greater size 
to take care of extraordinary conditions. 
The power required by the forced-draft fans depends upon the 
quantity of air and the air pressure. The quantity of air required y 
is governed of course by the CO, content of the gases in the fur- 
nace. The high CO, now obtained on modern units has very 
materially reduced the power required for driving the fan. Air 
Pressure is a function of tuyere design and fuel-bed condition. 11 Automatic Am Distrmmvtion sy Means or Arn Motors 
As an illustration of the reduction in power consumption with OreraTiING DAMPERS 
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Protection of the walls surrounding a stoker has received 
deserved attention only recently. For many years the maxi- 
mum capacity of combustion units could not be utilized due to 
defects in the furnace wall construction along the fuel line. The 
formation of clinkers is essential if efficient decomposition is to 
take place and is evidence of a high furnace temperature rather 
than of a defect in the combustion equipment. The problem is 
to render clinkers harmless and keep them moving in small pieces. 

The saving with proper furnace enclosure is great. Refrac- 
tories have been developed with greater resistance to the high 
temperatures and running slag. Complete water cooling is 
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Fig. 12 Tur Power ReQuireD FOR THE COMBUSTION OF COAL ON 
Mopern UNDERFEED STOKERS 


desirable in some cases, while in others a small amount judi- 
ciously placed will serve the purpose. Perhaps the most eco- 
nomical solution for a furnace under severe conditions is water- 
cooling the critical surfaces along the fire line, while the portions 
above are protected by air-cooled refractory surfaces, which 
are, if possible, inclined outward at the top of the furnace. An 


Fic. 13 Water Coouine Wits 3'/,-In. Borter Tuses SURROUNDED 
Wirs Cast-Iron Biocxs IN CLINKERING ZONE 


illustration of excellent water-cooled protection along the fire 
line is shown in Fig. 13. 


Sizes or FurRNACES 


The furnace size required, which of course determines the 
B.t.u. release rate, has always caused discussion. It has always 
been recognized that the scouring action of the air passing through 
the incandescent fuel bed resulted in rapid combustion and the 
elimination of smoke. Many engineers have been misled as to 


the size of the combustion chamber required by studying the in- 
stallations of a type popular five years ago, where the maximum 
fuel-burning capacity of the stoker was accompanied by a moder- 
ate release rate of 40,000 to 50,000 B.t.u. per cu. ft. Believing 
that this release rate was entirely too high for even peak condi- 
tions in coal-fired furnaces, some engineers reasoned that an in- 
crease in furnace volume with a corresponding reduction in B.t.u. 
release rate would result in improved efficiency with stoker firing. 
This, however, is not borne out by experience. 

To secure the information of test records it is necessary to go 
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back a period of time when a furnace volume of 1'/, cu. ft. per 
rated horsepower or even less was quite common. Under these 
conditions the release rate may run over 100,000 B.t.u. per cu. ft., 
and many engineers are astonished to find that just as high effi- 
ciencies were obtained with small furnaces as on the same stokers 
with large furnaces. 

Table 1 shows a number of multiple-retort underfeed stoker 
installations giving details as to the coal used, furnace volume, 
combustion rates, etc. Small furnace volumes are used in many 
cases with excellent results, a number of installations showing a 
release rate of over 100,000 B.t.u. per cu. ft. per hr. 

Further consideration indicates that the reason that restricted 
furnace volumes became unpopular was because of the small dis- 
tance between the front boiler tubes and the grate surface, com- 
bined with the intense furnace temperatures produced by the 
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Fic. 16 Water-CooLep FurRNACE FOR EXTENSION OF SAGINAW 
River Sration, Consumers Power Company, DESIGNED FOR 
Erriciency at Hien Rates or EvaPporaTion 


high release rate. This resulted in large quantities of molten slag 
fastening itself to the boiler tubes, shutting off nearly completely 
the first pass and rapidly melting down the walls owing to the 
high temperature and insufficient draft in the furnace. 

Modern design offers a solution of this problem. The furnace 
temperature can be reduced by adequate water cooling. The 
partial closing of the first boiler pass by slag on the front tubes can 
be taken eare of by screens of tubes across the front, which may 
take a variety of forms in combination with water walls. For 
example, with the horizontal-tube type of boiler the screens may 
be arranged in a number of forms, as illustrated in Fig. 14. A 
recent application of a slag screen combined with a rear water wall 
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is shown in Fig. 15, where the top of the furnace is completely 
water-cooled while the sides are protected to a height sufficient to 
prevent ordinary erosion. This unit, designed by H. L. Doherty 
& Co., engineers for the Lorain plant of the Ohio Public Service 
Company, has a capacity of 290,000 Ib. of steam per hour, burning 
Ohio coal with a heating value of 13,000 B.t.u. per lb., containing 
3 per cent sulphur and with an ash-fusing temperature of 2100 
deg. fahr. 


BENEFITS OF PREHEATED AIR 


Preheated air is of benefit in underfeed stoker firing, as so 
large a portion of the fuel bed is supplied with green coal rising 
from the bottom of the retorts that the use of highly preheated air 
is logical. It prepares the fuel bed for the next coking stage in the 
process, evaporates the moisture content, and introduces air 
more nearly at the temperature of the fuel, which therefore is not 
chilled by it. It makes the process more gradual. 

While the preheating of air has advantages from the heat- 
transfer point of view, its advantages in aiding the combustibility 
of fuels and particularly high-moisture fuels have not been fully 


In modern practice preheated air enters the stoker at 150 to 
700 deg. fahr. Few installations have been made to exceed 500 
deg. The more common practice is a range of 300 to 500 deg., as 
at the Chester station of the Philadelphia Electric Company, 
with indications of higher temperatures in the near future. Ex- 
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Fic. 20 400,000-Ls. Steam Unit at PLant oF ALLEGHENY STEAM 
Heatine Co., PirrsspurGu, Pa. 


pansion problems, particularly in steel work, must be provided 


for. The design of the air chamber must be such that there are no 
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leaks, as air at that temperature is objectionable. Insulation 
should be provided at the stoker fronts or where a man may come 
in contact with the parts. All air ducts must be insulated, not 
only because of the risk of burning, but to prevent loss of heat. 

The improved economy and the increasing use of higher tem- 
perature air is illustrated by installations of stokers at the Sag- 
inaw River plant of the Consumers Power Company, designed by 
the Commonwealth Power Company engineers. Stokers typical 
of the years 1924 and 1927 are installed and have been tested. 
The combined area of the water walls, boilers, and economizers is 
slightly greater for the 1924 installation than for the 1927 
units while the recovery of heat is greater in the latter 
units. Fig. 17 shows the results with both units plotted against 
the evaporation. There is improvement in efficiency at the 
higher rates of evaporation with the new unit and in the re- 
covery of combustible in the refuse. 


Fic. 21 or 700,000-Ls. With 
Front anp REAR WALLS 


Air at 600 deg. fahr. is double the volume of air at room tem- 
perature, and this means that increased areas or higher veloci'ies 
must be employed. Stokers are able to use air temperatures up 
to 700 deg. without overheating or destroying those parts in con- 
tact with the hot fuel. An analysis of what takes place under 
such conditions is of interest. 

The cooling of the stoker structure presents a simpler prol!em 
than the cooling of boiler tubes by a fluid such as water at 560 
deg. fahr. or the cooling of radiant superheater tubes by steam at 
700 deg. fahr. or higher. The furnace structure beneath the fire 
needs no high heat transmission rate owing to its being in a cooler 
zone. Air absorbs heat from cast iron at surprising rates, as was 
shown in a recent investigation in which an air-cooled cast-iron 
box with an exposed surface of 1 sq. ft. was placed in the side wall 
of a furnace in the hot zone just above the fuel bed of an underfeed 
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stoker. This experiment gives a measure of the heat transfer 
that may be expected to take place through the tuyere, allowance 
being made for the difference in the heat head in the two cases, 
and the results reveal possibilities of air cooling that are worth 
further study. 

Air under pressure was admitted to the bottom of the box and 
was exposed to the heat as it flowed between extended surfaces 
cast in the face of the box, being finally discharged at the top of 
the box. Measurements of the quantity and temperatures of the 
air under different conditions were made, the heat transfer per 
square foot of surface exposed to the fire being plotted against the 
air velocity and air quantity, as shown in Fig. 18. From this 
curve we find that the heat transfer through the cast-iron box 


Fic. 22 Furnace Desionep ror Burnine Variety oF INFERIOR 
CoaLs 


equals 70,000 B.t.u. per sq. ft. per hour per square foot of sur- 
face exposed to fire, when the velocity of air through the cast-iron 
box equals 2500 ft. per min., air temperature 87 deg. fahr. 

In a stoker burning fuel at the rate of 50 lb. per tuyere per hour, 
which is easily obtained, the flow of air through a single tuyere 
equals 333 cu. ft. per min., at 660 deg. fahr. The area of air 
openings in the standard tuyere for preheated air equals 8.5 
8q.in. Therefore the velocity of this preheated air through the 
tuyere equals 333 X 144 + 8.5 = 5650 ft. per min. 

The rate of heat transfer varies directly as the temperature 
difference and approximately as the square root of the velocity 
for equal surfaces exposed to the furnace, from the resuits of the 
observations made on the cast-iron box as shown in Fig. 18. 

The amount of air passing through the tuyere per square foot 
of exposed surface is found thus: The area of the tuyere exposed 
to the heat of the furnace is 0.44 sq. ft. The flow of 333 cu. ft. 
per min. at 660 deg. fahr. is 12 lb. per min. Therefore 12 + 0.44 
x 60 = 1640 lb. per hr. per sq. ft. of surface exposed to the 
furnace, 

The amount of air passing through the cast-iron box per square 
foot of exposed surface per hour is found thus. With a flow of 
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350 cu. ft. per min. at 87 deg. fahr. there is 25.6 lb. of air per sq. ft. 
permin. Therefore 25.6 X 60 = 1540 lb. of air per sq. ft. per hr. 


Fic. 23) Furnace Water-Cootep Rear AND Com- 
BINATION OF WATER COOLING AND AIR COOLING FOR SIDE WALLS 


4 


Fie. 24 Furnace For BurNiING INDIANA CoaL, Ustnc PREHEATED 
AIR 


Therefore, practically the same weight of air passes through the 
tuyere per square foot of exposed surface per hour as was passed 
through the cast-iron box. The velocity of the air through the 
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tuyere is 5650 ft. per min. and through the cast-iron box is 2500 
ft. per min. 

The ratio of the square roots of the velocities is 1.5 to 1. 
Therefore all other things being equal, the heat transfer through 
the tuyeres should be 1'/; times greater than that through the 
cast-iron box. However, the temperature differences are not the 
same. Assuming that the temperature difference of the fuel on 
the tuyere and the air equals 2300 deg. fahr. minus 660 deg., or 
1640 deg., and using this same maximum temperature for the 


cast-iron box the temperature difference equals 2300 deg. fahr.. 


minus 87 deg., or 2213 deg. 

On this basis the heat transfer through the tuyere would be 
only about three-quarters of that through the cast-iron box, 
assuming the same velocity through each. A heat transfer 
through the tuyere equal to 1.5 X 0.75 = 1.15 times that obtained 
through the cast-iron box may be expected, or 15 per cent greater 
heat transfer through the tuyere. Developments are now taking 
place that will make markedly higher air temperatures entirely 
feasible. 


Atr-CooLep Front CastiInas 


A construction extending 2 ft. above the ram box caps of cast- 

iron boxes with extended cooling surfaces built into the front 
wall is in service and is still in satisfactory condition. This wall 
(Fig. 19) has withstood the influence of a high furnace tempera- 
ture for two years, being cooled solely by circulating air through 
it. 
The foregoing discussion indicates that the proper method for 
preserving tuyeres is to insure a free flow of air. From a practi- 
cal point of view the problem is to keep the openings and tuyeres 
clear, and this has been accomplished. 

These newer developments in stoker-fired plants are not af- 
fecting the maintenance of stoker parts to any great extent, and 
although preheated air has been used, the redesigning of parts 
giving many times greater cooling surface than has been used 
heretofore has offset the effect of high temperature. Much also 
has been done in the designing of stoker parts so that those that 
wear away through abrasion or overheating are easily replaced 
and the amount of metal necessary to replace is reduced to a mini- 
mum. 

A cost of 2.9 cents per ton of coal fired is the record of one 
plant as the average maintenance for stoker parts using preheated 
air and equipped with water-cooled walls. At times these boilers 
are operated up to 400 per cent rating and average around 200 
per cent boiler rating. 


Sroxer Units ror 


In the boiler plant of the Italian Edison Company at Genoa, 
there are stoker-fired boilers with a capacity of 350,000 lb. of 
steam, designed by Engineers Ferrerio and Orlando. Low stacks 
are used, with the plant built on the Mediterranean Sea. This 
plant is designed for burning German, English, or American coals 
and is now in operation. 

The Jargest boilers in the world, designed by the Detroit Edi- 
son Company engineers, with 41,500 sq. ft. of heating surface, are 
at its Beacon Street heating plant and are fired by underfeed 
stokers. These units frequently give 400,000 lb. of steam per 
hour throughout the day and give monthly operating efficiencies 
of 83 per cent on the boiler, no superheater, water walls, preheat- 
ers, or economizers being used. Automatic control has been ap- 
plied. The 400,000 lb. evaporation is obtained with 3'/, in. air 
pressure. A much higher steam output has been obtained, but 
the equipment available does not permit the measurement of the 
‘quantity. It would appear, however, that the unit is capable of 
‘délivering well above 500,000 lb. of steam per hour. 

“«! Single-ended stokers will be used for the new Delray No. 3 
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plant and will have a coal-burning capacity sufficient to evapp- 
rate 482,000 lb. of steam per hour. 

An interesting installation of stokers for high rates of evapora- 
tion is that of the Twelfth Street plant of the Allegheny County 
Steam Heating Co. in Pittsburgh. These units, illustrated in 
Fig. 20, comprise twin boilers, each having 36,700 sq. ft. of heat- 
ing surface fired by double-set multiple-retort stokers. Each 
unit will have a capacity of 400,000 Ib. of steam per hour. A 
unit designed for an evaporation of 700,000 lb. of steam per 
hour is illustrated in Fig. 21. 

The power-plant designer need have no hesitation in installing 
a single stoker-fired unit of high evaporation capacity as the in- 
herent overload capacity of a stoker offers unbelievable flexibilit \ 
and permits the generation of practically unlimited quantities of 
steam. 

Where cheap low-grade local coals are available the underfee:! 
stoker will permit the generation of low-cost steam. Many engi- 
neers have made the decision to replace older equipment whic) 
could burn only certain coals with modern units capable of burn- 
ing any kind of coal. To burn such coals economically the first 
cost of the installation must be moderate, and the power taken by 
the auxiliary equipment must be small. 

Such a situation developed at the Columbia Chemical branch 
of the Pittsburgh Plate Glass Company at Barberton, Ohio. Ex- 
isting combustion equipment required special coals if good effi- 
ciency and low maintenance were to be obtained. The commer- 
cial situation dictated the use of a variety of inferior coals, es- 
pecially Belmont County slack, which runs 40 per cent volatile 
matter, 4 per cent sulphur, and with about 25 per cent Fe.O; in 
the ash. A trial installation, as shown in Fig. 22, was made two 
years ago, as designed by the consulting engineers, Dwight 
Robinson, Inc., of New York. Automatic combustion control 
was built in with the stoker. A series of tests of 24 hours each 
run on four successive days showed over 83 per cent efficiency. 
The fifth day a test was run with the automatic control set to give 
lower CO, to check the boiler performance. The resulting drop 
in efficiency with an increase in the stack temperature demon- 
strates the importance of using combustion equipment which 
limits the amount of excess air required. 

Taking advantage of the principles which had been demon- 
strated to be correct on the first installation, three larger stoker 
units were installed under 1544-hp. boilers. Full rear-wall water 
cooling was applied, while a side wall of economic height was ap- 
plied with an air-cooled refractory wall above (Fig. 23). These 
new units have replaced many smaller boilers. 

The trial stoker at the Pittsburgh Plate Glass Company was 80 
successful that Ball Brothers, of Noblesville, Ind., decided to 
run tests with Indiana No. 4 vein coal on the same units. These 
tests, supervised by the Commercial Testing and Engineering 
Company of Chicago, demonstrated the ability of the stoker to 
burn Indiana slack, maintaining 15 per cent CO, for indefinite 
periods. 

Consequently a stoker installation was made at the plant of 
Ball Brothers Company, replacing older equipment (Fig. 24). 
This stoker has demonstrated its ability to burn Indiana coal 
containing 12 per cent moisture and 11,343 B.t.u. per lb., using 
preheated air. A recent 48-hour test showed 87 per cent eff- 
ciency. With a smaller furnace the stoker has showed a capacity 
twice that of the replaced units. 


Discussion 
Henry Kretsincer.* In the second paragraph of the paper it 
is stated that the fuel resulting from low-temperature carbonl- 


3 Research Engineer, Combustion Engineering Corporation, 
New York, N. Y. Mem. A.S.M.E. 
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zation can best be burned on some form of stoker. One of the 
reasons given is that the sensible heat of the fuel can be retained, 
making it unnecessary to quench the fuel when taken out of the 
carbonization retort. In order that this could be done it would 
be necessary that the retort would discharge the coke directly on 
the stoker or into the stoker hopper without allowing the heated 
fuel to come into contact with air. Under such condition there 
would be no storage of fuel between the retort and the stoker, and 
the two would have to be operated at the same rate. When the 
demand for steam increased, more fuel would have to be supplied 
to the stoker, and the rate of distillation would have to be in- 
creased in proportion to the increase in the rate of making steam. 
If the boiler were to be banked, the process of distillation would 
have to be stopped likewise. A regulation of the rate of com- 
bustion under these conditions would be rather difficult. It 
seems that it would be far simpler to quench the coke coming out 
of the carbonization retort and store it until it is needed by the 
stoker. 

The curves in Fig. 1 are intended to show the improvement in 
efficiency obtained with modern stoker equipment as compared 
with the efficiency obtained with stokers of 14 and 18 years ago. 
They show the overall efficiency of the entire steam-generating 
units including stokers, furnaces, boilers, superheaters, econo- 
mizers, and air heaters. As such they do not show only the im- 
provement of the stoker, but the combined improvement of all 
the parts making up the steam-generating units. A large part of 
the increase in the overall efficiency is due to the addition of 
economizers, air heaters, and in some cases superheaters. This 
is particularly true of the group of curves showing the highest 
efficiency, which represent results of tests of units with econo- 
mizers or air heaters. In some cases the economizers were of 
extra large size and the water entered the economizer at low tem- 
peratures. In such cases the resulting flue-gas temperature was 
very low, and high overall efficiency and high apparent rating 
was obtained. 

The computation of the ratings is based on the total heat ab- 
sorbed by the unit including the economizer, but only on the 
heating surface of the boiler. Such ratings are not directly com- 
parable to those of steam-generating units of 18 years ago, many 
of which did not have economizers and some of them not even a 
superheater. 

There is no doubt that during the last 20 years progress has 
been made in the stoker equipment, but similar progress has been 
made in other parts of the steam-generating apparatus. The 
addition of superheaters, economizers, and air heaters brought 
about the largest part in the overall improvement. 

The section of the paper relating to the size of furnace tends to 
leave one with the impression that large furnaces are not necessary 
or perhaps not even desirable for stoker firing because as good 
results are obtained with a small furnace as with a large one. 
This would lead one to believe that the combustion of the fuel is 
practically completed in the fuel bed. This, however, is not the 
case. Not more than about two-thirds of the heat of the fuel is 
liberated in the fuel bed, the remaining third being released in the 
combustion space above the fuel bed. With all types of stokers 
there are parts of the fuel bed which give off gases containing a 
large percentage of combustible. It is not uncommon to find 
15 or 20 per cent of combustible in the gases rising from the fuel 
bed of a stoker. This combustible gas consisting mostly of CO 
and H; must be mixed with air supplied over the fuel bed and 
burned in the furnace. A liberal size of furnace is needed for this 
mixing and the completion of burning of the combustible gases. 
If the furnace is not of sufficient size, the process of mixing and 
burning is carried into the gas passages among the boiler tubes. 
It is a matter of common observation with small furnaces for the 
flame to extend through the first pass of the boiler, and at times 


even through the second pass. If the process of combustion 
were completed in the fuel bed, there would be no flame in the 
furnace. The presence of the flame shows the existence of com- 
bustible gases. ; 

There are no stokers with a completely uniform fuel bed over 
the entire grate surface. With a chain-grate stoker the front half 
of the grate is covered with coal, from which a large percentage 
of combustible gases rises with practically no free oxygen to burn 
this combustible. On the rear part of the stoker where most of 
the combustible is burned out the gases rising contain 10 to 20 per 
cent free oxygen. This free air coming through the rear part of 
the grate or around the rear end must be mixed with the com- 
bustible gases rising from the front part of the fuel bed in order 
that the latter may be burned. Combustion space must be 
provided for this mixing of the combustible gas with the air. If 
the furnace is small, the air supplied to the furnace cannot be 
effectively mixed with all of the oxygen supplied to the furnace 
before the gases enter the boiler. 

A study of combustion in a traveling-grate stoker furnace is 
given in a paper by W. A. Shoudy and R. C. Denny, published in 
the A.S.M.E. Transactions, vol. 46 (1924), p. 639; also in a dis- 
cussion of the same paper by A. R. Mumford, same volume, 
p. 658. 

In an underfeed type of a stoker, gases containing combustible 
and no free oxygen are rising from the fuel bed over the retorts. 
Free oxygen enters the furnace at the rear of the stoker along the 
side walls and front wall. A considerable quantity of free oxygen 
also enters the furnace through craters or holes in the fuel bed. 
Such craters or holes are particularly apt to form with the Eastern 
coking coals. In most plants equipped with this type of stoker, 
screenings containing a large percentage of slack are burned. 
During the process of distillation of volatile matter the coal 
becomes soft and fuses into a mass of coke. This mass of coke is 
broken by the agitation of fuel bed. Air flows through these 
cracks in the fuel bed, burning out the coke and enlarging the 
cracks into fissures or craters. When these fissures have become 
sufficiently enlarged, they allow free oxygen to pass completely 
through the fuel bed. This oxygen is then mixed with the com- 
bustible rising from other parts of the fuel bed containing no. 
fissures. Space is needed for mixing this combustible gas with 
the free oxygen coming through the fissures at the rear end of the 
stokers and along the side and front walls. If the furnace is not 
sufficiently large or if the mixing is inadequate, the mixing and 
combustion of the combustible continue into the boiler. It is 
this combustion among the boiler tubes which is largely respon- 
sible for the formation of slag on the boiler tubes and the clogging 
of the gas passages in the first pass of the boiler. Combustion 
among the boiler tubes also causes high flue-gas temperature. 
Therefore all good stoker installations should have a large furnace 
in order that the mixing of the combustible gases rising from the 
fuel bed and the free oxygen entering the furnace in the various 
ways may be thoroughly mixed and burned before the gases enter 
among the boiler tubes. 

While large fissures or craters in the fuel bed may be detri- 
mental to efficiency, a reasonable amount of small craters well 
distributed over the fuel bed are beneficial, because they supply 
oxygen to the midst of the stream of combustible gas given off 
by the fuel bed and thereby shorten the flame. This is particu- 
larly true of large stokers. The grate area of such stokers is large 
and the distance between the central parts of such grate and the 
furnace walls is long, and therefore too much time and space 
would be required to bring the oxygen coming in along the furnace 
walls in contact with the combustible rising from the central part 
of the fuel bed. ; 

Fig. 20 of the paper shows a stoker furnace of a rational design. 
The furnace has a large combustion space for the mixing and 
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combustion of the gases before they enter among the boiler tubes. 
This furnace design has been used in many stoker installations 
which have given the best results so far as combustion is con- 
cerned. 

Studies of combustion in underfeed stoker furnaces are given in 
Bulletin 23 of Bureau of Mines, p. 287, and in Bulletin 214, pp. 
107 to 114. This study ends with the following conclusion: 

“The conclusion is drawn, therefore, that uniform air distribu- 
tion in a stoker-fired furnace does not exist. Combustible gas is 
produced at some portion of the grate area, and the air needed for 
combustion is supplied at other points. Space is needed to bring 
the combustible gas and the air together so that the combustion 
can take place; when the combustible gases and the air are 
brought together, combustion takes place almost instantaneously. 
In other words, the rapidity of combustion in boiler furnaces 
depends almost entirely on the rapidity of mixing and not on the 
chemical laws governing combustion, as mixing is far too slow to 
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allow the chemical law of combustion to act fully. This state- 
ment is true of all types of stoker furnaces as well as of hand-fired 
furnaces. As the combustion space is necessary in a stoker 
furnace, its size should be given full consideration in designing 
such a furnace.” 

Under the heading of “‘Benefits of Preheated Air,” it is stated 
that in modern practice preheated air enters the stoker at 150 to 
700 deg. fahr. Experience with preheated air shows it highly 
desirable to keep this temperature below 500 deg. fahr., both 
for the good of the stoker and for the high efficiency of the steam- 
generating unit. Excessive air preheating greatly increases the 
maintenance on the stoker. While the tuyere castings, the links 
on the chain-grate stoker, and the rocking bars on the type E 
stoker may stand air preheated to 700 deg. fahr. for a time, their 
life under such operating conditions is short. 

Air cannot be preheated to 700 deg. fahr. efficiently. A very 
large air heater would be required and the temperature of gases 
entering the air heater would have to be very high. The tempera- 
ture rise of the air while passing through the air heater is steeper 
than the drop in the temperature of the gases, because the weight 
of gases flowing through the preheater is greater than that of the 
air and the specific heat of the gases is higher. Under good con- 
ditions of operation the weight of the air passing through the air 
heater is about 80 per cent of the weight of gases. The specific 
heat of the air is 0.24, whereas the specific heat of the gases may 
be 0.26 or even higher. This difference in the weights and in the 
specific heats causes the temperature difference between the air 
and the hot gases to become smaller toward the hot end of the air 
heater, thus reducing the effectiveness of the heater. It would be 


difficult with a reasonable size of air heater to preheat the air to 
700 deg. fahr. and at the same time to reduce the temperature of 
the gases leaving the air heater below 450 deg. fahr. A better 
overall efficiency can be obtained by placing a small economizer 
between the boiler and the air heater to reduce the temperature 
of gases before they enter the air heater. Fig. 25 shows the 
comparative temperature drop of products of combustion as they 
pass through various parts of a steam-generating unit, generating 
125,000 to 150,000 lb. of steam per hour. 

The shape of the curve representing the temperature of the 
products of combustion while passing through the air heater is 
such that the curves become nearly horizontal toward the hot end 
of the air heater. The same is true of the curve giving the tem- 
perature of the heated air, showing that very large additions in 
the heating surface of the air heater would have to be made for a 
small rise in the temperature of the air. If the air were to be 
heated to 700 deg. fahr., the temperature of the gases entering the 
air heater would have to be above 800 deg. fahr., and the air 
heater would have to be absurdly large; otherwise the tempera- 
ture of the gases leaving the heater would be very high, resulting 
in low overall efficiency of the steam-generating unit. 

A combination of a small economizer and a reasonable size of air 
heater gives the best overall efficiency even when the feedwater is 
heated by turbine bleeding. The temperature of the gases enter- 
ing the air heater should not be over 600 deg. fahr. for good overall 
efficiency. 


H. C. Porter.‘ I have been interested in low-temperature 
carbonization for 15 or 20 years, and in studying it have often 
thought that it might be tied up with boiler-furnace operation, 
when the right method should be found. The authors of this 
paper are practical men in the stoker game, and they appear to 
see possibilities in it too. 

Unquestionably there are advantages in precarbonizing raw 
coal to put on stokers to fire under boilers. It makes an improved 
fuel. But there is little or no profit in it at present; one must 
look out not only for the costs of operation, of carrying out the 
carbonizing, but also for the loss of total heat value available in 
the coke and other products. There isa loss. We do not get the 
total heat out of the coal in the available heat of the products and 
therefore have to get enough return from an enhanced value in 
the product to pay for the losses and costs. It is a narrow mar- 
gin; in fact, at present I doubt if there isany margin. There are 
possibilities in the future for increasing the value of the by- 
products. 

The chemists are at work on low-temperature carbonization 
products, and some day they will be more valuable. There is a 
large yield of tar from low-temperature carbonization, and it is 4 
different tar, which chemists are going to find valuable some day 
for special uses. The gas made is a rich, high-B.t.u. gas that we 
can use to advantage for mixing with leaner gases for public 
distribution. 

Now if the stoker operator and the boiler-furnace engineer will 
devise a scheme mechanically feasible for making a compact, low- 
temperature, carbonized fuel, right on the ground, delivered 
directly to the stoker hot, and if at the same time they can recover 
valuable by-products, they will have a valuable furnace improve- 
ment. 

Low-temperature coke will burn on a stoker with some ad- 
vantages. It has a high rate of combustibility, so that you can 
come up to high ratings without the high-velocity drafts that are 
necessary today and that carry cinders up the stack. On under- 
feed stokers, for example, running at high ratings, if you have 4 
fuel that is compact and yet burns easily with a high rate of 
combustibility, and if thereby you can get away from the diff- 


* Consulting Chemical Engineer, Philadelphia, Pa. 
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culty of carrying the fuel up the stack, I think that will be found 
a distinct advantage, will raise efficiencies, and will lower the 
overall costs. 


Harry C. Carroui.’ Until the last two or three years prac- 
tically all of the underfeed installations were on the Eastern coast. 
Recently a good many installations are going on in Mid-Western 
coals, and the coals that I have been dealing with are Indiana and 
Illinois, which have relatively high volatile and relatively high 
ash and a very high sulphur. 

One installation quoted in the paper was on a Stirling boiler of 
394 hp. in which we put a Taylor stoker. The ratings were 
asked for at 160 and 175 per cent. By means of carborundum 
air-cooled blocks we were able to operate with fifth-vein Indiana 
coal at the ratings asked for and obtained as high as 77 per cent 
efficiency on 24-hour runs. It is interesting to note that the 
distribution on this particular type of stoker takes care of clinker 
formations, and we did not have a clinker grinder in this installa- 
tion. The setting was fairly low, mud groundment about 3 ft. 
from the floor, and if you gaged the rating to the combustion 
space that was available, this kind of coal can be burned success- 
fully in Indiana on this stoker. 

Another installation was the one of Ball Brothers, at Nobles- 
ville, Ind. Previously, they had a powdered-fuel installation 
which did not succeed very well, and before deciding on a stoker 
we took a lot of the Indiana coal into the plant of the Pittsburgh 
Plate Glass Company for test, where Taylor stokers are installed. 
| think we ran four days on these tests, and after getting 16 per 
cent CO, for several hours, I questioned the operator if he did not 
have a CO, tank up on the roof. We soon found that we were 
able to obtain 15'/, to 16 per cent CO, on this coal without diffi- 
culty, and in the test that Mr. Bennett showed at Noblesville we 
obtained 87 to 88 per cent on Indiana coals on long-duration runs 
with this stoker, which had a clinker grinder in it, however. 


Loyp R. Strowe.* The thing in this paper that impresses me 
is the stress placed on the low combustible in the ash and upon 
the high percentage of CO,. 

With so many new developments in the combustion field, 
attention has been drawn away from these two essentials of high 
combustion efficiency. High CO, content and low loss of un- 
burned solid fuels are subjects that have been gone over so many 
times that they hold no particular interest for those seeking 
something spectacular in the combustion field. 

Consequently, there is some likelihood that we may lose sight 
of these two old standbys, which after all just about tell the entire 
story of fuel economy so far as combustion equipment is con- 
cerned. I think the time is well at hand to get back to the simple 
essentials of combustion of coal or at least. to not lose sight of 
them in our desire for something new. 

Consequently this paper is very timely and the authors are to 
be commended for bringing to the foreground what is after all the 
most important matters in our effort to burn coal with the great- 
est efficiency, and it is very interesting to note what stoker manu- 
facturers are accomplishing by keeping their eye on the essentials 
of the combustion game rather than being led astray in seeking 
for something of a spectacular nature. 

1 would like to ask the authors of the paper what their experi- 
ence has been in connection with the influence of water-cooled 
walls upon the rate of burning coal. 


’ Director Mechanical and Combustion Engineering Department, 
Testing and Engineering Company, Chicago, Ill. Mem. 
S.M.E. 
. *Johnston and Jennings Company, Cleveland, Ohio. Mem. 
A.S.M.E 


Tueo. Maynz.’ As to the efficiency that is now being ob- 
tained, I would like to call the attention of the authors to some 
authentic tests that were run 16 years ago using Eastern bitumin- 
ous coal, where for 24 hours two separate tests were run, and 
we obtained an efficiency of just under 81 per cent with an old 
Babcock & Wilcox 520-hp. 7 ft. from the floorline to the lower 
side of the heater, without any heat-recovery apparatus of any 
kind. The only thing that was different was the use of the lower 
rows of tubes, they being 2-in. tubes instead of 4-in. tubes. We 
obtained a flue-gas temperature of 25 deg. above the saturation 
point of the steam. 


JEFFERSON C. FALKNER.® I agree fully with the authors that 
upon the proper air distribution depend the efficiency and ca- 
pacity of the units. As the size of the stokers has increased to 
meet the size of the boilers, in width as well as length, the control 
of the air distribution has become more difficult and important. 

Holes occurring in the fuel bed, particularly at high rating with 
increased wind-box pressure, are harder to fill up or cover over. 
To fill up these holes with the old type of wind box requires a drop 
in air to the tuyeres, with a subsequent drop in steam generation, 
until the pushers have filled up the hole. This is a serious operat- 
ing condition during the peak load, when every pound of steam 
the boiler can generate is needed. 

Therefore it would be desirable to divide the wind box up into 
sections, the number depending on the size of the stoker, both 
parallel with the stoker and across it, thereby decreasing the area 
affected by holes to a small part of the total, which can be ad- 
justed without decreasing the steam rate until the hole is covered. 

This means that an extensive system of damper control must 
be installed. I am of the opinion that a manually controlled set 
of dampers would give as good results as with air motors, as the 
complicated mechanism required to operate them is very apt to 
be affected by coal and ash sifting down on it; and especially 
when high temperature air is used, it will be hard to keep lubri- 
cants on the links. It would be impossible to repair them while 
the boiler is in operation. As there should be a definite ratio of 
the fuel bed at all loads along the stoker from the entrance to 
the ashpit, the hand-operated dampers could be set and not have 
to be operated, unless holes occur, for any load on the boiler. 

One thing to be guarded against is that of having the differ- 
ential between sections too high, as a jet action downward from 
the higher to the lower section, where the dividing plate occurs, 
may burn out the tuyeres. To avoid this the dividing plates 
should have a 1- to 2-in. opening between the tuyere and the top 
of the plate, which allows enough air from the high side to counter- 
act any trouble at these points. 

These divisions are extremely helpful in banking and starting 
up a boiler, either from a banked fire or a clean grate. After a 
boiler has been banked for several hours and you wish to put it in 
service again, the lower end of the grates will have very little left 
except ashes. Green coal being pushed in and the air turned on, 
if the wind box is not sectionalized, the pressure must be very low, 
as the ash would be blown off the lower sections and the air would 
have a direct pass to the furnace. This necessitates a high 
banked fire to be carried or a slow process of getting the green 
coal to ignite with low air pressure. Clinkers that stick to the 
upper part of the furnace are often caused by the latter process. 

With divided sections the lower sections of the stoker can be 
shut off and as much air as desired put into the banked coal, which 
will soon give the desired fire. As the coal works down, pushing 
the ashes ahead of it, the other dampers may be opened as may 


be necessary. 


7 Consulting Engineer, Cleveland, Ohio. Mem. A.S.M.E. 
8 Assistant to Research Engineer, New York Edison Company, 
New York, N. Y. Assoc-Mem. A.S.M.E. 
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However, on some of the latest stokers there are no division 
plates except where the tuyeres end and the shaking grates begin. 
There is additional control of air to the ashpit, but that has been 
standard for some time. 

Of course this simplifies the air control, but I do not believe it 
gives as much flexibility of operation. Lowering the air pressure 
demanded has lessened the need of finer control. The shape of 
the fire is now carried almost uniform from the rams to the 
shaking grates and is much thinner than heretofore. Ratings of 
500 per cent on boilers of over 2000 hp. have been carried on 4 to 
5 in. of air. 

Tuyeres of different shapes, air openings, and with plain or 
corrugated surfaces have been used. Those with wide openings 
for air at low velocity and others with narrow corrugations, 
giving a high velocity so as better to penetrate the fuel, have 
been tried. Combinations of each also have been tried, but 
better results were obtained with one kind alone and finer air 
regulation. 

Water cooling on the sides and back of the furnace with either 
air cooling or water cooling on the front wall is highly desired, as 
the most efficient combustion in the furnace and low exit-gas 
temperature from boilers make it imperative to use high preheat 
and high gas. This in turn gives a furnace temperature that is 
much too high for reasonable maintenance of refractory walls, 
and the logical solution is complete water cooling. At the same 
time it gives for the same boiler volume added capacity. 

The back wall forming a side of the ashpit should have water 
cooling even if other parts of the furnace do not, as clinkers would 
be constantly adhering to it and would soon bridge across the pit. 
With water cooling, the ash and clinker will not adhere, falling by 
gravity into the pit and passing out through the rolls. The 
length of time the particles of ash, etc., remain in the furnace will 
depend on the size of the ashpit, the operating rating of the boiler, 
and the percentage of ash in coal. 

The depth of the ashpit is a very important item in furnace 
design, as the rolls must be far enough away from the hot coals so 
that they will not burn, and the longer the ash remains in the pit 
the less carbon will be unburned. 

A spray of water just above the rolls, although not advocated 
by some manufacturers, has been found necessary in most cases. 
A sealed ashpit under the stoker is also an advantage, as it lessens 
the chance of burning the rolls, although it makes it harder to 
operate the ash-disposal system. 

In one of the later designs of stokers burning 75 lb. of coal per 
square foot of grate surface, the time the particles of ash, etc., 
remained in the ashpit was figured to be about seven hours with 
15 per cent carbon, while with 40 lb. per square foot the ash re- 
mained approximately 12 hours, with 7 to 8 per cent carbon, both 
of which readings check very closely with the authors’ curve. 

Slag formation on the lower rows of tubes has been greatly 
reduced by water-cooled walls, the removal of certain lower tubes, 
and by the admission of air over the fuel bed, particularly directed 
toward the coal at the coking zone, thereby causing the volatile 
matter to become mixed with the hot gases, where it will be 
burned, thus eliminating the possibility of smoke from this source. 
However, this expedient must be used with considerable care or 
else there will be quite some stratification of the gases leaving 
and very likely secondary combustion in the passes. 

To have holes in the furnace wall just below the first row of 
tubes, through which a lance can be used, while the boiler is in 
operation up to 100 to 150 per cent of rating, is also a big help in 
keeping slag from the tubes. This will allow the boiler to be kept 
in service for a much longer period. 

Automatic control of the boilers has greatly helped in the 
maintaining of efficiencies. The stoker operator in a plant having 
automatic control has more time to give to the finer details of his 


fuel bed. In making his observation, he is greatly helped by his 
meters, which will tell him at once if a hole has occurred. 

The stoker operator has to have a certain amount of tolerance 
from the point set for the automatic control, as the heating value 
of the coal varies; he must adjust his stoker speed to compensate 
for this. Also he must anticipate sudden change of loads, as at 
12 noon and 1 p.m. or8 a.m. He must begin at least a half hour 
or more ahead of this time either to thin or to thicken his fire as the 
case may be, as no automatic control can be set for these changes. 

As comparing stoker versus pulverized-fuel firing, the number 
of types of stoker and of pulverized-coal systems are so large that 
only in a general way will an attempt to be made to give a few 
points for each. Depending on the first cost of the pulverized- 
coal equipment as compared with the cost of stoker, the pulver- 
ized fuel burning, except in the case of the unit mill, will have to 
give 2 to 4 per cent better efficiency to be justified, if we consider 
burning the same grade of coal. With a unit mill the cost would 
be in favor of it rather than the stoker. 

In the matter of banked boilers there is a large saving by using 
pulverized coal, as it is an expensive proposition to bank large 
boilers and then be able to get them back on the line in time for a 
heavy load or sudden emergency service. As a matter of main- 
tenance there is usually slightly more cost on the mills, unless the 
stokers are run almost continuously at high rating, where they 
would be about equal. 

As a matter of ease and flexibility of firing, the pulverized-coal 
method is much easier. Sudden heavy loads either on or off the 
system can be handled with pulverized coal almost instantane- 
ously, which is impossible with stoker use. 

With water-cooled furnaces it is necessary to run both pulver- 
ized-coal and stoker boilers at a rating of 150 to 200 per cent 
owing to the cooling down of the furnaces, the pulverized-fuel 
fire needing this rating to keep the temperature of the furnace up 
so as to insure the stability of the flames, and the stoker to keep 
the outside lanes of coal hot enough to burn. I have noticed 
these lanes almost dark with unburned coal because of air at the 
side-wall tuyeres and the cooling of the area of gases near the 
water walls on low ratings. A much poorer grade of coal can be 
used with a pulverized system than with the stoker. The stoker 
can handle coal with a much higher percentage of moisture than 
that of the pulverized-coal mills, the cost of drying becoming a 
big factor when coal is very wet, the capacity of the mills being 
reduced very rapidly with moisture over 5 per cent. 

The hazard from dust explosion, although it has been greatly 
reduced lately by more knowledge of handling and by precautions 
taken, is still always present. 

The regulations of the insurance company to be met in a pul- 
verized-coal system cause considerable expense, as most of the 
equipment has to be special, especially on the electrical end. 

Handling of dust from the mill is another consideration that is 
both complicated and expensive, as some form of washer, re- 
capturing machine, or vent to flues has to be used. If vented to 
the flue or stack, precaution has to be taken to guard against 
possibilities of backfire. The connection to the flue also causes 
the gases to look like smoke at times when perfect combustion 
may be taking place in the boiler. 

Ashes from a stoker can be sold for almost the cost of the labor 
of coal handling in most large cities, while only in the making of 
cement has a use been found for pulverized-coal ashes, and this 
has not worked out very successfully because of transportation of 
ashes to the cement mills. 

So taking the pros and cons on both sides, there is still room for 
argument. 


AvtTHor’s CLOSURE 
Mr. Worker. I agree with Mr. Maynz, for I know of tests 


; 
> 
a> 
i 
i 
¥ 
» 
4 
he. 
al 


FUELS AND STEAM POWER 


like that, exceptional tests; but the point I had in mind is that 
20 years ago the average plant was not 80 per cent efficient; it 
was, as I said, 55 to 60 per cent, and maybe 65 per cent. I think 
the 81 per cent he speaks of now is good for today. 


Mr. Bennetr. Mr. Stowe spoke of the effect of extensive 
water cooling on fuel-burning rates. Unquestionably the use of 
water-cooled walls permits a very much higher fuel-burning rate. 
Heretofore the fuel-burning rate was limited by the blowing of 
ash against the rear wall. In time this ash would collect on the 
rear wall, and finally bridge over the ash discharge, thus sealing 
up the whole rear of the stoker. Water cooling in the rear wall 
prevents the adhesion of the fused particles of ash and thus over- 
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comes this difficulty. Of course the effect of increased water 
cooling is to reduce the temperature of the fuel bed, which is also 
an added advantage. 

I was very much interested in Mr. Maynz’s remarks concerning 
test made 16 years ago where 81 per cent efficiency was obtained 
with a low setting. This was the Interborough Rapid Transit 
plant, and these results are especially interesting as the maximum 
B.t.u. release rate shown in Table 1 was 157,000 B.t.u. per cubie 
foot. The B.t.u. release rate with 81 per cent efficiency was 
37,000 B.t.u. per cubic foot. 

These results indicate that with furnaces properly designed, 
low settings and small furnace volumes can be used without 
detrimental effect to the combustion efficiency. 
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Progress in Central-Station Use of Pulverized 
Coal 


Summary of Experiences at Cahokia and Analysis of Their Meaning From the Standpoints of 
Performance and of Dollar Value 
By E. H. TENNEY,' ST. LOUIS, MO. 


Operating records of five pulverized-fuel-firing arrangements and 
furnace designs show what value lies in each, these depending upon 
the grade and price of coal used, the plant load factor, and the rate 
for fixed charges. The design best adapted shows a saving of 
$0.40 per ton of coal in operating costs and a saving of $2.44 in 
fixed charges, having been brought about by reduction in coal- 
preparation costs, general improvement in boiler economy, reduction 
in furnace maintenance by the use of water walls, elimination of 
hard slag in furnace by horizontal firing, and increase in ratings 
by the use of water walls, turbulent firing, and draft equipment. 
The nature of further improvements will be difficult to forecast. 
Improvement of mills will probably depend upon development of 
new types and on present designs, in maintaining the fineness of 
grind, and greater facility for repairs. The problem of higher 
rates of heat liberation in the furnace is receiving attention. Water 
walls have about reached their limit with practically the entire 
furnace enclosed. The use of radiant superheaters as a part of 
furnace walls offers possibilities in obtaining a higher and more 
even superheat. Means for reducing the quantity of fly ash in the 
flue gases will be important where pollution of air is a severe local 
disadvantage. All these problems can be discussed to the greatest 
advantage if considered from a completely economical viewpoint. 


URING the past eight years there has been a rapid 
improvement in the design of pulverized-fuel equip- 
ment, and a great amount of knowledge has been gained 

concerning it. Having worked out the major problems of 
preparation and of burner and furnace design for a wide variety 
of coals, we are now in a much better position to give the eco- 
nomic phases of the development greater attention. The diffi- 
culty in obtaining reliable cost data and the general reluctance 
to release unproved figures are probably accountable for the fact 
that many of the data given out up to this time have stressed 
technical rather than cost problems. This paper, although it 
contains many data that have already been published, is an at- 
tempt to assemble the experiences of powdered-coal develop- 
ment of the St. Louis central stations in a way to show their actual 
meaning from the standpoints of both performance and of dollar 
value. 

The earliest central-station installations were designed and 
made largely on the knowledge and experience obtained in the 
cement industry. The problems incident to central-power- 
Station operation, however, involving dependability of equip- 
ment and absolute minimum of outages, have been very different 
from those encountered in the cement industry, and have caused 
us to concentrate upon the technical aspects of the various 
operating difficulties as they have come up. It has been only re- 
cently then that we have been able to concentrate on the eco- 
nomic phases. 

The Cahokia station of the Union Electric Light & Power Co., 
St. Louis, Mo., was the second central station in this country 
designed for pulverized coal, and in the three sections built con- 

*Chief Engineer, Power Plants, Union Electric Light and Power 
Co. Mem. A.S.M.E. 


P resented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 


secutively over a period of six years most of the major develop- 
ments in pulverized coal are represented. These developments 
have been along the following general lines: 


(1) Power consumption of mills 

(2) Wear on mill parts 

(3) Drying equipment; its simplification or elimination 

(4) Coal-transport equipment; reduction in wear on it, or its 
elimination by unit mills 

(5) General improvements in combustion by control of fineness 
of grind; by burner and furnace design; by preheated air 

(6) Furnace-refractory erosion; its reduction by use of water 
walls 

(7) Slag and its elimination by various means 

(8) Increase in heat liberation per cubic foot of furnace volume 
leading to high ratings by use of water walls, greater tur- 
bulence, and preheated air 

(9) Simplifying the disposal of ash 

(10) General combination of the foregoing improvements lead- 


ing to adaptation of pulverized-fuel systems to districts 
offering coals of widely varying characteristics, and to 
markets offering very poor or “‘distress’’ coal. 


Reference to Table 1 indicates the nature of the evolution of 
equipment with which our application to these problems has 
been concerned. (1) The initial installation in 1922 consisted 
of four refractory-lined furnaces served by 6-ton mills in a storage 
system. This furnace design is shown in Fig. 1, and data con- 
cerning it are to be found in Table 1 under “Boiler No. 3.” (2) 
The next development was in 1924 when boiler No. 11 was in- 
stalled with fin-tube side walls, and mills of 15 tons capacity were 
used in the coal-preparation plant. The general furnace ar- 
rangement, however, was very similar, except as noted in Table 
1 and Fig. 2. (3) The next development was in boiler No. 14 
in which the side walls are water cooled, with plain bare tubes 
recessed into refractory. (4) Then followed boiler No. 13 
with fin-tube side walls and air preheaters. (5) Finally boiler 
No. 17 was equipped with complete water-cooled walls and air 
preheaters, and was served by direct-fired mills and horizontal 
burners. 

The discussion of the various phases of these developments 
will include: (1) maintenance, (2) operation, (3) fixed charges 
on invested expenditures, and (4) capacity and outage for re- 
pairs. It is realized that cost and performance records on sepa- 
rate parts of station equipment are difficult to obtain with exact- 
ness. By taking yearly averages, however, and by checking 
a summation of individual costs against accounting records, a 
degree of accuracy sufficient for comparison is assured. The data 
given in Table 1 are for the year 1927, and therefore represent 
performance on the early type of equipment after some operating 
knowledge had been developed. The comparison thus shows the 
differences inherent in the design and is not simply a record of 
progress from year to year in operation. 


Fue. anp GENERAL BorLer-PLANT DesiGn 
The grade of fuel on which the plant is operated is shown in 
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TABLE 1 BOILER COMPARISONS, CAHOKIA STATION 
Boiler No. No. 3 No. 11 No. 13 No. 14 
Date, initial operation.. Sept., 1923 March, 1925 Dec., 1925 Sept., 1925 
Boiler horsepower. . ‘ 1801 1801 1801 1801 
Fuel firing, pulv erized coal. . Storage Storage Storage Storage 
Vertical fan tail Vertical riffle Vertical riffle Vertical riffle 
Air heater, sq. ft.. wate None None 1,700 None 
Side walls, sq. ft. tubes and tube ‘spacing, c. to hy Air-cooled re- Fin tube, 940 Fin tubes, 7 in., Plain —— 
fractory sq. ft., 7 in. 905 sq. ft., plain, 324 sq. f 
10'/2 in., 66 10'/2 in, 
Front wall, sq. ft. tubes and tube spacing, c. toc...... Air-cooled re- Air-cooled re- Refractory, pre- Air-cooled re- 
fractory fractory heated air pas- fractory 


Rear wall, sq. ft. tubes and tube spacing, c. toc....... 


Slag screen, sq. ft. tubes and tube spacing, c. to c...... 
Hopper bottom, sq. ft. tubes and tube spacing, c. to c... 


Fraction cold. . 
Furnace volume, cu. ‘ft. 

Furnace volume, cu. ft. per ‘rated. bp.. 
Distance arch to slag screen, ft.... 
Width of furnace top, ft.. 


Width of furnace bottom, 


COs top 3rd pass, per cent.. 
Total steam temp., deg. fahr.................-.... 
Heat liberation, B.t.u. per cu. ft. per hr........... 
200 per cent rating: 
Heat liberation, B.t.u. eee 
250 per cent rating: 
Heat liberation, B.t.u. per cu. ft. per hr............ 
340 cent rating: 
Heat liberation, B.t.u. per cu. ft. per hr............ 
380 per cent rating: 
COs: top 3rd pass, per cent..... wa 
Heat liberation, B.t.u. per cu. 


Average operating rating, per cent.................. 

Heat li tion, B.t.u. per cu. ft. per br.............. 
Maximum o; ting rating, per cent............... ° 
Heat liberation, B.t.u. per cu. ft. per hr.. ae ake 


Raw-coal handling, cents per ton..............-200+ 
Slagging and cleaning boilers, cents per ton.......... 


Coal preparation: 
Operation, cents per ton......... 
Power and lubricants, cents per ton............... 


Power consumption, kw-hr. per ton: 
Raw-coal handling, kw-hr. per ton..............++ 
Mills and exhaust fan, kw-hr. per ton............. 
Feeder motor, kw-hr. per ton.. 
Total power consumption, kw- br. per 
Cost at 0.3 cents per kw-hr., cents per ton.. eee 
Boiler operation, cents per 
Boiler feeder, draft maintenance, cents per ton....... 
Boiler-setting maintenance, cents per ton............ 
Boiler and furnace fuel economy, cents per ton....... 
Increment, West Kentucky coal, cents per ton 
Summary operating costs, cents per ton.............. 
Increment over latest 


Ratio of total hours available. . 
Relative investment, boiler capacity. 
Fixed charges per ton coal burned, 
Maximum capacity basis: 

Total operating costs and fixed charges, dollars.... . 

Increment over latest installation, dollars.......... 


Plain tubes, 223 
sq. ft., 107/s in. 


Plain tubes, 358 


Fin tube, 566 sq. 


Plain tube, 382 
sq. ft., 107/s in. sq. ft., 14 in. 


None None 
581 1,888 
0.26 0.63 
11,750 13,500 
6.5 7.5 
22.0 22.5 
17.8 20.7 
16.0 20.7 
Test Resulis 
150 185 
86.0 .75 
13.0 13.2 
670 656 
9,400 10,000 
83.5 85.5 
12.7 13.2 
705 670 
12,900 11,000 
81.0 81.4 
12.3 13.3 
725 705 
16,600 14,400 


Above capacity 
Above capacity 


Operating Data 


1 200 
82.5 84.5 
13.0 13.6 
12,000 11,100 
200 240 
13,000 13,900 
Brickwork Draft 
Operating Costs—Power Consumption 
4.9 4.9 
1.4 1.1 
1.9 1.8 
9.5 9.5 
10.0 11.6 
7.4 7.6 
26.9 28.7 
0.4 0.4 
16.0 16.0 
2.5 2.5 
3.3 3.3 
5.3 5.6 
“1.0 “1.0 
28.5 28.8 
8.5 8.7 
25.2 25.2 
6.6 6.6 
13.5 1.6 
14.0 8.0 
96.1 79.6 
39.8- 23.3 
investment Costs 
1.000 1.056 
0.68 0.78 
136 187 
1.000 0.768 
4.62 3.55 
5.58 4.35 
2.34 1.61 


Above capacity 


Above capacity 


sages 
Fin tube, 540 sq. 
7 im. 


Plain tube, 380 
sq. ft., 14 in. 
None 


© 


te 
— 


Above capacity 


Plain tubc, 502 


sq. ft., 10'/2 in. 


Plain tube, 503 


sq. ft., 10'/: in. 


None 


u 


an 


Above capacity 


Above capacity 


13. 
11,700 
240 


18,700 14,500 
Slagged tubes,smoke Draft 


4. 
1 


te 


10 


~ 
~ 


.79 


~ 


te 


1.039 
30 


Unit mill 
Hor. turbulent 
9,920 
Plain recessed, 
465 sq. ft., 7 in. 


Plain recessed, 


Plain recessed, 
238 sq. ft., 
7 in. 
None 
Bare iron 
blocks, 479 
sq. ft., 7 in. 


0.79 
000 


eo 


ese 


= 
Nano 
none 


Ow 


te 


te 


- 


Norges: Furnace volume is measured from above center line of slag-screen tubes to center line of lowest boiler tubes, except on boiler No. 17. On this boiler 
the volume is measured from the lowest row of boiler tubes to the horizontal center line through the hopper throat. 
Width of furnace measured between side walls or between inner faces of tubes. . 
Fin-tube surface based on half entire perimeter of fin and tube screen surface for boiler No. 14, based on entire tube surface. Plain-tube surface of boilers 
Nos. 13 and 17 based on projected diameter of tubes, and bare iron surface is actual block surface. 
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No. 17 
Oct., 1927 
1801 
; 10 in 
13,2 13,000 i 
4 
19.2 
190 185 165 
87.15 84.85 88.35 
14.7 12.5 16.1 
: 670 686 685 
10,400 10,600 9,800 
87.15 84.2 88.2 
14.6 12.5 15.9 
680 700 695 
11,000 11,500 12,000 | 
86. 85 87.05 
14.4 15.7 
eh 720 720 705 
oer) 13,800 14,900 15,100 
82.9 82.9 
14.1 15.1 
ar 730 720 
210 200 230 
86.2 33 
14.9 |_| 
11,700 13,900 
320 400 6 
| 
Smoke 
Ere 
3 
| 
1.139 
om 0.82 
253 192 328 
ti 0.631 0.736 0.472 
2.92 3.40 2.18 
3.69 4.24 2.74 
4 
4 
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the following three analyses which cover the two grades used tion the West Kentucky coal requires about 14 per cent greater 


and an average for the year 1927: power consumption and causes 16 per cent greater wear on the 
= grinding parts. 

Illinois The plant has been built in sections of eight 1801-hp. boilers. 

 saeeary eaente — : Two of these sections are complete and the third has three 

ie 10.8 Dry 7.8 Dry 8.6 Dry boilers in operation. The general arrangement is substantially 

Volatile.......... 33.4 37.4 34.3 87.2 34.1 37.3 the same for the first two sections, with sixteen 1801-hp. boilers 
Fixed carbon..... 40.7 45.7 46.4 50.3 44.9 49.1 
ere 15.1 16.9 11.5 12.5 12.4 13.6 


B.t.u. as rec’d.... 10,700 11,640 11,394 


In burning qualities, the two fuels are similar, both having an 
ash-fusion temperature of about 2000 deg. fahr. The com- 
position and quantity of the ash differ, however, and the West 
Kentucky coal can be burned with less excess air (except as here- Grade 86 tn < 
after noted) because of a lesser tendency to slag. In prepara- s = 


Grade + 86.85 SE 
Grade 63 
Grade t6306 | 
j Grade 40 
Grade 1400 
0 
Fie. Borer No. 11, Fin-Tuss Sinz Watts 
e} a fired from a storage system of pulverized coal. The preparation 
Q ae plant consists of waste-heat coal driers utilizing diluted flue 
: gases as a drying medium. Roller or ball pulverizing mills and 
; a compressed-air transport system complete the coal-preparation 
Gs aS plant. Vertical streamline firing is used in furnaces which are 
substantially the same in size and shape. The boilers and fur- 
ice naces of the third section are very similar to those of the other 
— sections, the most important change being the use of unit mills 
les with horizontal turbulent firing. Thus it may be seen that the 


Fie. 1 Borter No. 3, Rerracrory Sipe general plant layout has been unchanged through four changes 
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stalled in 1923, mills having a capacity of 6 tons per hour were 
the largest available. Tests showed that these mills, which were 
of the roller type, required 17 kw-hr. per ton at that time, with 
DEVELOPMENT OF MILL PERFORMANCE 6 per cent moisture in the coal. When subsequent mills having 

The main problem in mill operation has been that of reducing a capacity of 15 tons per hour were installed, the power con- 
power consumption and decreasing maintenance costs. When sumption on test averaged 13 kw-hr. per ton. These tests were 


the first boilers (represented by boiler No. 3 in Table 1) were in- made when mil! parts were new and at full capacity. 
In operation, however, the capacity of the mills falls off as 


grinding parts become worn, and the output falls as low as 11.0 
tons on the large mills and 5.7 tons on the small. The effect 
of this change is to make the power consumption and operating 
/ — costs proportionately higher on the large mills and consequently 


in furnace design, and that the boiler and furnace size and ar- 
rangement are not materially altered. 


these items are about equal for the two sizes of mills. Better 
lubrication, more complete drying, and improved transport 
methods put into effect since the plant’s early operation have 
reduced power consumption and costs for both mills. Because 
R —— of the difficulty of handling repair parts for the large mills 
¢ / the maintenance costs are slightly higher than for the small 
2 - size. Thus, as shown in Table 1, the coal-preparation costs for 
s | boiler No. 3 are slightly lower than any of the three boilers of the 
3 C) second section, Nos. 11, 13, and 14, which are operated from large 
mills. It is not known just how far local conditions affect these 
PO ae aa results, but at least one other plant has had the same experience 
] with 6- and 15-ton mills. 

——— The change to unit mills in the third section has introduced 
j Srade 86.3 ZA Se new conditions. As may be noted in Table 1 the power con- 
hy A= SED EE sumptions for the mills are about the same. The overall power 
ZA consumption, however, is reduced (1) by the elimination of drier 
; Sa EZ fans; since the mills are of the high-speed, impact type and air 
* EE swept, drying is not necessary; and (2) the elimination of pul- 
= : verized-coal transport and primary-air fans is a further cause of 
lower overall power consumption. Due to greater accessibility 
new type of = the of parts is 

what less expensive, the overall cost o inclu 
= EZ ing an item for deferred maintenance, being 7.2 cents per ton 

of coal. 
Dryina EquipMENT 


Maintenance of the waste-heat driers, which utilize diluted flue 

| | | gases as a heating medium, has been high because of high sulphur 

WHT and moisture content of the coal and consequent corrosion of the 

| Hi sheet-iron plates. Considerable operating expense has also been 
| 


Grade 630 


involved in preventing damage from fires which frequently 
start in the driers and which must be located and removed 
before the coal reaches the mills. 


CoaL-TRANSPORT EQUIPMENT 


| Air transport systems, both the Quigley “shooting tank” 

method and the Fuller-Kinyon aerating pump, are used st 
| Cahokia but separate costs are not available. The chief ex- 
pense in transport has been that of replacing worn transport 
ll pipe and fittings, and in the operating attention required for 

" stuck switching valves and for opening lines where the coal 
has packed. 

As previously mentioned, coal-transport and drying equipment 
are eliminated in the third section by the use of the unit mills. 
This simplification has reduced the number of operators to the 
point where, in the third section, one mill operator and an as 
sistant can care for the mills on eight boilers, compared to four 
or five operators for the same number of boilers in the other 
section. 


Grade 40.0 


Fue. Freepers, BuRNERS, AND CoMBUSTION PROBLEMS 


a Cross-sections of the feeder, burner, furnace, and water-wall 
arrangements for the five different types of boilers are show? 
in Figs. 1 to 5. 
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The pulverized-fuel feeders which are required with the storage 
system in the first two sections are subject to considerable wear 
and must be renewed after about 35,000 tons of coal have passed 
through them. The effect of this wear is to cause unevenness 
in the coal feed and irregularities in the fire. The burners 
originally used were of the “fan-tail” type, which is the type 
listed for boiler No. 3. A later design is the “riffle’ burner 
which imparts a greater mixing action to the coal and air stream. 
Maintenance of fuel feeder and burner amounts to about 2.5 
cents per ton with the storage system. 

The type and design of burner have a marked effect on flame 
characteristics and combustion in the furnace. A streamline 
burner of the fan-tail type requires Jess primary air pressure than 
one of a mixing type, but results in the stratification of air and fuel 
and a longer flame. At high ratings, over 185 per cent on boiler No. 
3, the flame shoots down through the slag screen into the ashpit 
and extends upward into the boiler generating tubes. Although 
the furnace volume is relatively large it has not been possible 
to effect sufficient mixing to cut down flame lengths and avoid 
slag in the ashpit. We have improved this condition, however, 
by imparting turbulence to the coal stream as it leaves the burners 
by placing water-cooled angle spreaders directly below the 
burner tips. It is reported that the improvement from such 
devices is much greater in some plants where coal of a lower 
volatile content is used. On the whole, however, furnace 
performance with Illinois coa] has not been satisfactory with the 
streamline, long-flame burners. 


ERosI0oN OF REFRACTORIES 


With ash fusing at as low a temperature as that in the coal used 
at Cahokia, slagging and brickwork erosion can be avoided only 
by low ratings and high excess air. Although the walls in the 
brick furnaces are air-cooled, erosion can be avoided only by 
keeping the heat-liberation rate below 13,000 B.t.u. per cu. ft. 
per hr. Even at this rate the average side wall lasts about 
4000 service hours and maintenance averages 13.5 cents per ton. 
The air-cooled brick walls and long-flame burners thus account 
for costs that are 19.5 cents per ton higher than is the case with 
mixing burners and water-cooled walls. 

The mixing burner breaks up the coal stream and shortens 
the flame. Higher ratings and higher percentages of CO, are 
therefore possible without slag. A water wall of the fin-tube 
type (as in No. 11) or a wall of spaced tubes and refractory 
have effected a reduction in furnace-wall maintenance to 1.6 
cents per ton. 


AND Its ELIMINATION 


With reference to ashpit slag, the first four types of boilers 
are about on a parity, and have presented one of our most serious 
problems. Molten basic ash, combining as a flux with refrac- 
tories having acid characteristics, even at moderate boiler ratings, 
runs down the side walls and collects on the horizontal water 
screen and in the pit, where it gradually forms a solid mass. Be- 
fore this can be removed the furnace must be allowed to cool for 
from 24 to 36 hours. As a result, the outage for removing slag 
has been as high as 25 per cent of the boiler service hours, and the 
Average cost has been 1.8 cents per ton of coal. 

Early in the station operation it was evident that slagging of 
the ashpits was greatly affected by, if not due to, the position of 
the hot zone of the furnace in or directly above the ashpit. 
Much effort was expended in attempting to develop ways of 
raising this hot zone to a higher point in the furnace. At about 
the time when this condition was most acute, a horizontal ar- 
Tangement of firing was developed in the Ashley St. station on 
‘Somewhat smaller boilers. Horizontal turbulent firing proved 
to fit in very well with the furnace conditions at that plant, and 


almost at once when the installation was tried out it became 
evident that slagged pits could be avoided, for the hottest zone 
of the furnace was no longer in the bottom, but up away from the 
ashpit toward the boiler tubes. A test installation with hori- 
zontal turbulent burners and unit mills was later made at Ca- 
hokia and the same furnace condition was obtained, i.e., the pit 
was kept sufficiently cool to avoid slagging. It was on the basis 
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of this preliminary experimentation that the third section of the 
plant was equipped with unit mills and horizontal turbulent burn- 
ers. 

This latest installation has fully met expectations in that slag 
is not formed even with low excess air; the hot zone is now 
located midway between the ashpit and the boiler generating 
tubes; high boiler ratings are possible; and the efficiency is 
slightly better than on any previous installations. Other 
combustion conditions in the third section are similar to those 
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in the earlier furnaces. Since about 70 per cent of the air re- 
quired for combustion is used to sweep the mills, the rate of com- 
bustion is rapid. The turbulence possible with all air under 
pressure is a further surety that combustion is relatively com- 
plete in the shortened flame travel. With practically the entire 
wall surface water cooled, the furnace temperature is lower in 
the space close to those surfaces. This no doubt aids in the 
elimination of slag and makes high furnace ratings possible. 
it is, however, a limitation to furnace efficiency at very high 
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Fie. 5 Borer No. 17, Unrr Arr Heaters, 
Water WALLs 


ratings in that combustion is not as complete as in the case of the 
furnace with higher temperature. This loss shows itself in the 
amount of combustible remaining in the dust as it leaves the 
boiler. The net gain for this installation in operating economy, 
by avoidance of slag, by the elimination of coal drying and 
transport, and reduced operating attention, is listed in Table 1 
and amounts to 40 cents per ton of coal compared to boiler No. 3. 


Ark PREHEATERS AND GREATER Heat LIBERATION IN FURNACE 


! Part of the gain in boiler efficiency with boilers Nos. 13 and 17 
is due to air preheaters, and if a comparison is made with the 
efficiencies obtained with the storage system, it should be made 
with No. 13 boiler, which is identical in every way with No. 17 
except for the method of firing. Economizers were not justified 
due to low fuel cost and turbine extraction heating, consequently 
air preheaters offered the remaining opportunity to increase 
boiler efficiency. As mentioned before, they also work to ad- 
vantage with air-swept unit mills and turbulent firing. An 
additional advantage lies in the higher ratings obtainable with 
the forced- and induced-draft fans. 

The various factors that have led to higher heat liberations 
in the furnace have been discussed, the most important being the 
use of water-cooled walls. The maximum rate of heat liberation 
has been increased steadily from 13,000 to 29,000 B.t.u. per 
cubic foot of furnace volume, the higher figure, of course, re- 
quiring forced- and induced-draft fans as used with air preheaters. 
The corresponding increase in maximum steaming rates for the 
various types of boilers has been from 200 to 400 per cent, which 
are the upper limits that can be obtained continuously without 
special preparation or attention. In the brick furnaces ratings 
higher than 200 per cent are accompanied by such rapid wall 
erosion as to limit the time of such capacities to an impracticable 
period. 

Asx DisposaL 


By reducing the quantity of slag which must be removed from 
the furnace pits, a reduction in cost of ash handling and furnace 
cleaning has been effected. A sluicing system is used for re- 
moving granular ash and has proved to be very satisfactory. 
Heavy pieces of slag, however, cannot be sluiced and must 
either be broken up or carried out in wheelbarrows. The 
avoidance of slag in the latest boilers eliminates such work. 


ADAPTATION TO WIDE VARIETY OF COALS 


The general combination of all the developments now places 
the design on a basis where a wide variety of grades of coal can 
be economically fired. The ash characteristics have proved to 
be one of the most important determining factors in burning any 
grade of fuel, and the solution of the slag problem permits the 
use of fuels which formerly could not be handled. Cahokia, 
during the past year, has operated on coal from two fields, going 
from one to the other as market conditions dictated. Other 
fuels burned have included coals from the vicinity of Troy, 
Illinois, having very high percentages of ash, and “by-product 
coke” from the oil industry containing practically no ash. 
The economic advantages of such possibilities are obvious. 


INVESTMENT Costs 


The entire development has, of course, been closely dependent 
upon first costs. The increased maximum boiler ratings have 
been accomplished with the same size of furnace and space occu- 
pied as the earlier installation, with a resulting reduciion in in- 
vestment per unit of boiler capacity. The figures indicating these 
changes are set forth in Table 1. To visualize more clearly what 
these comparative costs have been we have determined the 
investment for each boiler and converted it into a ratio, taking 
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oiler No. 3 (of the original installation) as unity. Thus, 
boiler No. 17 cost 13.9 per cent more than No. 3, and so on. 
This cost includes complete expenditures for the steam plant, 
including coal and ash handling, building, coal-preparation 
equipment, boilers, furnaces, and all boiler-room equipment. 
These unit costs have been adjusted to a common basis of maxi- 
mum steaming capacity. Thus, boiler No. 17 can be operated 
at twice the rating of No. 3, and the investment on a capacity 
basis is halved. 

In setting up a capacity study, not only the boiler rating 
should be considered but also the relative outages for main- 
tenance. Thus the early boilers have an outage factor for slag- 
ging and cleaning which is greatly reduced with the latest in- 
stallation. On the other hand, the latest installation has an 
outage for repairs to unit mills. As a true measure of capacity, 
a combination of maximum rating and outages has been set up 
in a “service-capacity factor’ as follows: 


Percentage of Percentage of 


maximum total hours boiler 
boiler x is available 
rating for service 


Service-capacity factor = 
100 

It is suggested that such a figure gives a truer indication of 
boiler performance than maximum rating alone. In using such a 
figure for comparison it must be realized that the outage for 
repairs is partly under control of the operators, in that main- 
tenance can be speeded up (at extra cost) when necessary. For 
comparison of boilers within a plant, or between plants of simi- 
lar load factors, however, this factor is of value. 

On the basis of the service-capacity factors the annual interest 
charges on investment have been calculated for the total tons 
burned in a year and prorated among the different types of boilers. 
The result is tabulated and shows that the latest installation 
compared to the first represents a saving of $2.05 per ton of coal 
burned. 

That this is a tangible saving which can be realized upon is 
being demonstrated in a plant change now being carried out. 
Four of the first boilers are being changed to a type of firing and 
furnace construction similar to the most recent. A 35,000-kw. 
turbo-generator is being removed and a 75,000-kw. unit installed 
in its place, the new unit to receive steam from the same four 
boilers which served the original machine. Additional plant 
capacity is thereby obtained at an investment that is roughly 
70 per cent less than the average for the plant. 


CONCLUSION 


In order to indicate the progress made with pulverized coal the 
operating records of a series of five different pulverized-fuel- 
firing arrangements and furnace designs have been assembled in 
such form as to show what value lies in each for this particular 
plant. These comparative values depend upon (1) the grade 
and price of coal used, (2) the plant load factor, and (3) the rate 
for fixed charges. With these conditions the design best adapted 
shows a saving of $0.40 per ton of coal in operating costs and a 
Saving of $2.44 in fixed charges. This result has been brought 
about by (1) reduction in coal-preparation costs, including the 
elimination of drying and transport equipment, (2) general im- 
provement in boiler economy by development of the firing method 
best adapted to the fuel, (3) reduction in furnace maintenance 
by the use of water walls, (4) elimination of hard slag in furnace 
by horizontal firing, and (5) increase in ratings by the use of 
water walls, turbulent firing, and draft equipment. The last 
development has proved to be by far the most important in the 
matter of cost, and has been made possible by the experience 
with the other four developments. 
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In other words, out of previous experience there have been 
evolved furnace and firing arrangements which we believe to be 
better for Cahokia conditions than any that have gone before. 

What the nature of further improvements will be is: difficult 
to forecast. 

(a) Improvement of mills will probably depend to some 
extent upon development of new types and on present designs, 
in maintaining the fineness of grind, and greater facility for 
repairs. 

(b) The problem of higher rates of heat liberation in the fur- 
nace is receiving much attention. It will evidently require still 
greater flame turbulence and possibly higher furnace tempera- 
tures. Some installations are now obtaining rates of heat libera- 
tion as high as 60,000 B.t.u. per hour, usually by means of tan- 
gential firing. 

(c) Water walls have about reached their limit with prac- 
tically the entire furnace enclosed. Future attention will doubt- 
less be given to lowering of installation costs of such walls and to 
possible improvements in water circulation. 

(d) The use of radiant superheaters as a part of furnace walls 
offers possibilities in obtaining a higher and more even superheat. 
Radiant superheaters, being directly exposed to the temperature 
of the furnace, develop higher superheat with air preheaters and 
reduction in excess air, and are therefore affected in a manner 
directly opposite to that in which convection superheaters are by 
changes in excess air and furnace temperatures. A combined 
radiant and convection superheater is therefore more likely to 
give even superheat. 

(e) Means for reducing the quantity of fly ash in the flue gases 
will be important where pollution of air is a severe local dis- 
advantage. And, if the thought may be repeated, all these 
problems can be discussed to the greatest advantage if considered 
from a completely economical viewpoint. 


Discussion 


Joun ANpERSON.? Outstanding in this paper are the figures 
showing fixed charges. That fixed charges of a normal boiler 
plant burning $2.50 coal can reach $4.62 for the same ton of coal 
seems incredible. Should not the investment saving of $2.44 
per ton of coal be $0.244? Natural-draft boiler units afford a 
low standard with which to compare investment costs of a 
modern installation on a maximum rating basis. Study of the 
author’s data will show that three of the five installations listed 
are natural-draft ones and that the reported investment savings 
are based upon peak rating and not average operating capacity. 

What is the justification of a 400 per cent rating boiler averag- 
ing 230 per cent in a normal-load plant? It is known that the 
peak loads of Cahokia are less than 25 per cent above the average 
daytime operating load and that boilers are banked nightly in 
the regular manner. Cahokia is not a standby station. There 
is not reserve turbine capacity for this nearly two-to-one boiler 
rating ratio. It follows that 400 per cent rating is usable only 
when other boilers are out of service. I am certain that good 
accounting would not countenance the computation of fixed 
charges on the basis of a rating that is necessary only by failure of 
other similar equipment. 


H. M. Cusuina.* The industry is particularly fortunate in 
having in a plant initially designed for powdered coal, such as 
Cahokia, boilers of the same capacity equipped with the bin 
system of powdered-coal firing, and with the direct-fired system 


2 Vice-President in Charge of Power, Milwaukee Electric Railway 
& Light Co., Milwaukee, Wisc. Mem. A.8.M.E. 

3 Chief Engineer, Buffalo General Electric Company, Buffalo, 
N. Y. Mem. A.S.M.E. 
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of powdered-coal firing. The results in the paper show that di- 
rect-fired boiler No. 17 gives a better overall operating efficiency 
than the boilers supplied with coal from the bin system, this 
notwithstanding the fact that the bin-system boilers are probably 
supplied with powdered coal that will run a larger percentage of 
fines than would be expected from the impact type of pulverizer 
which supplies the direct-fired boilers. The writer has no knowl- 
edge as to which system at Cahokia gives the finest pulverization 
and would like to ask the author to give this information regard- 
ing the two plants. This point was brought up mainly to empha- 
size the fact that there is no basis for the statement which is often 
made that ‘“‘a bin-system plant will give higher efficiencies than a 
direct-fired plant.” 

The boiler and furnace efficiency is entirely independent of the 
system in which the coal is prepared provided, only, as stated 
that the same fineness is produced in both systems. The com- 
parison of Cahokia figures emphasizes the three “‘T’s’’ of com- 
bustion—time, temperature, and turbulence. As shown by the 
fact that boiler No. 3 has the lowest heat liberation per cubic foot 
per hour, the figures seem to indicate that the time factor is the 
least effective investment boiler-capacity factor near the bottom 
of the tabulation; it is also the most expensive factor. Boiler 
No. 3, equipped with the fantail burner, is expected to have the 
least amount of turbulence, and hence, with other things equal, 
the lowest efficiency of the group. Boiler No. 11, with the riffle 
type of burner, has a better turbulence factor and shows a gain in 
efficiency over boiler No. 3. The slightly lower efficiency of 
boiler No. 14 compared with that of boiler No. 11 is probably due 
to its having some 500 sq. ft. less of heating surface in the furnace. 
The higher efficiency of boiler No. 13 compared with boiler No. 11 
is due no doubt to the addition of an air preheater. The increase 
in efficiency of boiler No. 17 over boiler No. 13, both equipped with 
air preheaters, is probably due again to the increase in turbulence 
factor obtained with the Bailey-Tenney burner used on this boiler. 

In regard to the temperature factor, the author attributes the 
smoke condition reached by boiler No. 17 at high ratings to too 
much wall-cooling surface as lowering the furnace temperature. 
Are any temperature readings available to prove this point? 
Could not this smoke condition, caused by carbon carry-over, 
be lessened either by finer grinding or by more turbulence in the 
upper part of the furnace? 

Will the author please advise how the slagging condition on the 
lower row of boiler tubes varied with the different furnace ar- 


rangements reported? 


M. K. Drewry.‘ We will all agree that Cahokia has been a 
pioneer; it has made a reputation by burning low-grade Kentucky 
and southern Illinois coal. 

Looking over the figures, one thinks it is quite unusual that the 
fixed charges of bqiler-plant equipment alone should be consider- 
ably more than the cost of coal. It is generally thought in cen- 
tral-station practice that the fixed charges on the entire station do 
not exceed the operating charges. Determinants of these in- 
vestment charges are: The original cost; the rate applied for 
fixed charges; and the amount of coal burned, if figured on a 
per-ton basis, as in this paper. 

For Cahokia the rate of coal burned is quite accurately known; 
it is 1"/2 lb. of coal per kilowatt-hour. Suppose we use the au- 
thor’s figure of $100 per kilowatt installed and $50 per kilowatt 
as a boiler-room cost. We have only two variables left then—the 
fixed-charge rate and the load factor. If we assume 13 per cent 
fixed charges, we must run these boilers at 21 per cent load factor 
to get the fixed charge stated in the paper, $4.62; or, if we assume 
55 per cent load factor, we must calculate 33 per cent fixed charges. 


4 Assistant Chief Engineer, Power Plants, Milwaukee Electric 
Railway and Light Company, Milwaukee, Wisc. Jun. A.S.M.E. 


It seems that $4.62 per ton is high. If we assume 13 per cent 
fixed charges and a 55 per cent load factor, the calculated fixed 
charges will be $1.80 per ton of coal burned. 

Now, considering the new boilers, if we use the average operat- 
ing figures in the paper—namely, 230 per cent rating and operat- 
ing some 20 per cent more time—we will find that the new boilers 
will burn some 50 per cent more coal than the old boilers. This 
figure applied in the same manner as previously will give a fixed- 
charge rate of $1.47 per ton of coal burned for the new boilers, re- 
sulting in a difference of 43 cents per ton of coal burned as the 
improvement in lowered fixed charges due to installation of heat- 
reclaiming equipment and different burning systems. This 43 
cents difference, figured with basic data with which you are all 
acquainted, is quite different from the reported investment saving 
of $2.44 noted in the paper. The $1.80 charge or the $1.47 
charge are not greatly out of line with those of other boiler plants. 

In looking over the operating charges, one must remember that 
they are given on the basis of dollars or cents per ton of coal 
burned. St. Louis has coal] of considerably lower calorific value 
than most places, and that is a factor which tends to lower these 
costs when computed on the ton basis. 


Greorce C. Daniets.2 Much of this discussion revolves 
around the question of fixed charges. We recently had occasion 
to analyze the fixed charges on an old boiler plant, designed and 
built 20 years ago, with natural-draft chain grates and no heat- 
reclaiming devices. The cost of the building and the entire 
boiler room equipment, including coal-handling equipment, was 
$1.80 per pound of steam-generating capacity. Our latest design 
of boiler plants with all of the modern heat-reclaiming devices 
now costs around $2 per pound of steam-generating capacity, 
which is only a very slight increase in spite of the very material 
advance in material and equipment cost. 

This paper, although it appears to be a discussion of the trend 
in reducing boiler-room construction costs, to some may seem a 
comparison of the bin system with the unit system of coal pul- 
verization. The fixed charges on the additional boiler installa- 
tions takes credit for the added capacity due to heat-reclaiming 
devices, for water walls, and so forth. Water walls normally are 
expensive, yet we install them because we find they are very 
profitable and the capacity of any given boiler can very materially 
be increased by their use. If we take credit for the lowering of 
fixed charges by that method, we should not attribute that to 
the method of firing. 

I think that the author is comparing the unit system of pul- 
verized fuel in its present stage to a system of bin firing that was 
in vogue quite a number of years ago. Improvements have been 
made in the bin system of firing, and it has some advantages over 
the unit system that should not be overlooked. 


AvuTHOR’s CLOSURE 


Mr. Anderson questions the arithmetic by which the fixed 
charges per ton of coal burned have been set at $2.18 to $4.62 and 
suggests that the decimal point is out of place. The proportions 
of this figure can be roughly checked; $544,500 cost of boiler X 17 
per cent, divided by 25,000 tons of coal burned per year per boiler 
equals $3.71 per ton (average for the station). 

Power-plant engineers have long realized that fixed charges are 
approximately equal to the operating costs; $0.371 per ton fixed 
charges would presuppose a boiler plant costing $5 per kilowatt 
station capacity. The fixed charges bear no relation to the cost 
of fuel. 

The three boilers using natural draft are limited in rating, not 
by draft but by heat liberation in the furnace, as is fully explained 

’ Mechanical Engineer, Commonwealth Power Corporation, Jack- 
son, Mich. Mem. A.S.M.E. 
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in the paper. It is not claimed that such installations are 
modern; in fact, the purpose of the paper was to show the im- 
provement which modern boilers have made over the older types. 
If Mr. Anderson will read the paper he will find this explained 
and should perceive that the paper is in no way controversial on 
any type of equipment, but simply a record of development made 
with one of the earliest pulverized-coal installations. 

Mr. Anderson questions the value of a boiler capacity of 400 
per cent when the average rating is 235 per cent. Average rating 
has no relation to the value of peak ratings. With a load of 200 
per cent on 16 boilers, a 25 per cent increase in load would require 
an increase to 400 per cent on four boilers if the other 12 were 
limited to 200 per cent. This is exactly the situation at Cahokia 
and occurs in regular operation. There is no other correct basis 
for stating unit-investment cost other than on a capacity basis. 

Regardless of any claims to the contrary, the value of 400 per 
cent rating cannot be seriously disputed by a modern power-plant 
engineer. Its value and feasibility at Cahokia are plainly proved 
by the present changes being made in the first section. Here 
four boilers have served 35,000-kw. turbine capacity, or 8750 kw. 
per boiler. After the changes are completed the same four boilers 
will serve a 75,000-kw. unit, or 18,750 kw. per boiler, which is 
much greater than the two-to-one rating Mr. Anderson refers to. 
These changes are made possible only by the developments in 
furnace design described in the paper. 

Mr. Cushing’s question as to which type of mill gives the finest 
pulverization is difficult to answer simply, because it is possible 
to obtain quite a range in fineness by adjustments to either type. 
At Cahokia the large mills used with the bin system are set to 
give a fineness of a 65 per cent through 200-mesh and not to ex- 
ceed 1'/, per cent over a 40-mesh screen. The small or unit mills 
are adjusted to produce 70 per cent through 200-mesh and 1 per 
cent over 40 when wearing parts have just been renewed. By the 
time the paddles are worn the fineness has become 55 per cent 
through 200-mesh and 3 per cent over 40. 

These ranges in fineness have been perfectly satisfactory under 
the operating conditions which we have met, except that the 
necessity for very fine grind becomes more critical at high ratings 
for the highest efficiency, especially as noted in the percentage of 
carbon to refuse. For all practical operating conditions, however, 
these ranges are satisfactory. 

In answer to Mr. Cushing’s question as to slag in the lower 
generating tubes, I can reply that we have found this condition is 
due to coarse coal. By keeping the fineness at the points men- 
tioned and by removing small slag accumulations from these tubes 
before they have a chance to grow, we have avoided difficulties. 

As for possibilities of reducing smoke at very high ratings by 
still greater fineness I am unable to say. If the fineness were in- 
creased, the capacity of the mills would be decreased, and the 
very high ratings, at which some smoke has been encountered, 
could not be reached. 

Mr. Drewry’s analysis of the fixed charges are interesting, but 
I presume that any of us can set up more or less hypothetical 
figures as to what we think the costs and operating conditions 
might have been and arrive at a different answer. Asa matter of 
fact, the figures used are from actual costs, and although the 
gross cost per boiler has not been a matter of pride to us, there is 
ample explanation as to this in the difficulties under which we 
were forced to build. I have given the figures for what they are 


worth, and so far as we are concerned that is the improvement 
that these changes and developments in furnace design have 
meant to us. 
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Mr. Howard W. Morgan® has asked the fusing temperature of 
the ash, it being an important point in the relationship between 
boiler rating and the amount of water cooling and slagging: in- 
deed slagging is a limiting factor in boiler rating in some cases. 
The fusing temperature is 2000 deg. fahr. 


Mr. W. H. Abbott’ asks if the temperature of the air through 
the furnace could be increased without additional fusing of the 
ash. We are using preheated air on our unit mill-fired boilers 
and also No. 13, which is a storage-fired type. Those two are 
identical and are absolutely comparable in all of the results that 
are shown in the tabulation. In the unit mills we have put pre- 
heated air through the mills, getting the benefit of it in pulveriza- 
tion, and have used the preheated air in the No. 13 boiler, directly 
into the furnace. We do not find that there is any effect in the 
matter of fusing the ash because of the higher air temperature; 
as a matter of fact, the higher temperature of air going through 
the mill tends to reduce the moisture content of the particles of coal 
in suspension to such an extent that the combustion is much 
facilitated, and for that reason it is possible with the unit mills to 
operate without the use of drying and to operate quite successfully 
with large percentages of moisture. 


Mr. Joseph G. Worker’ states that Cahokia was designed to 
burn Belleville slack coal that ran-about 9700 B.t.u. and would 
like to know what conditions have arisen that we are not burning 
that coal. The main reason is that we can get better coal cheaper. 
Although our original idea was to design the plant so as to use the 
very cheapest coal that was available in that district, the eco- 
nomic conditions with respect to the mine and fuel market 
changed, so that we have been so far able to get the higher-grade 
coal at the lower price; hence we have not been compelled to go 
to the complete use of Belleville coal. 


Mr. H. G. Lykken® asked the difference in maintenance cost 
between the storage mills and the unit mills. In the tabulation 
of the lower operating costs there is an item of the maintenance 
of coal preparation in cents per ton. That particular item is the 
maintenance on the mills; it ran for the large mills 10 cents a ton 
and for the unit mill 7.2 cents a ton, including labor and material. 

Mr. Daniels’ remarks with reference to the comparing of old 
boilers with new are well taken. All the equipment compared at 
Cahokia has, of course, been put in service during the past five 
years, and there is relatively little difference due to price fluctua- 
tions. 

In making this comparison of furnace types I had to compare 
what we had to work with; there was no deliberate attempt to 
make a comparison between unit and bin systems; in fact, the 
whole situation has been summarized as one of turbulence of flame 
and water-wall cooling. I can point out, however, that there is 
little difference in boiler efficiency between the two systems as 
shown in the comparison of boilers No. 13 and No. 17. These 
are identical except for the type of mill and burner, and the in- 
stallations were made within two years of one another. As a 
matter of fact, if we were to design a bin system today it would be 
substantially the same as No. 13 except possibly for the burners. 


6 Combustion Engineer, Pittsburgh Coal Company, Pittsburgh, 
Pa. Mem. A.S.M.E. 

7 Combustion Engineer, Cleveland, Ohio. 

8’ General Sales Manager, American Engineering Corp., Phila- 
delphia, Pa. Mem. A.8.M.E. 

® Unipulvo System, Strong-Scott Mfg. Co., Minneapolis, Minn. 
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Present Status of Furnace and Burner Design 
for the Use of Pulverized Fuel 


Both Are Being Intensively Improved, and Now That Water-Cooled Furnaces Are Being Well 
Designed, Their Shape and Size and Wall Construction Can Be Made 
to Suit the Burning Equipment 
By E. G. BAILEY,!' FULLERTON, PA. 


The ideal burner is one by which combustion of fuel can be accom- 
plished in a furnace of minimum volume and with reasonably low 
excess air. The differences between the problems of burning oil and 
gas and pulverized coal are of relative magnitude rather than of 
principle, and hence the improvements in pulverized-fuel burners 
are following the lead of the gas and oil burners by having all the air 
for combustion enter with and adjacent to the fuel at the burner with 
active turbulence and mixing. Puloerized coal is still more difficult 
to burn than oil. 


HERE is an intimate and inseparable relation between the 
WD veee and the furnace, and both are passing together 

through an intensive stage of change and improvement. 
Now that the water-cooled furnaces of various types have been 
extensively tried out and their characteristics and limitations are 
becoming fairly well defined, we know that furnaces can be built 
to accommodate almost any type of burner. Therefore the 
logical sequence in development is to concentrate upon the im- 
provement of pulverized-fuel burners and then to design the size, 
shape, and wall construction of the furnace to suit the burning 
equipment. The ideal burner is one by means of which the com- 
bustion of fuel is completed within a minimum of furnace volume 
and with a reasonably low excess air. 

It might be well to review briefly the development of gas and 
oil burners as being somewhat analogous to pulverized fuel in 
that the fuel flows to the furnace and is burned in suspension. 

Natural gas is by far the simplest and most tractable fuel to 
handle, yet when we look back to the burners on the market 20 
years ago and compare them with the improved burners that have 
been developed since, we find that the burners previously con- 
sidered as good-mixing turbulent burners were far from perfect in 
that the gas and air were badly stratified and remained so 
throughout the furnace. The most approved method of burning 
natural gas is to divide the gas into a very large number of small 
streams and to supply the air for combustion to the furnace in 
close proximity to each jet of gas. The mixing and diffusion of 
the gas and air is sufficient to complete the combustion with a 
reasonably short flame travel and with as low as 8 to 10 per cent 
excess air. This fuel is very desirable in that there is practically 
no coking or clogging of the burners and practically no ash to 
cause furnace-wall erosion. High-furnace temperatures have 
proved desirable, and the latest furnaces for natural gas have 
been built with refractory-covered water-cooled walls. 

The burning of oil is a bit more difficult than gas in that it 
comes in liquid form and must be atomized. It carries sediment 
and in most burners forms coke and tar enough to interfere with 
the normal action of the burners so that the burner tips must be 
frequently cleaned. However, we find the same fundamental 
principle—namely, to divide the oil into a finely atomized, or 
perhaps we might say pulverized, state and then to distribute 


' President, Fuller Lehigh Company. Mem. A.S.M.E. 
Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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(Flare type burners and air-cooled walls are used.) 


it uniformly into the stream of incoming air which is guided 
through the burner in such a way as to produce eddy currents 
and turbulence. In certain types of burners steam jets are used 
for atomizing and mixing, but the most popular burners, known 
as the mechanical oil burners, use properly directed velocities of 
oil and air to accomplish the turbulence. The best oil burners 
are giving very good results with as low as 12 to 15 per cent excess 
air and with rates of combustion as high as 60,000 B.t.u. per cu. 
ft. of furnace volume. The deterioration of brick walls due to 
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spalling and fluxing with the small amount of ash which is present 
in the oil has led to the use of water-cooled walls in the later in- 
stallations. The advantage of high furnace temperature for 
complete and smokeless combustion with a minimum of excess 
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Fic. 2 Furnace oF THE East Penn Evectric Company, Pine 
Grove, Pa. 
(Flare type burners as shown in Fig. 3.) 


air is recognized in the burning of oil, and the water-cooled walls 
are usually surfaced with refractory material. 
Pulverized coal is still more difficult to burn than oil, because— 


(a) It is not usually pulverized to an equivalent degree of 
fineness 

(b) It cannot be fed or forced into the furnace by itself, but 
must be carried in mixed with air 

(c) Moist particles of coal adhere, making the equivalent 
to coarser coal 

(d) Higher ignition temperature 

(e) Only the volatile matter is burned in the gaseous state, 
leaving 50 to 90 per cent of the fuel to be burned as solid 
carbon floating in an atmosphere of gas and air with 
oxygen varying from less than 20 per cent down to 1 or 
2 per cent. 


These differences between the problems of burning gas, oil, and 
pulverized fuel are of relative magnitude rather than principle; 
hence the improvements in pulverized-fuel burners are following 
the lead of the gas and oil burners by having all the air for com- 
bustion enter with and adjacent to the fuel at the burner with 
active turbulence and mixing. The horizontal turbulent burner 
already has been proved superior to the straight-shot or flare 
burner for most conditions. 

Fig. 1 (Columbia Power) is a typical furnace arrangement with 
straight-shot or flare-type burners in which about 20 per cent 
of the air for combustion enters with the coal and the remaining 
air enters the furnace through numerous small ports scattered 
over the front wall. This burner and furnace arrangement has 
proved satisfactory under the following conditions: 


Coal, volatile—35 per cent 

Fusing temperature of ash—-2700 deg. fahr. 

Fineness—67 per cent, 200 mesh; 97 per cent, 50 mesh 

Excess air—39 per cent 

Travel of fuel and gases from burner to tubes—vertical, 
60 ft.; horizontal, 40 ft. 

Rate of combustion—18,000 B.t.u. per cu. ft. per hr. 

Rate of steam output—165,000 Ib. per hour. 


The limiting factor has been the deterioration of furnace walls. 
The front walls are being changed, to be water cooled, so that 
higher ratings can be obtained. 

Fig. 2 (Pine Grove) shows a furnace and straight-shot or flare- 
type burners successfully applied to anthracite coal. 


Coal—5 to 8 per cent volatile 

Fusing temperature of ash—2600 deg. fahr. 

Fineness—70 per cent, 200 mesh; 98 per cent, 50 mesh 
Excess air—24 per cent 

Carbon loss—3.32 per cent B.t.u. input 

Travel of fuel and gases from burner to tubes—65 ft. 

Rate of combustion—11,000 B.t.u. per cu. ft. per hour 

Rate of steam output—175,000 Ib. steam per hour. 


The long flame travel and hot furnace are essential to burn a 


Fic. 3) SectrionaL View oF PINE GROVE BURNERS 
(Flare type burners applied to anthracite coal.) 


fuel with so little volatile. The fineness of the coal must be 
rigidly maintained or else the carbon loss will be excessive. The 
burners have been modified from the type shown in Fig. 2 te 
that shown in Fig. 3. 

Fig. 3 is a sectional view of the straight-shot or flare-\ype 
burners installed in the Pine Grove furnace shown in Fig. 2. 
Eight similar burners were installed in the furnace practically 
edge to edge and gave a solid, thin sheet of primary air and cos] 
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Fic. 4 FurRNACE AT THE CALUMET STATION OF THE COMMONWEALTH 
Epison COMPANY 


Calumet burners and refractory-covered water-cooled walls and 
hopper are used.) 


Primary Air 
and Coal Inlet 
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Secondary Air Inlet \ 


Shut-Off Damper 
Tre Clamps 
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VIEW LOOKING FROM 
OUTSIDE OF FURNACE 


VIEW LOOKING FROM 
INSIDE OF FURNACE 


Fic. 5 LoneirupinaL BuRNER OF CALUMET TYPE 
across the furnace. The wedge shown in the center of the burner 
splits the thin sheet into separate streams, which allows radiant 
heat to penetrate to the front wall, helps to ignite the front side 
of the coal stream, and has resulted in much earlier ignition. 

Fig. 4 (Calumet) is a refractory-lined water-cooled furnace of 


the hopper-bottom type with bare metal blocks on the hopper 
floors. It is equipped with longitudinal burners which are de- 
signed so that the coal and air enter the furnace between the 
tubes of the water wall. 


Coal—36 per cent volatile 

Fusing temperature of ash—1850 to 2030 deg. fahr. 
Fineness—-74 per cent, 200 mesh; 99 per cent, 50 mesh 
Excess air—25 per cent 

Carbon loss——1.2 per cent B.t.u. input 

Travel of fuel and gases from burners to tubes 
Rate of combustion 
Rate of steam output 


-43 ft. 


30,000 B.t.u. per cu. ft. per hr. 
285,000 Ib. per hour 
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Fie. 6 FurRNAcEe aT THE Montaup Evectric Company 


Fig. 5 shows a longitudinal burner, Calumet type, illustrating 
the type used in connection with furnaces of Figs. 4, 6, and 7. 

Fig. 6 (Montaup) shows a Stirling boiler equipped with a 
storage system of pulverized coal. All walls of the furnace are 
completely water cooled with the exception of the upper section 
of the side walls. The walls on the front and rear and a section 
of the sides adjacent to the longitudinal burners are refractory 
faced. 


Coal—18 per cent volatile 
Fusing temperature of ash—2700 deg. fahr. 
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Fineness—78 per cent, 200 mesh; 98 per cent, 50 mesh 
Excess air—28 per cent 

Carbon loss—3.3 per cent B.t.u. input 

Travel of fuel and gases from burner to tubes—40 ft. 
Rate of combustion—23,200 B.t.u. per cu. ft. per hour 
Rate of steam output—230,000 Ib. per hour. 


Excess air—20 per cent 
Carbon loss—1.1 per cent B.t.u. input 
Travel of fuel and gases from burner to tubes—36 ft. 
Rate of combustion—40,000 B.t.u. per cu. ft. per hour 
Rate of steam output—275,000 Ib. per hour. 
The burners are set off the center line of each wall so that the 


Fic. 7 FuRNAcCE AT THE BuFrraLo GENERAL COMPANY 
(Tangential firing and liquid ash removal are used.) 


Fig. 7 (Buffalo) is a complete refractory-lined water-cooled 
furnace arranged with tangential firing, and ash is removed in the 
liquid form. It has been operated successfully at rates of com- 
bustion in excess of 40,000 B.t.u. per cu. ft. per hour. 

Coal—35 per cent volatile 
Fusing temperature of ash—1950 deg. fahr. 
Fineness—62 per cent, 200 mesh; 98.2 per cent, 48 mesh 


flames impinge at right angles against each other, and violent 
mixing results. 

Fig. 8 (Ashley Street) shows a boiler which was reset for pul- 
verized-coal firing and equipped with circular turbulent burners. 
The furnace is designed for the maximum obtainable volume with 
the headroom available. The water-wall construction is carried 
up past the boiler tubes, thus eliminating all supporting stee! for 
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refractory walls and keeping the overall furnace width at a mini- 
mum. This was essential because the boilers were battery set. 


Coal—33.8 per cent volatile 

Fusing temperature of ash—2010 deg. fahr. 

Excess air—30 per cent 

Travel of fuel and gases from burner to tubes—35 ft. 
Rate of combustion—24,400 B.t.u. per cu. ft. per hour 
Rate of steam output—55,000 Ib. per hour. 


Coal—34 per cent volatile 

Fusing temperature of ash—2468 deg. fahr. 
Fineness—57 per cent, 200 mesh; 94 per cent, 50 mesh 
Excess air—30 per cent 

Travel of fuel and gases from burner to tubes—29 ft. 
Rate of combustion—18,200 B.t.u. per cu. ft. per hour 
Rate of steam output—62,000 lb. per hour 


Fig. 13 (Bayonne) shows a marine-type water-tube boiler, 
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Fie. 8 FurRNAcE AT THE ASHLEY STREET STATION OF THE UNION Exectric LicgutTanp Power CoMPaNny 


Fig. 9 shows a circular turbulent burner similar to that used in 
Figs. 8 and 12. 

Fig. 10 is the outside front view of No. 1 boiler of the Cahokia 
Station, showing circular turbulent burners. 

Fig. 11 is the interior view, looking at the burner wall, of No. 1 
boiler of the Cahokia Station. 

These burners have been installed in conjunction with the 
rebuilding of furnaces on some of the boilers in this station. 

Fig. 12 (Canadian Salt) represents an installation which was 
originally equipped with horizontal-flare type burners. Flame 
impingent against the bridgewall caused serious erosion so that 
circular turbulent burners were installed. These burners resulted 
in a distinctly shorter flame travel, elimination of wall erosion, and 
& cooler furnace bottom, thus eliminating slag formation in the 
furnace bottom. 


fired by two circular turbulent burners patterned very much after 
a mechanical oil burner supplied from a direct-fired mill. 

Further description of this installation has been given by Mr. 
T. B. Stillman in his paper on “Pulverized-Coal Firing on 
Marine Water-Tube Boilers” read at this meeting. 

Fig. 14 shows an application of a circular turbulent burner on a 
Scotch marine boiler. There are three of these burners installed. 
Extreme turbulence is necessary on this job to obtain completed 
combustion in the space avdilable at the ratings desired. 

Coal—20.3 per cent volatile 

Fusing temperature of ash—2370 deg. fahr. 

Fineness—79 per cent, 200 mesh; 99.2 per cent, 50 mesh 
Excess air—11.0 per cent 

Carbon loss—8 per cent B.t.u. input 

Travel of fuel and gases from burner to tubes—16.5 ft. 
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Rate of combustion—52,000 B.t.u. per cu. ft. per hour 
Rate of steam output—19,400 Ib. per hour. 


Sufficient experience has not been obtained to state whether 
one type of burner is superior to another. The longitudinal 
burner is particularly designed to be used between the tubes of a 
water-cooled furnace wall, while the circular burners require 
more or less unprotected brickwork around the burner. Of the 
various kinds of circular turbulent burners available, it is also too 
early to establish decided preferences. 

Tangential firing, as in Fig. 7, has certain advantages in that 
the fuel and gases from different burners produce a secondary 
mixing and turbulence which is of considerable advantage. Op- 
posed firing with burners on opposite sides of a furnace may pro- 
duce equally good results with simpler piping. 

The specifications for a good pulverized fuel burner are: 

1 Deliver to the furnace the coal uniformly distributed 
throughout the primary or carrying air 

2 The secondary and primary air streams should impinge 
against each other upon entering the furnace so that 
the coal is further distributed uniformly throughout all 
of the air for combustion 


Fie. 9 CrrcuLAR TURBULENT BURNER OF FURNACE SHOWN 
IN Fig. 8 


3 The velocities and directions of the different streams of 
air should be such that the resultant flame will be broken 
up into eddies and unequal jets to induce turbulence 
and mixing, and the flame velocity should not be ex- 
cessive 

4 The burner parts should not collect coke, or if they do, 
they should be easily cleaned. 


The function of the burner itself is merely the mixing of the 
coal and primary air with the supplemental or secondary air as 
they enter the furnace at the proper velocity. Before any burner 
can be properly designed and operated the following factors must 
be controlled or allowed for: 


Fineness of coal 

Surface moisture in coal 

Volatile matter in coal 

Method and place of mixing coal with primary air 

Path which mixture of coal and primary air takes from 
point of mixture to burner 

6 Relative amount of primary-air 

7 Furnace—its shape, size, and temperature. 


Each of these will be considered separately with a short discus- 
sion. 

The finer the coal is pulverized the simpler the problem of de- 
livering it to the burners as well as burning and handling it to the 
furnace. However, there is a limit to the cost of pulverization 


or 


which must be taken into account. Where the size and tempera- 
ture of the furnace walls are limited, as in the case of Scotch 
marine boilers, it is necessary to have very fine pulverization 
Otherwise the problem of maintaining ignition and completing 
combustion is very serious. With larger furnace volume, lower 


Fic. 10 Ovtsipre View No. 1 BorLer, CAHOKIA STATION OF THE 
Union Evectric Ligut anp Power CoMPANY 


Fig. 11 InTerR1IoR View Looxinc at BurNER Watt, No. } 
Boiter, CAHOKIA STATION OF THE UNION Evectric LiGHT AND 
PoweER COMPANY 


rates of combustion, and hot furnaces, coarser coal can be burned 
satisfactorily so far as the completeness of the combustion is ¢on- 
cerned. 

Surface moisture produces practically the same effect as if the 
coal were coarse due to the tendency of wet coal to ‘“‘snowball;” 
ie., several small particles adhere together. The difficulties 
from moist coal are greater with the bin system where the packing 
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and coagulation of the coal in the bins and in certain types of 
feeders accentuate the “snowballing” condition. With the direct- 
fired mill, especially with hot air applied through the mill, the 
individual particles carry through to the furnace with little or 
no difficulty from ‘‘snowballing.”’ 

It is easier to burn a high-volatile coal than it is a semi- 
bituminous, and it is rather 
difficult to burn an anthracite & 
coal in pulverized form. The jac 
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and 6, it might be well to emphasize the problem of conveying a 
pulverized material in a current of air. 

The density of coal is about a thousand times the density of 
air at a temperature of 70 deg. fahr., so that from the point-where 
the coal and air are mixed there is a tendency toward separation 
and segregation due to gravity and centrifugal force wherever the 


evolution of gas when the vola- eae 


tile matter is driven off by |i | {| 
heating enables that portion of j 


the fuel to be burned very ° 
readily, while the remaining 
fixed carbon must come in di- Y 
rect contact with oxygen before 74 


it is burned. Then the reac- 
tion is usually directly to CO, 
with practically no CO appear- 


ing in the process of burning f 
pulverized coal. 
The form of the fixed carbon Le 
has a great deal to do with the ef 
rapidity of burning the residue oO / 
after the volatile is driven off. ol 
For instance, with anthracite y 
the carbon is dense and hard, 
while with coking coals the 
particle will swell during the AN + 
process of driving off the vola- | ts =) y4 
tile and the total surface of | om, 
spongy carbon exposed will be \ Py y 
greater than in the original par- 
ticle of coal, thereby facilitating 
In discussing factors 4, 5, Fic. 12) Furnace at THE CANADIAN SALT CoMPANY 
path of the coal is changed. The smaller the particle of coal the 
greater the relative surface exposed, and the frictional resistance 
=| retards its rate of travel through the mass of air from one strata 
eS asinine to another. The velocity of pulverized coal falling through still 
air is shown in Fig. 15. 

The essential problem of the burner is to deliver the coal and 
air to the furnace in the right proportions, each particle of coal 
having the air available shortly after it enters the furnace, with 
enough turbulence or agitation to bring the molecules of oxygen 
in contact with the fuel in the quickest possible time. 

It is the function of the burner to deliver the coal to the furnace 
with as complete diffusion and as little stratification as possible. 
This therefore means that from the point where the coal is thor- 

a oughly mixed with the air there should be as little segregation as 
Width possible. 
; ee 76” The coal and air should be delivered to the furnace properly 
ir mixed at a fairly high velocity; then upon entering the furnace 
u: . the flame should be spread and distributed throughout the fur- 
ay a c nace area as quickly as possible, giving a slow velocity of flame 
travel through the furnace. High velocities and impingement 
against furnace walls are objectionable. 
; - = oi When the air and furnace gases are heated to about 2500 deg. 
a EEE ae re fahr. shortly after entering the furnace, the atmosphere of gases 
4.jif . it _ carrying the coal is so rarified that the weight of a particle of 
yo ee oe coal is about 5000 times the weight of an equal volume of the 
gas. This therefore greatly diminishes the carrying or directing 


Fis. 13 Crrcutar TurBULENT BURNERS INSTALLED ON A MARINE- 
Type Water-TuBE BoILer 


influence of the gases upon the coal or coke particles. 
The relative amount of primary or carrying air depends upon 
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several factors. In the bin system the amount of air must be 
sufficient to carry the coal from the point of mixing to the burner. 
With direct-fired mills the air often is governed by the amount 
necessary to classify the coal in the mill and carry it from that 
point to the burner at a reasonable velocity, which should not ex- 
ceed about 6000 ft. per min. 

Some efforts have been made to burn pulverized coal by mixing 
all of the air for combustion with the coal as it enters the furnace. 
Such attempts have been unsatisfactory due to difficulty of igni- 
tion, tendency to flare back, and narrow range of rating. Most 
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Fie. 14. TurRBULENT BuRNERS INSTALLED ON A ScoTcH 
Marine BorLer 


burners are designed to operate with between 10 and 35 per cent 
primary air at maximum rating. 

The furnace must supplement the burner. In other words, 
after every improvement has been made in the means of feeding 
the coal to the burner and in the burner design itself, the shape, 
size, and temperature of the furnace must be properly adapted 
to the fuel being burned. Also the fineness and dryness of the 
coal must be further adapted to any limitations that may exist 
in the furnace itself. 

The trend in burner design is to shorten the flame and complete 
the combustion in a minimum of space and flame travel. There- 
fore the furnace size can be reduced and further savings made in 
the size of the building. 

Take one extreme, as shown in Fig. 2: The vertical straight- 
shot burners, burning anthracite coal, require a relatively large 
furnace with long flame travel and a high temperature of walls. 
Fortunately, the fusing temperature of ash in the anthracite 
coal being burned in this furnace is sufficiently high so that a 
minimum of water cooling is needed. This is applied to the 
hopper bottom of the furnace floor and has proved a most effec- 
tive means of ash removal. Furthermore, in this furnace the 
fineness of pulverization and the dryness of the coal must be 
watched very closely, and even then the carbon loss is higher than 
might be the case if still larger furnace volume and still finer pul- 
verization were to be had. Further information and study of 
these factors will enable the design of future furnaces to be carried 
out with more certainty of the desired results. 


The other extreme of furnace is shown in Fig. 14, where the 
Seotch marine boiler is fired with a circular turbulent burner 
As noted from the data accompanying this figure, the coal is semi- 
bituminous and it is pulverized exceedingly fine and even so the 
carbon loss is higher than most stationary plants would require. 
It is noted that refractory is built around the burner and the por- 
tion of the furnace adjacent thereto, which is absolutely neces- 
sary in order to maintain ignition. 

Finely pulverized coal ignites more readily than coarse coal, 
as is shown in Fig. 16, which is plotted from data given in “The 
Dust Hazard in Industry,” by Dr. William E. Gibbs. The 
percentage of volatile has an influence on the ignition tem- 
perature of coal. For instance, coa! of a certain fineness with 35 
per cent volatile has an ignition temperature of about 1300 deg. 
fahr., while coal with the same fineness with 5 per cent volatile 
has an ignition temperature of 1600 deg. fahr. 

In designing furnaces, especially where ash of low fusing tem- 
perature is to be burned, one other item must receive careful con- 
sideration in addition to those already mentioned, and that is the 
removal of ash from the furnace. Part of this ash goes to the pit 
or other means of disposal in mass, while the remaining ash passes 
out through the boiler tubes and is likely to “bird nest” or ac- 
cumulate in them unless certain precautions are taken. The 
latter trouble can be very largely eliminated by proper spacing of 
the tubes and correct baffling so that the entering velocity is 
within reasonable limits. 

Removal of ash from the lower part of the furnace must either 
be accomplished in the dry state or the liquid state. In other 
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words, the lower part of the furnace must be cooled sufficient! 
and proper provision made to keep the ash in a dry or granulst 
form so that it will be removed continuously and without exces 
sive labor, or else, as in the case of Fig. 7, the lower part of the 
furnace is especially adapted for accumulating the ash in a mote! 
condition and tapping it out intermittently. While the latte 
is somewhat of an innovation, yet the experience with s 0m 
furnaces over the past two years and with others that are no¥ 
going into operation indicates that this is an ideal method of 
handling ash from pulverized coal. With horizontal turbulen' 
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burners in the lower part of the furnace there is no difficulty in 
keeping ash having a fusing temperature as high as 2500 or 2600 
deg. fahr. in a satisfactory molten condition with any reasonable 
rating on the boiler. With very high temperatures in the floor 
and the walls immediately surrounding it the combustion is com- 
pleted in a minimum of space. Also excessive turbulence can 
be had in this space with flame impinging directly upon the floor 
without any fear of damage. The upper part of the furnace can 
be so constructed that it will be cooler and thereby reduce the 
temperature of the gases before entering the boiler tubes. In 
other words, the combustion is completed in the lower part of 
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the furnace, and the height of furnace from the floor to the tubes 
will depend upon the percentage of volatile and other characteris- 
tics of the fuel, with a view of completing combustion, as well as 
the question of slagging the boiler tubes. The particles of molten 
slag must be cooled either by radiation to the furnace walls or to 
the boiler tubes so as to reduce them below their fusing or sticky 
temperature before entering the boiler passes. Other advantages 
of this furnace are reduction in height of building and the use of 
a simple ash-removal system. The ash is removed in a very 
satisfactory manner by means of a water jet with a minimum of 
labor, and the boiler room is kept clean and free from dust. 
Discussion 

H. C. Porrer.? The mechanism of the burning of coal, from 
the scientific standpoint, is not thoroughly understood; there 
should be a thorough research in it. A knowledge of the funda- 
mentals of that process would help out in powdered-coal burning 
and stoker firing. Many believe as Mr. Bailey and Mr. Kreis- 
inger have indicated in their papers—that whenever coal is burned 
you are burning volatile matter and you are burning coke. 
Another set of thinkers on the subject believes, at least partly, 
that when you put powdered coal in the furnace you are getting 
direct burning of the coal substances as a whole; perhaps not 
entirely, but at least in some measure, this complex material of 
which the coal is made up is burning as a unit. 

Now the ignition temperature, grading from lignites up to 
anthracites, appears as a question of the rate of oxidation of the 
material. A grain or particle of lignite that is fairly dry is going 


? Consulting Chemical Engineer, Philadelphia, Pa. 


to burn very quickly in an oxidizing atmosphere. A particle of 
anthracite will burn very much less quickly due to the difference 
in rate of oxidation of the two substances and not necessarily to 
the difference in volatile content. . 


Joun Buizarp.* The author’s curves showing the terminal 
velocities of coal in air are particularly interesting. I once 
examined the velocity of particles by means of dimensional 
analysis, and I obtained some figures which were a little lower 
than those given. The original paper appeared in the Journal of 
the Franklin Institute (February, 1924). There was one rather 
interesting thing that came out in that paper, and it was that if 
this method of analysis were correct and if the experiments upon 
which the analysis was based were correct, the particles should 
fall just as rapidly at a very high temperature as at a low temper- 
ature. 


W. H. Assort.‘ The big question is how to cut down the 
number of dollars that all these things cost, and apparently the 
only way to do it is to get a greater output from the same equip- 
ment. Has anybody made the experiment of using very high 
temperatures in mixing the air—say, bringing the auxiliary air up 
to 800 or 900 deg. or some temperature that would seem to be 
excessive? If we are not troubled with slag at 400 per cent out- 
put, how high can we go before we will be, or can we go indefi- 
nitely? That is, can we go to the limit to which we can heat the 
air? 


Howarp Butr.’ I think that Mr. Abbott’s question was 
answered in the National Electric Light Association’s Prime 
Movers Committee report of June, 1928, on Stokers and Furnaces, 
in connection with the plant of the Narragansett Electric Com- 
pany. In this report they refer to boiler No. 36, which is 
equipped with a preheater that gives approximately 100 deg. 
higher preheated-air temperature than boiler No. 35, as follows: 

The combustible in the flue dust on boiler No. 36 averages 
about 12 per cent, or 0.9 per cent loss, and about 20 per cent, or 
1.5 per cent loss, on boiler No. 35, the difference probably being 
due to hotter air temperatures from the regenerative-type pre- 
heater, although this feature was not included in the data from 
which the heat-recovery curves were drawn. As this plant is 
equipped with water walls, there was no trouble in either case due 
to the fusion of the ash. 

In connection with oil stills, there are a number of jobs where 
the preheated air temperature runs from 700 to 900 deg.; but of 
course there are no slagging troubles, as oil is used for fuel. 

In connection with primary air at very high temperatures, it is 
believed that there will be found a number of unit pulverizers 
using the primary air, which is the air that passes through the 
pulverizer to convey the pulverized coal to the furnace, as high as 
500 deg. We have jobs in operation where this temperature is 
400 deg. In connection with the bin system of powdered coal 
where screw feeders are used, we have used air temperatures as 
high as 400 deg.; but this plant is now operating with a primary- 
air temperature of 250 to 300 deg., as they wish to avoid flooding 
troubles in the screw feeders. 

Good boiler practice today will call for exit boiler temperatures 
of 650 deg.; if preheaters also are used, this temperature of course 
to be increased to approximately 700 to 750 deg. at peak oper- 
ation of, say, 500 per cent boiler rating. Therefore with these 
temperatures it will be found that, owing to the efficiency of the 


3 Head, Research Department, Foster Wheeler Corporation, New 
‘ork, N. Y. Mem. A.S.M.E. 
4 Consulting Engineer, Cleveland, Ohio. 
5 Sales Manager, Air Preheater Corporation, New York, N. Y. 
Mem. A.S.M.E. 
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preheaters, the air temperature for the secondary air will not 
exceed 550 deg. at the very highest ratings and consequently there 
would be no use for preheated-air temperatures of 700 to 800 deg. 

We have observed that the higher the preheated air, the less 
combustible there is in the ash, which is in line with the informa- 
tion regarding the Narragansett Electric Company’s plant. 


TxHEo. Maynz.' From what I know about pulverized fuel, this 
particle of coal does not burn instantaneously, and as it is burn- 
ing, it is immediately surrounded by an envelope of CO, plus No. 
How far does a burner help to scrub away that envelope of gas of 
CO, and N, so that the oxygen particles, which are only 20 per 
cent of the total atmosphere, can get at the carbon through this 
inert-gas envelope? 


Harrison E. Kierrev.? We used to hear much argument 
some years ago about vertical and horizontal firing. Most of 
these burners that the author has shown are horizontally fired. 
I would like to ask what effect as a whole the results of vertical 
and horizontal firing had on Cahokia, and also why the author 
calls the Calumet burner a turbulent burner. I should like to ask 
what effect the fineness of pulverized fuel had on marine-boiler 
operation, and also the effect of fineness on the firing of these 
marine-type boilers with the various types of furnaces. 


SaMvueEv B. Fuiaaa.* I believe that the author, in his extem- 
poraneous remarks accompanying his paper, left an incorrect 
impression in regard to the burning of anthracite, and since there 
are so few installations of anthracite powdered-fuel burning it 
might be well if this were corrected. The author showed the 
changes that have been made in the burners used at Pine Grove, 
the contraction of the size of the outlet of the burner in order to 
increase velocity, and also the wedge inserted in the burner in 
order to give better opportunity for radiant heat to pass through 
to the front wall of the setting and thereby accelerate ignition. 
Then he followed with a statement that the furnace was some- 
times operated without any primary air. I think that he should 
have added that the furnace has been operated sometimes with- 
out such air, but not purposely so. In other words, the furnace 
will continue to operate if the primary-air fan kicks out, and that 
has occurred, but it is not intentionally so operated, and the 
changes in the burner were made directly with the idea of getting 
a higher velocity of the material leaving the burner type, and 
thereby getting greater turbulence in order to get better com- 
bustion conditions. 


H. P. Rei.’ The author makes a statement that moist coal 
particles adhere, making the equivalent of coarser coal. In 
referring to moist coal, is he talking about 1 per cent moisture, 
22'/. per cent, or 5 per cent? 

Our experience has been that it is impossible from a mechanical 
standpoint in the conveyors and feeders to operate continuously 
with the bin system above 5 per cent moisture on Illinois coal and 
not much above 3 per cent moisture on Pittsburgh coal. If it is 
true that with the bin system the coal particles adhere when 
moisture is present, what happens in the unit pulverizer where 
the moisture is not taken out? Supposing we have an Illinois 
coal with 6 per cent moisture and put it through a unit pulverizer 
without any preheat of the air or coal or any drying except that 
of the heat of grinding and the carrying to remove that moisture— 


‘ Consulting Steam Engineer, Cleveland, Ohio. Mem. A.S.M.E. 

7 Engineer, McClellan & Junkersfeld, New York, N. Y. Assoc- 
Mem. A. S.M.E. 

8’ Fuel Expert, Electric Bond and Share Company, New York, 
N. Y. Mem. A.S.M.E. 

® Universal Portland Cement Company, Chicago, III. 


is there a tendency for these particles to adhere and snowball? 
Also is there a possibility, with proper drying—we will say with a 
moisture not above 2 per cent—of having this snowballing effect 
with certain grades of high-volatile coals? 

A curve was shown in which the carrying capacity of air varied 
with the fineness. The figures which I was able to pick off the 
curve were, with 200 mesh, 0.7 ft. per sec. velocity; with a 100 
mesh, 3 ft. per sec. velocity; while with coarser material the 
curve rose very rapidly. Does the author mean that with 200 
mesh the 0.7 ft. per sec. will hold that coal in suspension? If so, 
at what loading of the air with particles or with what percentage 
of combustion air as primary air with the coal? If these velocities 
are correct, they will greatly affect or change duct designs. Our 
experience has been that velocities of not 0.7 ft. per see. nor 3 per 
sec., but nearer 35 to 40 ft. per sec., are necessary to hold these 
dust particles in suspension. On the other hand, if the reference 
was made to the atmosphere in the furnace after the burner had 
delivered the coal, then another condition exists, because in the 
furnace there are counter-currents helping to support the coal! 
particles; and furthermore with extreme fineness, no matter how 
large the settling chamber, it is impossible to settle out a large 
number of these particles. 

Comment was made regarding the theories of the burning of 
this pulverized coal as to the volatile gas burning off and leaving 
a char or carbon to burn later. I do not think that this theory 
can be very strongly questioned. If one will shoot the pulver- 
ized-coal stream through a chilling atmosphere, the flame will be 
quenched quickly, and there will be present a high percentage of 
solid carbon in the ash with very little volatile matter. I do not 
feel that there can be much question about the theory as to what 
happens with a volatile coal burning in suspension in a hot furnace 
atmosphere. 


W.W. Perrisone.” Some one has asked about the maximum 
preheated air that had been used with pulverized coal. While 
this does not apply to steam generation, yet I do know of metal- 
lurgical regenerative furnaces operating with 1400 deg. fahr. and 
higher preheated air, and combustible loss with that high preheat 
is practically negligible. In fact, it is difficult to find a trace of 
carbon in the flue gases leaving these furnaces. 

The remark has been made that the volatile burns off and 
leaves a particle of carbon to go on and be consumed later in the 
furnace. We know from the records that we have that with a 
particle of carbon in the presence of carbon-dioxide gas and at the 
temperatures which exist in the furnaces where the volatile 
matter is burned off—volatile matter being the hydrocarbons in 
the coal, the carbon burning to carbon dioxide and some to carbon 
monoxide—the carbon dioxide in the presence of the carbon at 
the temperatures existent in that flame is reduced by that carbon 
particle very rapidly, and I have a feeling that what we are doing 
is gasifying that particle of carbon. It is not necessary for that 
particle of carbon to be entirely consumed by oxygen, but rather 
there is a partial reduction of the carbon dioxide or an oxidation 
of the carbon to carbon monoxide by the carbon dioxide which is 
present in the gas. 

Lincotn T. Work.'' At the present point in the discussion, 
the question of preheat has been rendered somewhat confusing. 
Some have indicated that air may be preheated to 1000 or 1400 
deg. fahr., while others have insisted that little or no preheat 8 
desirable. The former is feasible for secondary air. In fact, the 
degree of preheat for secondary air can go to any temperature with- 
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in the practical and economic limits for a given installation. On 
the other hand, the degree of preheat for coal dust and air mix- 
tures is limited by the nature of the coal, the fineness of pulveri- 
zation, and other factors. It is roughly limited to 400 to 600 deg. 
fahr. Above that, the flame may carry back into pipes or mills. 

With respect to burner design, the discussion of vertical versus 
horizontal firing has raised another question. Many of the 
burners mentioned in this paper are of the slot rather than the 
circular type. These inject the fuel in such a way as to produce 
a flat sheet of flame. Such a burner can be inserted between the 
tubes of a water wall with less inconvenience if in the vertical. 
However, with a vertical slot, there is some danger that coarse 
coal will drop out of the bottom of the flame, but the best of the 
modern burners avoid this. The greater radiating surface of 
this flame is exposed to the side walls rather than to the boiler 
tubes unless the sheet is broken by baffling or vortex action. 

The horizontal burner will probably apply to the smaller in- 
stallations, and certainly to those in which the water-cooling of 
one wall is not a vital factor, and it will give a flame in which the 
radiant energy can play up against the tubes of the boiler and 
give a more direct transfer of heat to the boiler tubes themselves. 

It must, however, take account of that one factor that has been 
under discussion; namely, the settling velocity of the coarse 
particles. As those coarse particles come out of the burner, they 
must be kept in the flame. The author has spoken of the velocity 
of free settling in the atmosphere. If a figure of 0.7 ft. per sec. 
be taken for a particle, it must travel forward fast enough so that 
that fall of 0.7 ft. per sec. will not cause it to drop out of the flame. 


M. K. Drewry.'? Since considerable inter. st in high preheat- 
ed-air temperatures is evidenced, the 650 deg. air temperature 
employed on the high-pressure boiler unit at Milwaukee is sug- 
gested. No economizer is used with this installation. Boiler 
outlet gas temperature is 750 deg. fahr., and is high because of 
the high boiling temperature of water at 1300 lb. (580 deg.), and 
because of the relatively high continuous rating, 285 per cent. 

All air entering the furnace under control is 650 deg. air, in- 
cluding primary air. The latter is mixed with coal at the feeder- 
screw discharge, and due to heating of the coal and evaporation of 
moisture, the mixture temperature is »bout 350 deg. fahr. In 
air-heater installations charged with the duty of lowering flue-gas 
temperature through a large range, as in the Milwaukee one, 
putting a large percentage of the combustion air through the 
heater is important. 

Air temperatures of 650 deg. has proved entirely satisfactory 
and safe. On one occasion coal in an idle primary-air pipe 
burned it to an extent that replacement of a short length was 
necessary, but otherwise no trouble with the high-temperature 
air has been experienced. 


AvuTHor’s CLOSURE 


Dr. Porter’s question, I think, has been answered by Mr. Reid. 
I fully agree that the volatile does come out separately and that 
the fixed carbon must be burned as fixed carbon. The formation 
of CO, as mentioned by Mr. Pettibone, is somewhat questionable. 
Practically no CO is found from pulverized-coal furnaces, even 
taking gas samples within the flame itself. It is surprising how 
small a percentage of CO can be detected. 

Answering Mr. Blizard, we have checked over that point of the 
Velocity of particles falling in still air, and we have checked Dr. 
Gibbs’ work quite closely considering the fact that he did his work 
on a denser dust than coal and we did ours on coal, and this curve 
is corrected from Gibbs’ data to the density of coal. 
hd The question of how high a preheat temperature should go has 

'* Assistant Chief Engineer of Power Plants, Milwaukee Electric 
Railway and Light Company, Milwaukee, Wis. Mem. A.S8.M.E. 


been answered, I think, by Mr. Butt, and especially by Mr. 
Drewry, from actual experience. I might say further that the sec- 
ondary air can no doubt be preheated as high as it is economically 
possible to do. Primary air depends upon the fuel and cireum- 
stances as to how high a temperature it can be when added to the 
coal. On a direct-fired mill air up to 600 deg. can be used, pro- 
viding there is enough moisture in the coal to absorb heat to bring 
about a reasonable final temperature. The greatest difficulty is 
not exactly a fire hazard or burning so much as it is a cooking 
within the burner, or, as Mr. Drewry said, when a burner is shut 
off, there is the tendency to build up coke and burn back in 
the burner. 

Mr. Maynz brings out the envelope of the inert gas around the 
particle and how the burner which this particle has already left 
effectively insulates it. The problem of the burner in this 
regard is to project the particles of coal and air into the furnace in 
such a way that there is a relative motion. Eddy currents that 
the so-called turbulent burners produce seem to be quite effective. 
On the other hand, there is an inertia effect, the particle of coal 
and air going at the same velocity, and the coal will no doubt 
continue to go faster through the furnace than the particles of 
air which are diverted in other directions. 

Mr. Kleffel asks why the Calumet burner is called a turbulent 
burner. The definition of turbulent burner is perhaps a mis- 
nomer. We may have to supply a better name than turbulent 
burner, but the main thing required is a burner wherein all of the 
air is brought to the furnace and mixed with the coal as quickly as 
possible, and the relative directions of the particles of the coal and 
air are such that the maximum scrubbing action is obtained. 
On this basis the Calumet burner qualifies as a turbulent burner, 
and it performs much better than the older-style flare or straight- 
shot burners. 

As to the effect of fineness in the Scotch marine boiler, I do not 
have data at hand to show just what the results were with coarser 
coal, but in a small furnace, with cold surroundings, it requires 
300-mesh coal instead of 200-mesh in order to get anything like 
equivalent combustion in ordinary furnaces. 

I thank Mr. Flagg, because I am sure I did leave a rather false 
impression. What I meant to say was that that furnace had 
operated without primary air, but it was not the regular thing. 

As to Mr. Reid’s question of burning coal with different per- 
centages of moisture, I think he is quite right when it comes to 
keeping Illinois coal below 5 per cent and Pittsburgh coal below 
3 per cent; that is good practice and should be done. I only wish 
that all the coal that has come into some of our burners was within 
those limits, but wetter coal can be fed and is being burned. The 
snowballing no doubt takes place only when the surface moisture 
gets above a certain percentage. The snowballing in the given 
moisture depends somewhat upon the time and pressure to which 
the coal has been subjected in the bin. Coal is packed together 
under certain circumstances, and it is that packing effect, whether 
caused by pressure or moisture, that makes it difficult to diffuse in 
the furnace and burner with the same result as finely pulverized 
coal that is dry. 

Now as to how direct-fired mills handle wet coal without pre- 
drying, it is merely that the drying is done within the mill. The 
coal particles are not taken out of the mill until they have been 
pulverized and separated mechanically from other particles, so 
that there is assurance to have the coal more finely divided with 
less chance of snowballing with a direct-fired mill operating with 
hot air in the mill to take care of the surface moisture. Without 
the hot air the effect is to hold down the capacity of the mill, as 
coal even though pulverized cannot be removed from the mill so 
long as there is any snowballing. 

As to the carrying velocity, Dr. Work has helped me out by 
explaining that the data were based upon falling particles in still 
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air. The reason why we must go to 40 ft. per sec. is so that the 
hypotenuse of this 50-mesh or heavier coal starting at the top of 
the pipe does not get too far down to the bottom by the time it 
gets to a certain point in the pipe. No matter what its velocity 
through air strata, the particles are going to fall out; the velocity 


must be greater than that in order to get them to a given point 
with any reasonable uniformity in the mixture. Dr. Work has 
mentioned about the vertical slots versus the horizontal; we have 
a burner going through water-cooled walls wherein the slot is 
horizontal. 
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The Relative Value in Locomotive Service of 
Different Sizes of the Same Coals 


Analysis of Results of Various Tests Tends to 


Indicate That the Evaporation per Pound of 


Coal Increases and the Pounds of Coal per Unit of Work Decrease 
as the Percentage of Slack Decreases 


By JOHN G. CRAWFOR 


The paper deals with the comparative locomotive-fuel values of 
various grades (sizes) of coal from the same mine. It does not 
attempt to determine a formula which would be applicable to any 
grade of coal from any district, but summarizes such information 
as is obtainable from the carious railroads and elsewhere. It 
deals in a general way with the characteristics of coals, their prepara- 
tion, and their physical as well as chemical make-up, and with the 
effect of these factors on the condition of coal supplied to locomotives. 
1t emphasizes the importance of making sure that the coals tested are 
representative as to size and quality and that a sufficient number 
of tests are made with each grade of coal to secure a reliable average. 
T changed from time to time for various reasons. In the 

early days of bituminous-coal mining it was generally 
customary to load into pit cars only forked coal, the forkings being 
left in the mine. While it was the entire output of the mine, this 
forked coal was really lump coal. Later, screens were installed, 
and the mine-run coal (the entire output) was split into two 
grades, lump and slack or screenings, and there were many times 
when only a small portion of the screenings was salable, which 
resulted in their being dumped and wasted. Along with changing 
mining and preparation conditions came larger locomotive fire- 
boxes which were better suited for the burning of coal containing 
a large percentage of slack. 

Many railroads have gone in a comparatively few years from 
lump to mine run, then back to lump, and later to mine run on 
hand-fired locomotives. In some territories about the last time 
the change was made from lump to mine run the locomotive 
stoker began to be developed on a commercial basis, and the 
Street stoker was designed for the purpose of firing locomotives 
with slack coal or screenings. 

It is not the purpose of this paper to devise a formula to be used 
in determining the locomotive-fuel value of any grade of coal 
from any district, but to summarize such information as was ob- 
tainable from the various railroads and elsewhere. 


HE grade? of bituminous coal used on locomotives has 


RELATIONS OF COAL OPERATORS AND RAILROADS 


As will be explained farther on, a mine may have on track un- 
billed (unsold) as many as ten grades of coal, and the accumula- 
tion of one or more grades frequently results in the shutting down 
of the mine until the accumulated coal is sold. An intermittent 
production is of course costly and undesirable, not only for the 
coal producer, but for the railroad which hauls the coal, so that 
anything within reason that a railroad can do to assist in the 
movement of the less-salable coal the better it is for both parties. 

The contract prices or the market prices, as the case may be, of 
different grades of coal from the same mine or mining district are 


‘ Fuel Engineer, Chicago, Burlington & Quincy Railroad Company. 

* The term “grade” when applied to coal means “size” and does 
arid imply any difference in quality except the differences inherent 
with size. 

Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 
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undoubtedly not always in line with the locomotive-fuel values, 
and it is the purpose of this paper to furnish some facts and well- 
founded opinions as to the comparative-locomotive-fuel values 
of various grades of coal, more especially mine run, lump, and 
screenings. 

It should be stated that an originating railroad is the railroad 
most vitally interested, and the position of a non-originating road 
is more nearly that of a commercial purchaser. 


CHARACTERISTICS OF COAL 


At the outset it seems desirable to make some reference to the 
fact that there is a wide variation in the character of locomotive 
coals used by the railroads of the United States and Canada. 
In fact, in moisture content it ranges from less than 1 per cent 
to about 30 per cent, and the B.t.u. value of the former is very 
nearly twice that of the latter. The volatile matter not only 
differs widely in percentage but in kind, a much larger percentage 
of non-combustible volatile matter being contained in some coals 
than in others, nearly one-half of the volatile matter of some coals 
being non-combustible. Likewise the make-up of the ash, to- 
gether with its fusing point, varies considerably. 

The physical character of coals varies as much as the chemical 
make-up. We have coals which break up readily in handling and 
others which do not and coals which store well in the open and 
those which disintegrate rapidly. Some coal veins contain im- 
purities which can be readily removed as the coal is loaded into 
railroad cars, and impurities from other veins are less susceptible 
to removal by the ordinary methods of picking. 

Some mines work in veins which are not uniform throughout 
their height; that is, there may be a hard layer of coal and then a 
few inches of softer coal and then another hard layer of coal, ete. 
Not only do these layers differ in hardness but in analyses and 
heat units. 


PREPARATION OF COAL 


In the opening paragraphs reference has been made to mine 
run, lump, and screenings. In many districts these are still the 
only grades produced. There are others which produce, in addi- 
tion to mine run, seven grades ranging from '/;-in. round slack, 
often called carbon or duff, to lump coal prepared over 6-in. 
round openings. These seven grades, together with mine run, 
are not the only grades produced, as various combinations of these 
grades are made, and it is not uncommon to find on track at these 
mines at least ten different grades of coal. 


GRADE AND CALORIMETER FUEL VALUE 


In general, the calorimeter-fuel value of each grade of coal is 
different. This difference is due not only to the difference in 
percentage of removable impurities in each grade, but also to the 
difference in the character of coal making up each grade; for 
example, the soft coal from a vein predominates in the smaller 
sizes. To illustrate these differences there are shown in Table 1 
the analyses of various grades of coal produced at one southern 
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Illinois mine, together with the percentage of these grades con- 
tained in the mine run. 


TABLE 1 PROXIMATE ANALYSES, B.T.U. DETERMINATIONS, 
AND GRADE PERCENTAGES OF MINE-RUN COAL, AND FOUR 
COMPONENT GRADES FROM A SOUTHERN ILLINOIS MINE 

Proximate analyses 


Volatile Fixed 


Mois- mat- car Sul- 

Grade, ture ter, bon, Ash, phur, 

per- per- per- per- per- per- 

cent cent- cent- cent- cent- cent- 
Grade age age age age age age B.t.u. 
17.25 8.96 33.98 49.95 7.11 0.67 12,055 
24.32 8.84 33.77 50.89 6.50 0.58 12,129 
2 X 3-in. nut tig 11.72 8.66 33.53 50.91 6.90 0.68 12,153 
2-in. screenings... . . 46.71 8.85 32.15 48.73 10.27 0.7 11,666 
Mine run.......... 100.00 8.85 33.02 49.72 8.41 0.70 11,903 


Note: The mine-run analysis is built up from the other grades by com- 
bining their analyses in the proper proportion. 


ConDITION OF CoaL On LOCOMOTIVES 


The handling of coal from railroad cars to locomotives has 
undergone as much change as the mining and preparation of coal. 
Our so-called modern coaling stations handle coal very roughly 
compared with its handling in the older type chutes. Take, for 
example, the Kerr chute, where the coal was cracked in the rail- 
road cars and shoveled therefrom to a small bin, from which it 
passed through a gate directly to the engine tender. The use of 
this chute resulted in the coal being placed on an engine tender in 
very nearly the same condition that it left the railroad car. Such 
a chute was of course expensive to operate, and in time of labor 
shortage it has been difficult to secure sufficient labor to keep en- 
gines coaled. 

The modern coaling station is designed for the use of drop-bot- 
tom or hopper-bottom cars, and the coal dumped therefrom drops 
upon breaker bars, and after being cracked, falls into a hopper 
below. From this hopper it flows into a bucket, which bucket is 
hoisted well above the top of the storage bin, where it is dumped 
and the coal flows into the storage bin, dropping many feet, de- 
pending on the amount of coal contained in the bin. This break- 
age increases the slack content of the coal. 

In the modern or storage-type coaling station separation of the 
slack coal from the coarser coals takes place resulting in some en- 
gines receiving practically cracked lump or egg and others re- 
ceiving slack or screenings when mine run is being furnished the 
coaling station. This lack of uniformity of the average size of 
coal furnished engines is frequently the cause of complaints and 
delays. The delays and complaints are less with Kerr chutes 
supplied with mine-run coal than are the complaints and delays 
from modern coaling stations supplied with 1'/, or 2-inch lump 
coal. 

As to the handling cost, the modern chute is the cheaper to 
operate, but at this stage I will not say which is the cheaper all 
things considered. 


Locomotive ConpitTions AFFECTING COMBUSTION 


Not only do locomotives vary widely in grate area, but many 
engines are operating at a much higher combustion rate per 
square foot of grate area than others. The trend is to reduce 
the rate of combustion and to lengthen the flame way to the rear 
end of the boiler tubes, as well as lengthen the boiler tubes. 
These changes have had their beneficial effect, resulting in more 
efficient combustion. 


Tests TO DETERMINE LOCOMOTIVE FUEL VALUE 


We now come to the subject of this paper. It is desired to 
know the comparative values of each important grade of coal, 
these values to be expressed in railroad terms in common use such 
as “pounds of coal per thousand gross ton-miles’’ and ‘“‘pounds of 
coal per passenger car-mile.”’ 


There are two ways that these comparative values can be 
obtained; one, by actual use and test of these grades over 
extended periods, and the other, by testing these grades of coal 
in a locomotive on a testing plant, such as that of the University 
of Ilinois. 

Some of the advantages of plant tests over road tests are as 
follows: 

Any test condition can be selected and exactly duplicated on 
succeeding tests. This means that a lesser number of tests would 
be required than on the road in order to obtain an average of the 
same degree of accuracy. 

Cinders in gases can be collected, measured, and analyzed 
which is a most important item. 

As the building is steam-heated, the air supplied the firebox 
can be kept at about constant temperature. 

As water supply is from one source, the temperature can be 
kept more nearly constant than on road tests. 

Both road and plant tests are desirable, and from such informa- 
tion as is available, it is certain that too few of these tests have 
been made. 

Resutts oF Roap Tests 


In answer to inquiries sent to over 100 railroads in 1914, there 
were 79 replies, and the information received was as follows: 


Number of 


Kind of reply Replies Engines 
Have not made tests....... 74 2,780 
Tests made under dissimilar conditions re ; 1 1,069 
Does not care to furnish information................... 1 5,766 


Recently inquiries were made of 47 bituminous-burning coa! 
railroads, and replies from 45 are summarized as follows: 
Number of 
Kind of reply Replies Engines 


Tests not representative of present practice or of doubtful 


ee 3 782 


In Table 2 the replies of the nine roads that have made tests 
are summarized, and designated by numerals. Other interesting 
replies are designated by small letters.* 


Resu.ts or Tests MapE ON A Locomorive-TESTING PLANT 


A committee of the International Railway Fuel Association in 
cooperation with the University of Illinois and the United States 
Bureau of Mines made some tests at the University of Illinois 
between December, 1916,.and February, 1917. These tests are 
reported in the proceedings of the Ninth Annual Convention of 
the International Railway Fuel Association, held in Chicago, May 
14 to 17, 1917, and also are covered by Bulletin 101 of the Uni- 
versity of Illinois Engineering Experiment Station. These tests 
were made not only to find out the comparative locomotive fue! 
values of the six grades of Illinois coal, but also to ascertain the 
reasons for these differences. A brief synopsis of these tests will 
be given. 

The coal was mined near Christopher, Franklin County, 
Illinois, and each car was inspected while loading to insure its 
being of average quality. It was also especially important to 
insure that the mine run, 2-in. screenings, and 1'/,-in. screenings 
contained about the normal average percentage of small coal. 


3 In this tabulation, as well as elsewhere in this paper, such terms 
as ‘‘2-in. bar screenings’’ and ‘‘2-in. round lump” are used. These 
terms mean, respectively, screenings produced as the result of passing 
through a screen consisting of bars spaced 2 in. in the clear and lump 
produced as the result of passing over a screen having round opening* 
2 in. in diameter. 
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TABLE 2 TEST AND OTHER INFORMATION 


Other grades tested 
Difference in 
Tests made amt. required com- 
(on stoker or pared with base 
hand-fired grade; percentage 
Reply engines) District supplying the coal Grade used as base Name More Less 
1 Stoker Frontenac, Kans. Mine run 7/s-in. round lump made by removal of 25°% screenings 5.7 
Stoker Frontenac, Kans. Mine run 7/s-in. round lump made by removal of 50° screenings 10.4 
2 Stoker Pennsy! ania low volatile Mine run 2-in. bar screenings 21.8 
Northern West Virginia and 
eastern Ohio high volatile Mine run 2-in. bar screenings 19.8 
Northern West Virginia and 
eastern Ohio high volatile Mine run 3/,in. bar screenings 45.2 
3 Stoker Logan, W. Va. Mine run Nut 5. 
4 Stoker Southern Illinois Mine run 2-in. round screenings! 11.1 
5 Hand-fired Terre Haute, Ind. Mine run 2-in. round lump 10.0 
6 Hand-fired Pittsburg, Kans. Lamp separated from Lump over */:in. round holes, 25 per cent being re- 
screening over 4/4-in. moved as screenings 2.2 
round holes, 40° being 
removed as screenings 
7 Stoker Low volatile Stoker containing 20° 
through bar 
screen; probably pre- 
pared through 2!/:-in. Stoker containing 95°% through ‘/s-in. bar screen. 
bar screen Probably prepared through 2'/2-in. bar screen 45.0 
8 Hand-fired Logan, W. Va. Mine run 2-in. round screenings 3.5 
9 Stoker Illinois—inner group Mine run 1'/o-in. round screenings 8.6 
Stoker Kansas l-in. round lump? l-in. round screenings 14.8 
Stoker Henryetta field, Oklahoma Mine run l-in. round screenings 24.3 
a On stoker-fired engines in one district we use washed mine run from near Birmingham, Ala. Occasionally receive some egg coal and do not find it to be 
as economical as mine run as the consumption is more rapid. 
» Have both stoker-fired and hand-fired engines, and coal is supplied through Lake Erie ports. Using nut and also egg on certain trains and believe it 
more economical than mine run at present prices. 
« Have both stoker-fired and hand-fired engines. Use Eastern coal delivered at Lake Erie ports. Use mine run and consider it most economical, 
d Noinformation of value for stoker engines, but consider lump preferable to fine or slack coal on hand-fired engines. 
¢ Consider that on hand-fired engines mine run from the Danville, Ill, district gives better results than lump. 
{ Satisfied that on hand-fired engines the consumption increases as the percentage of slack increases. On stoker-fired engines the matter is complicated by 
the crushing of the coal. 
eg When burning southern Illinois mine run found it was economical! to go to a lump coal prepared by removing 20 per cent of the mine run as screenings. 
i est preparation is when lumps are cracked to not exceed 5 or 6 in. and the slack content not too heavy. 
t Use Alabama and Illinois mine run very successfully 
) Use southern Illinois coal. Find that when coals contain considerable small slack there is moire tendency to form clinkers, also greater waste from un- 
burned gases 
k Use both stoker- and hand-fired engincs. Use only mine run, and both stoker- and hand-fired engines are coaled from the same bin. If had separate 
Lins would use screenings on stoker-fired engines. Consider that on hand-fired engines coal with lumps broken to 5 or 6 in. and containing a maximum 
of 25 to 30 per cent slack is most economical 
{ Purchase hard structure mine run and 6-in. screenings mainly from southern West Virginia, although some coal purchased from northern West Virginia 
and eastern Kentucky. Consider that coal containing 35 per cent which will pass through 1'/;-in. opening more economical than nut or egg coal. 
m Use lump on high-speed passenger trains and resultant screenings prepared through large openings on stoker engines. Use West Virginia high-volatile 
coals 
n Use coal from Pennsylvania, Ohio, Illinois, lowa, and Missouri, and consider 1'/4-in. lump more economical than mine run and consider it highly important 
that uniform grade of coal, whether it be 1'/s-in. lump or mine run, be furnished. 
We use, on hand- and stoker-fired engines, mine run from southern Illinois, also lump, egg, and nut coal applied on the mine-run order at mine run price. 
We also use on stoker-fired engines 2-in. round screenings purchased at sufficient price differential to make their use economical. In Colorado and Wyoming 


4 


The 1'/, and 2-in. screenings were fired by the Street stoker, and 
no coal was fed by hand during the tests of these two coals. All 
other grades of coal were hand fired. 

The chemical analyses and heating values of the various grades 


we purchase sub-bituminous (commonly called lignite) coals with 20 to 24 per cent moisture and consider it economical to purchase, in one district, 1'/4 x 


in. round egg coal at a price much higher than mine run. P ; : 
In the preparation of l-in. round lump, 25 per cent of the mine run was removed as l-in. round screenings; this coal is locally known as modified lump. 


TABLE 3 CHEMICAL ANALYSES AND HEATING VALUES OF THE COALS 
(The table gives averages for all tests for each size) 


—Proximate analyses——-——~ -—-—-Calorific values —— 


-Ultimate analyses 
(Coal as fired) : 


(Coal as fired) 


Sulphur Moisture 
sepa- in coal 
Volatile Fixed rately Btu. B.t.u., from 
Mois- mat- car- deter- perlb. perlb. perlb. Car- Hydro- Nitro- Oxy- mine 
ture, ter, bon, Ash, mined, of coal of dry ofcom- bon, gen, gen, gen, sample 
Size of coal % as fired coal bustible % % % 
Mine run . 8.14 34.18 47.92 9.76 0.95 11,873 12,926 14,463 66.63 4.28 1.55 8.69 7.82 
2x3” nut...... 8.60 34.83 47.70 8.87 0.88 11,957 13,082 14,487 67.50 4.36 1.38 8 42 8.48 
3 x 6” egg...... 8.82 34.57 48 8.06 0.94 12,071 13,239 14,523 68.19 4.50 1.51 7.99 
2” lump . 9.27 34.46 47.4 9.07 O.88 11,817 13,023 14,469 66.34 4.23 1.49 8.73 
2” screenings. . 9.25 32.05 48.12 10.59 0.85 11,550 12,727 14,408 65.74 4.43 1.48 7.66 as 
1'/,” screenings. 9.09 32.34 48 10.57 0.97 11,557 12,711 14,385 65.49 4.35 1.43 8.10 9.07 


to screening, and thus the mechanical make-up of the coals was 
determined. The make-up of the coals as received at the labora- 
tory is shown in Table 4. 

The make-up of the coals as fired was the same as the make-up 


of coal as fired are shown in Table 3. 

In order that a record might be had of the percentages of the 
various sizes of coals contained in each grade of coal tested, 
samples of the coal both as received and as fired were subjected 


as received, except in the case of mine run and lump, which were 
hand cracked before firing, and Table 5 shows the make-up of 
the mine-run and 2-in. lump coals, both as received and as fired. 


TABLE 5 MAKE-UP OF MINE RUN AND LUMP COAL, BOTH AS 

TABLE 4 MAKE-UP OF COALS AS RECEIVED AT LABORATORY RECEIVED AND AS FIRED 

Over Through Through Through Through Through Over Through Through Through Through Through 

4” 4” 5° 1/2” 1/4” 4” 4” 2” 1/2" 
= screen, screen, screen, screen, screen, screen, screen, screen, screen, screen, screen, screen, 
Size of coal % % % % q % Size of coal % % % % % % 
Mine run 29.6 70.4 48.1 31.3 19.9 12.5 Mine run: 
<x 3" nut.. 2's ca 1 5.8 3.0 1.9 As received..... . 20.6 70.4 48.1 31.3 19.9 12.5 
3 x 6” egg 41.0 59.0 10.7 5.4 3.4 2.3 As fired.......... 13.1 86.9 54.3 34.3 22.0 13.8 
<, lump 38.4 12.0 4.5 2.6 1.7 2” lump: 
<  Screenings........ ee a a> 66.8 41.1 26.9 As received...... . 61.6 38.4 12.0 4.5 2.6 1.7 
screenings..... 95.5 57.6 37.6 57.3 21.0 9.0 5.3 2.0 
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As fired, the 2-in. lump coal would all have passed through a 
7-in. screen and the mine run would all have passed through a 
5-in. screen. 

The equivalent evaporations and the relative values of the 
various grades of coal based thereon are shown in Table 6. 
TABLE 6 RELATIVE STANDING OF VARIOUS SIZES, BASED ON 
CORRECTED VALUES OF EQUIVALENT EVAPORATION PER 

POUND OF DRY COAL 
For common medium rate of For common high rate of 


evaporation! evaporation! 
Equivalent Equivalent 
evaporation Relative evaporation Relative 
per Ib. of values, per Ib. of values 
dry coal, based on dry coal, based on 
Grade of coal bs mine run Ib. mine run 
10.21 - 1.02 9.08 1.05 
ee 10.02 1.00 8.62 1.00 
9.96 0.99 8.32 0.97 
9.89 0.98 9.10 1.06 
2” screenings... . . 9.30 0.93 7.47 0.87 
1'/4” screenings. . 8.54 0.85 7.10 0.82 


1 This table gives the values of equivalent evaporation per pound of dry 
coal, corrected for a common medium rate of evaporation of 6.79 Ib. per sq. ft. 
of heating surface per hour, and for a common high rate of evaporation of 
12.46 Ib. per sq. ft. of heating surface per hour. 
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Fic. 1 Crnper Losses, ExpresSED IN PERCENTAGE OF HEAT IN THE 
CoaAL AND AS PERCENTAGE OF WEIGHT OF THE Dry CoaAL 


The reasons for these differences in locomotive-fuel value be- 
tween the various grades of coal tested are quoted from the Uni- 
versity of Illinois Engineering Experiment Station Bulletin 101, 
item 17, entitled “Equivalent Evaporation per Pound of Dry 


‘Coal,”’ the last paragraph, beginning on p. 45, reading as follows: 


While the differences in performance of the sizes is due in some 
measure to inherent variations in heating value and in ash content, 
these variations are too small to account fully for the difference in 
performance, nor is an explanation on these grounds applicable to all 
of the sizes. The difference in performance appears to be due chiefly 
to the variations in cinder loss and in the conditions of combustion 
which it was possible to maintain with the different sizes. This con- 
clusion is supported by the discussion of cinder losses and of the heat 
distribution which follows in the next two sections. 


The bulletin, section 18, beginning on p. 47, reads in part as 
follows: 


Cinder Losses.—Information relative to the losses due to cinders 
passing out through the stack is given in Fig. 1. In considering the 
cinder losses it should be borne in mind that all of the coal tested was 
of one kind; that is, it came from one mine. Coals possessing other 
physical characteristics might show somewhat different results as to 
cinder losses under the conditions of the tests here considered. It 
should also be remembered that for a given rate, medium or high, 
the draft was for all grades of coal practically constant. 

Fig. 1 shows the amount of the stack losses when the weight of the 
cinders collected from the stack is expressed as a percentage of the 
weight of the dry coal fired, and also the amount of such loss when the 
heat content of the cinders collected from the stack is expressed as : 
percentage of the British thermal units in the coal fired. The loss 
when expressed as percentage of British thermal unit is numerically 
less than when expressed as percentage of weight of dry coal, due to 
the fact that the cinders do not have so high a heat value per pound 
as the coal from which they originate. Also due to the fact that 
cinders produced at high rates of combustion have higher heating 
values than cinders produced at low rates of combustion, the differ- 
ence between percentages for medium-rate and high-rate tests are 
greater when expressed in terms of heat units than when expressed 
in terms of dry coal. The average heating value of the stack cinders 
for all medium-rate tests was 8635 British thermal units, and the aver- 
age value for all high-rate tests was 10,854 British thermal units. The 
heating values of the cinders from the medium-rate tests with screen- 
ing were higher than corresponding values from other grades of coal. 

In Fig. 1 it will be seen that, during the medium-rate tests, from 
2.3 to 13.6 lb. of cinders were collected from the stack for each 100 
Ib. of dry coal fired; while for the high rate tests from 6.3 to 17.8 lb. 
were collected for each 100 Ib. of coal. The screened coals in all cases 
produced fewer cinders than the mine-run coal, and the screenings pro- 
duced a materially greater quantity of cinders than any of the larger 
sizes. 

When the losses are expressed in B.t.u. percentages, Fig. 1 [upper 
part of figure] shows that for the medium-rate tests the loss on ac- 
count of stack cinders was smallest in the case of the lump coal, 
amounting to 1.3 per cent of the heat content of the coal fired. The 
corresponding losses for the egg, nut, and mine-run coals were 1.5, 
1.6, and 2.2 per cent, respectively. The loss, during medium-rate 
tests, for the 2-in. screenings was 7.1 per cent and for the 1!/,-in. 
screenings 11.2 per cent. The average loss from the screenings was 
roughly five times as great as the average loss from the larger coals 
during the medium-rate tests. For the high-rate tests the smallest 
heat. loss due to stack cinders occurred with the nut coal. The aver- 
age losses for nut, egg, lump, and mine run are 5.2, 6.5, 6.7, and 5.4 
per cent, respectively. The corresponding loss for the 2-in. screenings 
was 13.2 per cent and for the 1'/,-in. screenings 15.7 per cent. The 
average loss from the screenings during the high-rate tests was more 
than twice as great as the average loss from the larger coals. 

The figures and data indicate that with very fine coals such as 
screenings the cinder loss is larre even at medium rates of combustion 
and with comparatively low front-end draft, but that under these 
conditions the cinder loss is not serious for the larger coals even when 
they contain a considerable amount of fine material as in mine-run 
coal. For conditions involving high rates of combustion and strong 
drafts, however, the stack cinder loss is a serious one for all sizes of 
coal. 

Fig. 2 shows the relation existing between the loss due to stack cin- 
ders and the amount of !/, in. or smaller material in the coal as re- 
ceived. The data presented in Fig. 2 are also shown in Table 7. The 
curves, in addition to showing the relative magnitude of the cinder 
losses for the two rates of operation, show that the cinder losses in- 
creased quite uniformly with the increase of fine material in the coal. 
At the medium rate about 1 per cent of the coal would apparently be 
lost as cinders if there were no 1/,-in. fine material at all in the coal, 
while at the higher rate and without such material the loss would be 
about 5.5 per cent. The curve for the high-rate tests shows an in- 
crease in the cinder loss of very nearly 1 per cent for each increase of 
3.7 per cent in the amount of !/, in. material in the coal. The light 
straight lines in Fig. 2 show, for both rates, a uniform increase of | 
per cent in cinder loss for each 3.7 per cent increase in the ! «in. 
material in the coal. The light straight lines in Fig. 2 show, for both 
rates, a uniform increase of 1 per cent in cinder loss for each 3.7 pert 
cent increase in the '/;-in. material in the coal. The straight line 
represents the plotted points of the high-rate tests closely, but does 
not represent so well the points plotted for the medium-rate tests. 
For the purposes of further discussion, however, the straight !ine3 
have been accepted as defining with sufficient accuracy the relations 
for both rates. 
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TAELE 7 PERCENTAGE OF FINE MATERIAL IN COAL AND 
LOSSES DUE TO STACK CINDERS 


Loss due to 
stack cinders 


Percentage of fine Weight 
materiai in coal as Per- of cin- 
received, passing through cent- ders in per- 

1/4” 1/_” = age of centage of 
round- round- round- B.t.u. Coal 


hole hole hole in coal as Dry 


Size screen screen screen Rate fired fired coal 

Se 6.7 7.4 8.4 

High. 5.2 5.7 6.3 

egg..... 2.28 3.40 5.40 Medium 223 2.4 
oe 

Mine run..... - 12.50 19.94 31.30 Medium 2.2 3.1 3.3 
=a 8.4 90 9.8 

2” screenings... 26.88 41.09 66.82 Medium... 7.1 8.9 9.8 
High..... 13.2 14.1 15.5 

1'/," screenings 37.59 57.62 95.56 Medium 11.2 12.5 13.6 
igh... 15.7 16.1 17.8 


It should be remembered that kind of coal, intensity of draft, firebox 
and front-end arrangement, and probably other factors may materi- 
ally affect the relations existing between cinder losses and the amount 
of fine material in coal and that in the tests under consideration these 
variables have a very limited range. The results, therefore, if ap- 
plied to conditions other than those from which they were derived 
should be used with caution and with an understanding of their 
limitations. 

During tests with the four larger grades, larger quantities of cinders 
were collected than there was !/,-in. or smaller material in the coal. 
For these coals a considerable portion of the cinders must therefore 
have come from comparatively large pieces of coal. In the screenings 
tests the cinders collected were materially less in amount than the 
! ,in. or smaller material that existed in the coal. At all compara- 
tively high rates of combustion therefore, and probably also at lower 
rates, there must be factors determining the amount of cinders pro- 
duced other than the original amount of fine material in the coal fired. 


The author’s conclusions in the same bulletin, beginning on 
p. 55, are quoted in part as follows: 


Such generalizations as follow seem warranted by the test results. 
They are presented as applicable only to the coal tested. How closely 
they apply to coals from other fields is not clear, although it is prob- 
able that they hold good for other coals of like mechanical make-up 
and similar physical properties. If it is desired to apply these con- 
clusions to coals from other fields, the facts should be borne in mind 
that the six sizes tested were more nearly alike in chemical composi- 
tion and heating value than is often the case, that the cinder losses 
account in a large measure for the differences in performance, that the 
firing was unusually uniform and constantly supervised, that the 
large lumps in both the mine-run and lump coals were broken before 
firing, and that the same exhaust nozzle was used throughout all 
tests. 

Except as regards the lump coal at the high rate of evaporation and 
the four larger grades at the medium rate, the heat lost in the cinders 
accounts almost entirely for the differences in performance among the 
various grades. For the screenings they varied during the medium- 
rate tests from 7.1 to 11.2 per cent and in the high rate tests from 13.2 
to 15.7 per cent. Among the four larger sizes the heat lost in the 
cinders varied during the medium-rate tests from 1.3 to 2.2 per cent 
and in the high-rate tests from 5.2 to 8.4 per cent. 

Despite greater heat loss in the cinders, mine-run coal at the medium 
rate of evaporation had a higher boiler efficiency than either the egg 
or the lump, and at the high rate its efficiency was greater than that 
of the lump and only 1.3 per cent inferior to that of the egg. It is 
assumed that this is due to the better combustion of the smaller 
pieces of coal, which are more numerous in the mine run than in the 
two other sizes. 

The inferiority of the performance of the nut coal at the medium 
rate was probably due to insufficient draft. Its superior performance 
at the high rate is considered to be due to its small cinder loss and to 
evenness and uniformity of the fire which it was possible to maintain 
With this grade. 

At the high rate of evaporation it was more difficult to handle the 
fire with lump coal than with mine run, and at both rates the evapora- 
tive efficiency of the lump was less than that of mine run. The test 
results therefore offer no support for the popular belief in the 
Superiority of lump coal. 

As stated, the large lumps in both the mine-run and lump coals 
were broken before firing—the former somewhat more thoroughly, as 
is evidenced by the fact that after being thus cracked all of the mine 
Tun would pass a 5-in. opening whereas only 74 per cent of the lump 


would pass an opening of this size. As has been stated, the evapora- 
tive efficiency of the mine run was greater than that of the lump at 
both rates of evaporation. Since these two coals were not in other 
respects identical, the facts cited do not form a conclusive argument 
for the advantage of breaking the large lumps, but taken in connection 
with the firing experience in the laboratory, they do offer support for 
the opinion expressed by the Fuel Test Committee that the cracking 
of coal to the point where it will all pass a 5-in. or 6-in. round-hole 
screen is worth more than it costs at well-equipped coal chutes. 

The committee in charge of the tests recommended further 
tests, especially cracking mine run and lump from southern Illi- 
nois to various degrees of fineness; also similar tests of coals from 
other coal fields. It had been the committee’s intention to test 
6-in. egg run; that is, all the coal left by the removal of 6-in. lump 
from the mine run, but conditions isf 1917 did not permit. Also, 
it desired to try different-sized nozzles with some of the coals 
instead of using only one size of nozzle throughout the tests. 


CONCLUSIONS 


An analysis of the results of the various tests reported seems to 
warrant the conclusion that in general the evaporation per pound 
of coal increases and the pounds of coal per unit of work de- 
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Fic. 2 ReLation BETWEEN CINDER Loss AND PERCENTAGE OF 
Fine MATERIAL IN THE COAL 


crease as the percentage of slack decreases and that the difference 
is less marked under the following conditions: 


a On hand-fired engines, for on stoker-fired engines there is 
not the same opportunity to place coal high in slack to 
the best advantage 


b At low rates of combustion 
c With low-moisture coals 
d With coking coals. 


RECOMMENDATIONS 


It is recommended that each railroad consider the advisability 
of joining with other roads to make plant tests in addition to its 
own thorough road tests in order to determine the locomotive-fuel 
values of the various grades of coal which it receives from each 
district. Each road will then be in position to know whether the 
price of each grade is in line with its respective locomotive-fuel 
value. 

It is also recommended in making tests care be taken to insure 
that the coal tested is representative as to size and quality. An 
individual car of coal, especially an individual car of mine run 
or screenings, is seldom a true average of the mine’s output, and 
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the greater the mine’s tonnage the less liable is a single car of mine 
run or screenings to be an average of the output of that grade. 
Likewise, a single tender load of coal, even if it is taken from an 
average car, is less liable to be representative of a mine’s output 
of the grade contained in the car. In fact, it is entirely possible 
for a test engine to receive from a modern coal chute a tender of 
coal having the physical make-up of, for example, cracked 2-in. 
lump or 2 in. by 6 in. egg when the chute is being supplied with 
mine-run coal. 

Analyses of some of the tests reported and of other tests show 
in many instances that tests of each grade of coal were not made in 
sufficient number to take care of the influence of the variables, 
such as the difference in the make-up of the various tenders of 
coal and the difference in running time, as well as delays between 
terminals, train tonnage, weather conditions, ete. Thus in some 
instances conclusions have been based on inaccurate averages. 

Sereenings can be used more economically in modern stationary 
boiler plants than on locomotives, and their use in stationary 
boiler plants should be extended, thus leaving the coarser coals 
for locomotives. 


Discussion 


J. M. Nicnouson.* The test information reflected in the 
paper shows a wide variation due to different sizes of the same 
fuel in locomotive service. This emphasizes the need of making 
a study of the available sources of coal supply, the various sizes 
of coal available from this supply, and the price in the selection 
of coal for locomotive service. Tests are necessary in order 
to establish the relative value of the different coais and different 
sizes to determine what coal will produce the greatest amount 
of ton-miles per unit of cost. 

It is important that a uniform grade of coal be furnished for 
each territory which constitutes a locomotive run in order to 
get the best efficiency from the coal used. It is necessary to 
draft locomotives to burn the poorest quality of coal furnished, 
and if the coal is not uniform in quality it results in burning a 
better grade of coal wastefully. Many locomotive runs are 
being operated successfully with a low-grade coal uniform in 
size and quality and at a much lower cost per thousand gross 
ton-miles than would be the case with the high-grade coal in- 
volving a high cost per ton and a long freight haul to the terri- 
tory in question. A better grade or quality of coal is preferable 
from the standpoint of firing the locomotive, but in many cases 
its use is prohibitive. 

Since a uniform size and quality of coal are desirable and neces- 
sary, the railroad company should have inspectors following the 
preparation of coal at the mine to insure the furnishing of a uni- 
form product. Care should be exercised in the handling of coal 
from the cars to the locomotive, in order to reduce breakage as 
far as possible and to avoid the separation of slack from the lar- 
ger sizes of coal in the chute. The test information shows that 
as the slack content increases the quantity required to perform 
a given service is increased. 

Only a limited number of railroads can make tests on a loco- 
motive test plant, as there are but three plants available—one 
at the University of Illinois, one at Purdue University, and the 
Pennsylvania Railroad test plant at Altoona, Pa. This makes it 
necessary that the majority of railroads follow the plan of loco- 
motive road tests for determining this information. Road tests, 
if properly conducted and with a sufficient number of test runs 
made, will accurately determine the most economical fuel. The 
cost of tests spread over the fuel cost for a period of years amounts 


4 Fuel Conservation Engineer, Atchison, Topeka and Santa Fe 
Railway System, Topeka, Kans. 
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to a small item, and there is usually a great deal of satisfaction 
in knowing that the most economical fuel is being used. 


C. T. Winktess.6 From the standpoint of a fuel agent or 
a purchasing agent, information such as contained in this paper 
is of prime importance. Too much of such data cannot be se- 
cured, and when obtainable, is of inestimable value as a guide 
in passing judgment on the purchase of coal. 

A number of years ago our road made tests of mine run coal 
against 1'/,-in. lump coal, to determine the relative efficiency, 
with startling results. From one coal field 10 per cent more 
mine run was required as compared with lump; from another 
field in the same state 1'/; per cent less mine run was needed. 
Coal from another state showed 9 per cent more mine run was 
required than lump, while from another field nearby in the same 
state 12 per cent less mine run was needed. 

All the coals in question were recognized as good standard 
coals from their respective fields and might be expected to show 
approximately the same relative difference between the two 
grades, but as it developed such was not the case. The tests 
were made with the same locomotives throughout and in fast- 
freight service. 


F. P. Roescu.* The author has presented us with a paper 
that deserves our very careful consideration. It is not a paper 
to be read and filed away for reference, but one that should be 
studied in order to appreciate the contained thoughts, in that 
it points a way in which very material economies can be effected 
in the cost of steam generated in the locomotive boiler through 
the selection of proper fuel. The supporting data in connec- 
tion with the paper indicate what might be termed a rather 
startling lack of interest in this direction. 

While in present locomotive practice every proved device 
tending toward the better use of steam or the conservation of 
heat, such as superheater, feedwater heater, valve gears, and 
limited cutoff, is being freely adopted, and while locomotive 
boilers are being constructed with a view to efficient combus- 
tion and heat transfer, yet when it comes to a question of the 
selection of the most economical fuel to be used in the genera- 
tion of the steam—in fact, the item that forms the very founda- 
tion of our fuel-cost structure—an apparently unbelievable lack 
of interest appears to be manifest. 

The paper shows that as a result of the first questionnaire 
sent out only 4.4 per cent of the railroads responding had ever 
made any fuel tests, although the second and more recent ques- 
tionnaire would indicate that some interest is now being dis- 
played, in that 22 per cent of the railroads responding had taken 
some action in this direction. 

The question naturally arises, is this really a lack of interest 
or simply an acceptance of the tests conducted by the University 
of Illinois Engineering Experimental Station in 1916 and 1917, 
as sufficiently comprehensive to meet all conditions, regardless 
of the fact that the author distinctly states that the contrary 
is the case, as shown by the following quoted from Bulletin 101, 
p. 51: 

“It should be remembered that kind of coal, intensity of draft, 
firebox and front-end arrangement, and probably other factors 
may materially affect the relations existing between cinder 
losses and the amount of fine material in coal and that in the 
tests under consideration these variables have a very limited 
range. The results, therefore, if applied to conditions other 
than those from which they were derived, should be used with 
caution and with an understanding of their limitations.” 

There is no question as to the accuracy of the figures pres snted 


5 Fuel Agent, Rock Island Lines, Chicago, III. 
® Sales Manager, Standard Stoker Co. Mem. A.S.M.E. 
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as applying to the conditions under which the tests were made. 
There is a question, and a very vital one, however, as to what 
the results have been on the stoker-fired tests with screenings 
had the locomotive grates been adapted for the economical com- 
bustion of this kind of fuel. 

The term screenings as applied to coal is so indiscriminately 
used that few apparently have any true conception of what the 
characteristics of screenings really are; the general impression 
being that 2-in. screenings consist largely if not entirely of small 
lumps of coal from 1 to 1'/2 in. in size, overlooking the fact that 
66.8 per cent will pass through a 1-in. screen, 41.1 per cent through 
a '/.-in. screen, and 26.9 per cent through a '/,-in. screen (Table 
3, p. 21, Bulletin 101), or that practically only about one- 
third of the lump would be over 1 in. and less than 2 in. in 
size. 

The impression also appears to prevail that in firing screenings 
a sufficient depth of fire can be carried so that the smaller parti- 
cles during the process of combustion will cohere and not be 
carried out by the draft, and still at the same time admit suffi- 
cient air through the fuel bed—an impression that has been re- 
peatedly proved as incorrect in combustion tests conducted not 
only at the University of Illinois Experimental Station, but by 
the Bureau of Mines, ete. 

Screenings to be burned economically must be fired only as 
fast as burned. The fire must be kept as thin as possible, say 
from 1'/, to 2'/, in. deep, and this being the case, the grates must 
be designed to permit the proper inflow of air, and yet at the 
same time so that should the fire on any part of the grate be- 
come thin there will be no tendency to tear holes through that 
part and thereby admit air in excess of the requirements. From 
this it follows that instead of restricting the air flow as is the case 
with grates having large or excessive air openings, particularly 
as used in connection with hand firing, by the depth of the fire, 
the air restriction should be provided by the grate itself. 

This is not a theory, but a well-proved fact, and has become 
standard practice on some of the largest Western roads, whereon 
it was found that regardless of the kind of coal, bituminous or 
lignite, a grate having preferably '/:-in. round openings, the 
grates fitting neatly against one another and against the grate 
bearers, and so that the total air opening through and between 
the grates will not exceed 18 per cent of the total grate area, 
has been found most efficient. Preference is expressed for the 
round instead of the slotted openings as it has been found in 
service that there is less tendency for the round openings to clog 
up than slotted openings of equal area. 

This brings us to the question of stack loss, one of the out- 
standing points in the paper. The distance that solid matter, 
such as a lump of coal, can be projected by a fluid blast, either 
air or steam, is not as the pressure or velocity of the blast, but 
asthe volume. In other words, a blast of small area, even though 
at a much higher pressure, will not project a lump of solid mat- 
ter as far as one of larger volume at a lower pressure or velocity. 
From this it follows that even though the air necessary for com- 
bustion passes through the grate with the smaller openings at 
a higher velocity, it will not have the same lifting effect on the 
particles of coal as a blast passing through larger openings at 
a lower velocity. While the speed of the gas current gradually 
increases on its way to the tubes, yet if the air jet, if it may so 
be termed, passing through the fire bed has not sufficient power 
to lift the smaller particles of coal to a point where the gas cur- 
rent is fast enough to pick up this particle and carry it through 
the tubes, gravity will cause these particles to fall back to the 
fire bed, where the process of combustion is carried on, until the 
particle of coal is practically burned to an ash and becomes light 
enough to be carried out with the gas current. In other words, 
the resultant cinder discharge from the stack is practically an 


ash instead of a cinder still containing a large percentage of 
combustible matter. 

This now brings up the question of stoker firing and its re- 
lation to stack loss. Generally speaking, mine-run or sized coal 
is furnished stokered engines the same as hand-fired engines. 
This is due to the prevailing impression that mine-run and sized 
coals are the more economical. This impression, supported by 
tests, is absolutely correct in so far as hand-firing is concerned, 
but when it comes to a question of stoker-firing, if screenings 
are available at a price sufficiently below the price of mine-run 
or sized coal to offset the differences in B.t.u. value, then screen- 
ings become the most economical coal to use in stoker-fired en- 
gines, provided the engine is adapted (referring to grates, brick 
arch, etc.) to burn it. 

It is rather strange that so few have taken into consideration 
the fact that regardless of the size of the lumps of coal placed 
on the locomotive tender, they are reduced to what is generally 
termed screenings before they are finally projected into the fire- 
box. Of course, the lower the slack content in the coal as origi- 
nally placed on the tender, the lesser the total fines when the 
coal is finally delivered by the stoker; or in other words, where 
all screened lump, egg, or nut, is placed on the tender there will 
be less fines projected into the firebox, and naturally a lower 
stack loss. However, when mine-run coal is used already con- 
taining a fair or high percentage of slack, it follows that in the 
crushing process characteristic of the locomotive stoker the 
amount of slack is increased and the amount of lump decreased 
proportionately. This being the case, it certainly proves that 
where screenings are available at a lower price than mine run, 
and providing they have about the same B.t.u. value, it is cer- 
tainly more economical to burn screenings. In fact, it has been 
found that where the locomotive is adapted, as stated, to this 
purpose, the process of combustion is more complete; in fact, 
enough so to offset the difference in B.t.u. value as between 
mine run and screenings produced by the same mine. 

We will simply cite in corroboration of this a few outstanding 
examples, the names of the railroads being withheld, but avail- 
able on request. On one road handling a coal which, while origi- 
nating as mine run, is through repeated handling finally delivered 
as practically screenings, it was found a comparatively difficult 
matter to maintain steam pressure under all conditions in the 
hand-fired locomotives with the coal as delivered. The road 
put in a screening plant, running all the coal over a 2-in. bar 
screen. The coal retained by the screen is used in hand-fired 
engines, that passing through the screen in stoker-fired engines; 
the net result being a reduction in the total amount of coal used 
equivalent to a 6 per cent reduction in fuel cost. 

Another road serving a territory where the demand for screen- 
ings is low, consequently sold at a price corresponding to the 
demand, has adapted all of the stoker-fired engines and is now 
handling a coal running 90 per cent slack; i.e., 90 per cent will 
pass through a 2-in. bar screen. This road operates some of 
the largest locomotives in the country and over the heaviest 
grades negotiated in main-line service by any railroad in the 
United States. The saving effected through the differences in 
price amounts to more than 30 per cent in money as compared 
with the mine-run coal previously supplied the same locomo- 
tives. 

Another road, also traversing a territory where there is prac- 
tically no demand for screenings, has discontinued the use of 
mine run in the stoker-fired locomotives entirely, and is using 
as fuel in the stoker-fired engines a grade of screenings practi- 
cally equivalent to what the author terms carbon, or duff. The 
difference in consumption as between the mine run formerly 
used in the same locomotives when hand fired and the screenings 
now used, on a thousand gross ton-mile basis, runs from 3 to 
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7 per cent. The difference in cost per ton of the two fuels is 
73 per cent, of course in favor of screenings. 

Natural gas has been introduced in a section of the country 
where coal has heretofore been used entirely for domestic heat- 
ing purposes and in the various industrial plants. The result 
has been that the market for screenings, which were formerly 
used almost entirely by the industries, has been wiped out com- 
pletely, so that now the mines operated, instead of having a 
market for their screenings, must find some way to dispose of 
it otherwise than simply dumping it, owing to the increased 
fire hazard that would obtain were screenings dumped in the 
vicinity of the tipples. Naturally, to offset the loss of revenue 
previously obtained from the screenings the price of the other 
sizes must be increased. The railroads passing through the 
district referred to still continue to use mine-run coal in their 
stoker-fired locomotives, under the impression that screenings 
do not offer a suitable fuel for locomotive purposes. It is true 
that screenings cannot be fired by hand so as to maintain the 
required pressure in the average present-day locomotive. This 
is due to the fact, as stated in the beginning of this discussion, 
that in order to be properly burned screenings must be fired as 
consumed. This of course would necessitate continuous light 
firing on the part of the fireman. Continuous light firing would 
mean a frequent opening of the fire door, with its attendant 
rush of cold air into the firebox. However, there is no question 
to my mind, and I fully believe that I have offered sufficient 
covering data to establish the fact, that with locomotives 
adapted to burn this fuel and through the application of means 
whereby the fuel can be projected into the firebox as required 
by other than manual means, screenings would again become a 
commercial product, and in this way benefit both the coal opera- 
tors and the consumer, a point that has been well brought out 
in this very valuable paper. 


G. C. Squier.’ Is not the problem that is being taken up 
here a factor of the coal? The only reason that coal ever was 
sized was to introduce a physical condition of the coal. As 
we size coal we relieve the fuel-bed resistance and very largely 
increase the amount of surface exposed to oxygenation. By 
doing this we accelerate the rate of speed at which coal can be 
burned, and if the factors pertaining to the situation are properly 
taken care of—that is, draft conditions regulated by the size 
of the exhaust nozzle to meet the particular conditions—is it 
not the answer as to whether the size of the coal has something 
of advantage or not? 

Taking the question of stokers used in stationary plants. The 
coal as to its size or qualities has received no consideration in 
the papers presented to this conference; and this question was 
put to the author of a paper relating to the use of powdered 
fuel in a marine installation. His reply was, ““My job commenced 
at the door as the coal went in.” As a matter of fact in loco- 
motive or land practice I believe that this problem of the sizing 
of coal is very much governed as to the work it must do and its 
adaptability to the particular work. For instance, as an illus- 
tration, assume a 4 X 8 coal with no over or under sizes; put 
this coal into a firebox that has a heavy draft—you well know 
that you will carry a tremendous amount of excess air. Now 
assume a minus */, in. coal, and with a heavy draft you are well 
aware that this excess air will not go through. The balancing 
up of the situation by taking the coal into consideration as well 
as the mechanical features as to draft, etc., I should think would 
be the answer as to whether there would be a saving in the use 
of sized coal. From the papers read here there does not seem 
to be any consideration given to the coal, particularly as to its 
being adapted to the work which it is to do. 


7 Rochester & Pittsburgh Coal Company, New York, N. Y. 


Mortimer SILVERMAN.’ We have gone into the question 
of the sizing of coals to a considerable extent and have found 
that there is economy in it. At the present time our stoker 
coal is */, in. by 2%/, in. at the mine. Now when I say that size 
“at the mine” it may mean an altogether different size of coal 
from the same size obtained by some one receiving coal in a dif- 
ferent manner. Our coal is a very hard structure. It is hauled 
to seaboard, dumped into vessels, taken north over the ocean, 
dug out of the vessels, some of it dumped on the wharf directly 
and some right into cars, and in turn again dumped on coal! 
docks of one nature and another. So that the question of a 
particular size of coal really means nothing to any individual 
railroad until it has actually tried out the size in connection 
with the handling of the particular coal between the mine and 
the railroad itself. The friability of the coal is of great moment. 

In commenting on the present tests I do not think that all 
of the economies were brought forth that would have been 
brought forth had the size of the nozzle been changed with the 
different sizes of coal that entered into the tests; in other words, 
take the run of mine with a large percentage of slack, and with 
a certain sized nozzle one will have a certain draft. Now if 
you are going to use the same back pressure on the locomotive 
and get a size of coal with a far lesser percentage of slack, the 
excess air is going to be far in excess of what it was while using 
the slack, and the result will be that the efficiency of combus- 
tion will be less, and furthermore you are still operating with 
the same back pressure on the engines that you previously had, 
for all of which there is no occasion. On our road about three 
and four years ago we were running our Santa Fe locomotives 
with from 17 to 19 lb. back pressure. I think that is a fair av- 
erage of how that size of locomotives is run throughout the coun- 
try. Today we are running those locomotives with anywhere 
from 6 to 9 lb. back pressure. Our Consolidation locomotives, 
which are our next size that are hand-fired (the Santa Fes are 
stoker-fired) were running along under load conditions with 
about 12 to 14 lb. back pressure. We are today operating those 
same locomotives anywhere from 3 to 6 lb. back pressure, de- 
pending upon the particular division and the load. 

One of the principal points that has brought this about has 
been the one thing which I never could understand why rail- 
roads ever allowed themselves to get into, and that was throttle 
control of locomotives. You will find the old-time engineer 
with his quadrant notched with a hammer and chisel, whether 
or not the turnbuckle on the reach rod has been taken up two 
or three turns more or less; that is where he sets his reverse 
lever, and he controls his speed by means of the throttle. Now 
if you were in stationary practice—and I judge a large propor- 
tion of you are, as I have been in the past—if you can imagine 
the old-time throttle-controlled engine with the throttle located 
about 100 ft. from the cylinders, you have a picture of what 
the majority of the railroads in this country were doing up until 
two or three years ago; you have the length of your dry pipe 
and superheaters between the boiler and cylinders. I found 
engines on the Boston & Maine with 180 lb. boiler pressure, 
operating with about 90 to 110 lb. on the cylinder. Under 
actual test conditions we found 12.8 per cent of fuel savings 
on the Santa Fe locomotives operating on wide-open throttle 
with the reverse-lever control as against throttle control. This 
was under actual test conditions. I think the biggest saving 
that has been made on the Boston & Maine Railroad has been 
brought about through the operation of locomotives by means 
of valve setting instead of throttle setting; in other words, cut- 
off control. For that reason the new locomotives, which we 
have recently received on our railroad, with limited cut-off, 

8 Assistant to President, Boston & Maine Railroad, Boston, Mass. 
Mem. A.S.M.E. 
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large firebox, and all of the latest locomotive attachments, are 
not going to show the savings on our railroad that they are going 
to on the majority of railroads. And I might incidentally men- 
tion that before initiating cut-off control on our railroad I rode 
locomotives on various railroads of the country and found that 
the Boston & Maine was not operating essentially different from 
the others. The majority of the railroads up until the last two 
or three years were operating with throttle control, and today 
you will still hear arguments among railroad men as to which 
is the more economical method. 

Now then, considering the sizing of coal, with the possibility 
of reducing back pressure, the wide-open throttle operation 
with cut-off control, with the further possibility of reducing 
back pressure, and you have two economies which have been 
fundamental in the fuel savings of the Boston & Maine Railroad. 
One is increased available power on the engines due to less back 
pressure, and the second is the more economical operation of 
the boilers. 

I might mention that New England led the class 1 railroads 
last year in fuel economy over the previous year. If I remember 
the statistics, the percentage was approximately 5.9; and of 
the New England railroads the Boston & Maine was approxi- 
mately 11 per cent better than the previous year. 

We have brought that all about by a very few simple things 
and all without the aid of new equipment, because our new 
equipment has been coming in only this year. One of the reasons 
was sizing of coal, the second was wide-open throttle operation 
with cut-off control of locomotives, the third was the uniform 
grade of coal over the railroad, and the fourth was proper super- 
vision of operation. With those items we started in on a very 
serious course of instruction to both firemen and engineers. 

The result has been that the Boston & Maine Railroad within 
two years, from 1925 to 1927, cut the fuel bill over a million 
dollars a year without the purchase of any new locomotives. 
That factor is not one that applies only to the Boston & Maine. 

I might mention a little incident without naming the other 
railroad. Through our common source of coal we were rather 
close to one of the other class 1 railroads, one considerably larger 
than our own. They were operating, as are the majority, with 
throttle control. They had a prize competition among their 
firemen and engineers for the best paper on the conservation 
of fuel. They had this prize-winning paper printed and circu- 
lated. I received a copy of it. The first thing that struck me 
was, ‘‘When you get your locomotive under way, ease off the 
throttle.” In other words, wire-draw your steam. I sent word 
to the superintendent of motive power of this railroad that I 
thought he was a poor paper picker and suggested if he could 
not see it from indicator cards that he send out and make an 
actual road test. He proceeded to do that, and within a month 
thereafter every road foreman on that road and every man in 
their fuel department was doing nothing but riding locomotives, 
instructing in wide-open throttle operation. And within two 
months thereafter they made the biggest cut in fuel consumption 
that was ever made on that railroad. 

Now along with that, do not simply take for granted be- 
cause your locomotives have been drafted that that is correct, 
because if they have been drafted properly for a run-of-mine 
coal or a large percentage of slack coal, they are not drafted 
properly for sized coal; and thus you can not only increase your 


efficiency of burning, but you can decrease the amount of draft 
hecessary to burn the coal, thus decreasing your back pressure 
and increasing the efficiency of the operation of the steam cylin- 
ders. 


; Along the lines suggested by Mr. Squier, I would like to men- 
tion that in our arriving at a size of coal on the Boston & Maine 
Railroad we did not start out with any predetermined size. We 
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made a number of screen tests and tried out possibly a dozen 
different sizes of coal. We arrived at the size of coal that we 
finally did decide upon. I am not certain that it is the best 
size we could possibly arrive at. It was a commercial size that 
was available and seemed to be the best one that was available 
at that time. Since we started in to purchase sized coals the 
mines have gone further, and I have no doubt at that some future 
date we will possibly arrive at a size that will be more efficient 
than that which we now are using; but the one point that has 
been mentioned in the paper which the sizing of coal does, and 
I think this should be stressed very strongly, is the reduced 
ashpit loss and the reduced stack loss through the elimination 
of the fines, especially in the stoker-fired locomotives. 


Joun R. Jacxson.® As an engineer of tests, charged with 
making fuel tests, as well as other duties, I was impressed with 
the author’s summing up of the paper and of stressing the neces- 
sity for careful work to insure that the coal tested is representa- 
tive of the grade or grades being considered. It seems to me 
that this is a matter that is not always gone into as it should be. 
A railroad will often take a single carload or a few cars of coal as 
representative of the output of a given mine, make road tests 
of this fuel as received, and probably draw conclusions regard- 
ing performance which will later prove misleading because the 
coal actually tested out did not truly represent the source of 
supply being considered. 


AUTHOR’s CLOSURE 


The results of tests cited by Mr. Winkless are most interesting 
and further emphasize the importance of each railroad knowing 
the relative locomotive fuel values of the coals it uses. 

Mr. Roesch mentions “the fact that, regardless of the size 
of the lumps placed on the locomotive tender, they are reduced 
to what is generally termed screenings before they are finally 
projected into the firebox.’”’ However, 2-in. round screenings 
produced from screening mine run will differ materially in me- 
chanical make-up from 2-in. round screenings made by crush- 
ing mine run to 2-in. screenings size. The 2-in. round screenings, 
used on the tests at the University of Illinois, when received at 
the laboratory contained 41.1 per cent of coal which would pass 
through a '/:-in. round screen. The 2-in. round screenings 
made by crushing mine run will contain considerably less small 
coal. 

It may be of interest to know that this fact has been advanced 
as a reason for requiring mine run, crushed to 2-in. screenings 
size, to take the freight rate of mine run instead of that of 2- 
in. round screenings screened from mine run. This of course 
applies to districts where coal below 2 in. takes one rate and 
mine run and coal above 2 in. takes a higher rate. 

From solely the standpoint of unit fuel consumption—i.e., 
pounds of coal per thousand gross ton-miles, ete.—the Boston & 
Maine is in an enviable situation because it does not produce 
any coal and is thus in a position to keep coals of a constant 
class and size on its various divisions or subdivisions. Possibly 
the roads on which the Boston & Maine coals are mined are in 
a similar position to other roads; that is, using lump, egg, nut, 
and mine-run coals, more or less indiscriminately, to relieve 
the producers of coals not readily marketable. 

The committee in charge of the tests desired to try different 
sized nozzles, but time and money did not permit. There is 
therefore no disagreement with Mr. Silverman on the subject 
of nozzle sizes and their effect on fuel and operating economy 
in general. 


* Engineer of Tests, Missouri Pacific Railroad, St. Louis, Mo. 
Mem. A.S.M.E. 
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As to throttle control, this subject may be somewhat outside 
the realm of this paper, but Mr. Silverman has mentioned one 
of the fertile fields for producing fuel economy. At a fuel econ- 
omy meeting held some ten years ago, the question was asked 
as to whether the full throttle and short cut-off or the partly 
closed throttle and long cut-off was the more economical, and the 
answer was that the throttle should be open as wide as possible 
and yet maintain good lubrication. On the road referred to 
mechanical lubricators were then a scarce article; there were 
probably not ten on 1800 locomotives. So I think the mechani- 
cal lubricators should be given a lot of credit for producing fuel 
economy. The end is not insight. We recently changed nozzles 
on five engines on one division from 61/2 in. to 7'/2 in. in diameter, 
and while some of the crews have no trouble, others have had. 
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The crews having trouble are those that use throttle control, 
and they try to get the same bark out of the engine having a 
7'/. in. tip as they got out of it when it had a 6'/, in. tip. It 
is going to take some time to educate those enginemen, and 
Mr. Silverman’s organization should be congratulated for the 
rapid progress made by them. 

There is a proper price to pay for every size coal produced 
at a mine. From the standpoint of a coal-producing railroad, 
do not take a substitute grade of coal at the same price as that 
of a contract grade unless the substitute grade is worth it. 

It seems to me that the discussion only strengthens the con- 
clusions and recommendations of the paper, and I am sure that 
most railroads will profit by having more light thrown on the 
subject. 
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Railway Practice in Utilization and 


Conservation of Coal 


With a Fuel Cost for Transportation of Over a Million Dollars a Day, the Roads Have Followed 
the Concerted Efforts Begun During the War With a Large Further Reduction 


By W. J. OVERMIRE,'! INDIANAPOLIS, IND. 


Detailing the organization that can make an effective cut in the 
cost of coal in passenger and freight service, and outlining the 
selection of grades suitable for a particular road's use, the railroad 
practices in the utilization and conservation of coal are stated to be: 
Selection and purchase of suitable coal. Maintenance of a high 
standard of preparation on all coal shipped. Distribution of the 
coal to reduce mixing to a minimum. Careful accounting for all 
coal purchased and statistics for analyzing the fuel performance. 
Locomotives of proper design and size. A high standard of main- 
tenance of motive power, rolling stock, and track. Elimination 
of delays and slow orders. Adopting train loadings and train 
schedules for the most efficient movement of trains. Reducing 
grades and constructing double track and other facilities for im- 
proved operating conditions. Educating officials and employees 
and soliciting their assistance in the conservation of coal. 


miles of road, and their annual coal bill is in excess of 

$370,000,000, or more than $1,000,000 per day. While 
the railroads have used coal quite extensively for a number of 
years, it has been a comparatively short time since they first gave 
special consideration to the question of fuel conservation. 

The necessity for the conservation of fuel was especially empha- 
sized during the World War. It was then that the first concerted 
efforts on the part of the railroads were made to conserve fuel. 
The results obtained have been largely responsible for an increas- 
ing interest in the utilization and conservation of coal, as is evi- 
denced by a tabulation showing the unit consumption in freight 
and passenger service for the years 1921 to 1927 inclusive on the 
Class | railroads of the United States, as follows: ° 


ee 1 railroads of the United States operate 235,300 


Pounds coal per 


Pounds coal per 
passenger car-mile 


1000 gross ton-mile 


1921 . . 162 17.7 
1922.. : 163 17.9 
1924 149 17.0 
1925.. 140 16.1 
1926 15.8 
1927... 131 15.4 


This indicates a reduction in this period of 19.1 per cent in the 
pounds of coal per 1000 gross ton-mile and 13 per cent in the 
pounds of coal per passenger car-mile. 

The utilization and conservation of coal on the railroads require 
a continuous study and analysis of the ever-changing operating 
problems, keeping the question of fuel economy well to the front. 
Most of the railroads have departments of transportation, motive 
power, engineering, purchasing, and traffic. These departments 
were well established on the railroads long before fuel econ- 
omy was given very much consideration. The efforts on the part 
of the railroad to conserve fuel have naturally led to the develop- 
ment of a fuel department organization of some kind. 

Whatever type of organization this may be it is charged with 
the responsibility of effecting fuel savings, but its authority is not 
usually as well defined as that of other departments. The type 

' Fuel Engineer, Cleveland, Cincinnati, Chicago & St. Louis Ry. Co. 


, Presented at the Second National Meeting of the A.S.M.E. 
Fuels Division, Cleveland, Ohio, September 17 to 20, 1928. 


of fuel department organization on the different railroads varies 
widely owing to the difficulty in assigning to any one of the depart- 
ments its share of the responsibility in the conservation of fuel. 

The particular type of fuel department organization that has 
been developed on any railroad has depended on the manner in 
which the study of the fuel problem was first taken up by that 
road and on which official was best fitted and took the most in- 
terest in this phase of railroad operation. 


Mucu DEPENDS ON THE SCOPE OF AUTHORITY 


While it is generally recognized that the effectiveness of the 
fuel department depends to quite an extent on the official in 
charge and the authority with which he is invested, it is also 
accepted that whether the department is under the supervision of 
an official reporting to the vice-president, general manager, chief 
mechanical officer, or purchasing agent, there is an opportunity 
to effect material savings not only in fuel but in many other oper- 
ating expenses. The most can be accomplished when the fuel 
problems are considered from the viewpoint of the railroad as a 
whole rather than as a certain department’s problem. 

Not so many years ago the question of fuel economy on the 
railroads brought to most every one’s mind the engine crew, and 
especially the fireman, as being responsible for waste of fuel or as 
having the greatest opportunity to save fuel, but an analysis of 
the railroad’s fuel problem soon dispels this erroneous idea. Al- 
though the firemen actually put into the firebox the greatest per- 
centage of the coal the railroads purchase, he is by no means re- 
sponsible for the coal that he is forced to waste because of unnec- 
essary stops and other such things over which he has no control. 
The utilization and conservation of coal by the railroads embrace 
practically every one and everything connected with railroad 
operation. 

Coal available for and used by the railroads ranges from lig- 
nites running as low as 7000 B.t.u. up to the Pocahontas and semi- 
smokeless coals of 15,000 B.t.u. It is not possible for each rail- 
road to secure coal from these fields producing the highest quality 
of coal, but since coal of good quality and proper grade and rea- 
sonably free from impurities is essential toa good fuel performance, 
the purchasing agent endeavors to purchase the highest quality 
of coal selected from the coals available for his particular railroad, 
except of course where the difference in price between the coal 
of high and low heat value will warrant the use of the coal of lower 
heat value. 

As an aid to the purchasing agent in the selection of the coal the 
railroads have fuel inspectors who by experience and training 
are thoroughly familiar with the characteristics of all seams of 
coal that are available for use on their railroad. It is the duty of 
these inspectors to familiarize themselves with all phases of the 
mining industry, and to follow closely the preparation of all the 
coal shipped on their company’s orders. No coal should be pur- 
chased from a mine that has not been approved by an inspector. 
It does not follow that all coal which will pass a visual inspection 
is necessarily suitable for a particular railroad’s use. Therefore 
the approval on all coal should be given by those responsible for 
the supervision of its use. The coal that is most suitable for a 
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particular railroad is one that will give the most satisfactory re- 
sults in the conditions under which it has to be used. The care 
used in the purchase and inspection of coal is an important factor 
and governs to a great extent what can be accomplished in the way 
of fuel economy. In the majority of cases it is not practical or 
possible to secure all of the coal from one mine or even from mines 
of the same seam or district. Therefore the distribution of the coal 
requires close attention. It is essential that as uniform a quality 
of coal as it is possible to obtain be furnished at all times. 


Mrxine or Grapes Is To Be AvoIpED 


While coal of high quality is considered a material aid in mak- 
ing a good fuel performance, it does not follow that good perform- 
ance is impossible with coal of comparatively low quality. The 
mixing of coal of different characteristics is not conducive to fuel 
economy, so when the coal has been selected, the tonnage allot- 
ment to the various mines should be based on a plan to avoid 
so far as possible the necessity of mixing coal of different charac- 
teristics. The fuel distributor has an important part to play in 
the railroad’s fuel economy program. It is up to him to see that 
an adequate supply of coal is available at all times and to see that 
the coal reaches the point for which it is intended. 

Having carefully selected the coal provided for inspection of the 
shipments and close supervision of the distribution, it is then es- 
sential that the accounting be given careful consideration. Re- 
liable statistics are necessary not only te determine what progress 
is being made, but as aid in determining the most efficient prac- 
tices. 

All Class 1 railroads are required to furnish the Interstate 
Commerce Commission with a monthly report of operating statis- 
ties, which report includes fuel statistics for each road as a whole 
in passenger and freight service. A great many of the roads in 
addition to this maintain a record of the monthly fuel performance 
in passenger, freight, and switch service by divisions. Some 
roads maintain a record of the weekly fuel performance in pas- 
senger, freight, and switch service; a few maintain a daily record, 
and some maintain a record of individual crew and engine per- 
formance. 

Any of these records provide for analysis of the fuel charges, 
and while this may not have a direct effect upon the actual con- 
sumption, it does assist materially in locating the weak points in 
the fuel performance. 

The locomotive builders, together with the railroad executives, 
have been and are continuing to give more attention to the design 
of locomotives with particular reference to more tractive effort 
per pound of coal consumed. The development of the locomotive 
has contributed largely to the reduction that has been made in the 
unit fuel consumption. The standard of maintenance of loco- 
motives has been raised as a result of the intensive drive that the 
railroads have been making to conserve fuel, which also has had a 
direct bearing on the results that have been attained. 

Train loading, elimination of delays, and all phases of train 
operation are being studied from a fuel-saving standpoint, which 
also plays an important part in the reduction of the railroads’ 
fuel bill. 

The field which no doubt offers the greatest opportunity for 
further substantial savings in fuel is in the education and training 
of the 1,779,000 railroad employees with the view to securing 
their active interest and cooperation in reducing the railroads’ 
fuel bill to a minimum. 

A great deal has been done and is being done now by the rail- 
roads along this line, by close supervision, holding of divisional 
fuel meetings, distribution of circulars, bulletins, and posters, and 
by awarding prizes to individuals and divisions for exceptionally 
good fuel performance. The maximum result that can be ob- 
tained by the railroads in the utilization and conservation of coal 


depends on the ability of the officials and the employees individu- 
ally and collectively to perform their respective duties in the 
most efficient manner. 

In conclusion, the railroad practices in the utilization and 
conservation of coal are: 

Selection and purchase of coal suitable for the railroads. 
Maintenance of a high standard of preparation on all coal shipped 
for their use. Distribution of the coal in a manner that will re- 
duce the mixing of different coals to a minimum. Careful ac- 
counting for all coal purchased and compiling statistics that will 
afford a means of analyzing the fuel performance. Furnishing 
locomotives of proper design and size for the various services. Ad- 
hering to a high standard of maintenance of motive power, rolling 
stock, and track. Giving careful consideration to the elimination 
of delays and slow orders. Adopting train loadings and train 
schedules that will permit the most efficient movement of trains. 
Reducing grades and constructing double track and other facili- 
ties that will result in improved operating conditions. Educat- 
ing the officials and employees and soliciting their assistance in the 
conservation of coal. 


Discussion 


Joun G. Crawrorp.? It would appear from the statistics 
covering Class 1 railroads that they have not made as much 
improvement in passenger performance as in freight perform- 
ance. This apparent condition I believe is due to the difference 
in units used in comparison; the unit of freight performance 
being pounds of coal per thousand gross ton-miles while the unit 
of passenger performance is pounds of coal per passenger car- 
mile, and the weight of passenger cars is increasing annually. 
Switch performance is not mentioned in the paper, but the unit 
of pounds of coal per switch hour is of higher value each year, 
as because of the larger engines more cars are handled per hour. 
So I believe that Class 1 roads are making fuel savings in passenger 
and switch service paralleling those being made in freight service. 

In connection with supervision, the question often arises 
as to whom or what to supervise. A fuel-conservation engineer 
was asked to look after the fuel supervision and was told that he 
could have two men to cover 1800 locomotives in active service 
on 10,000 miles of railroad. After careful consideration he 
concluded to try first to correct faulty engine conditions, as 
little could be said, in good grace, to engineers and firemen when 
many wasteful front-end, firebox, grate, and ashpan conditions 
were known to exist. The matter of fuel economy meetings 
with the engineers and firemen was temporarily deferred. 

Another thing that governed him was that a locomotive 
put in good condition, from a fuel-economy standpoint, will stay 
in that condition for several trips at least; and a fuel super- 
visor, in a short time, can make the necessary inspection to 
determine the defects to be corrected. He can spend that same 
length of time instructing an engineman on a locomotive, but 
when he is off that engine—there are no recording devices — 
the engineman frequently goes back to his old practices. | 
do not mean that the firemen and the engineers should not be 
supervised, but I believe that some roads could spend the time 
to better advantage on the engines rather than on the crews. 

As to the mixing of coals, it is a great temptation for a fue! 
distributor, who is often effectively an assistant fuel agent 
or assistant purchasing agent, to send coals out of their re- 
spective territories in order to help one or more coal producers 
I have been told that on our line, perhaps 30 or more years 22°. 
we had contracts with coal companies to supply certain fixed 
territories, and if the railroads could do that today it would be 

2 Fuel Engineer, Chicago, Burlington & Quincy Railroad Company, 
Chicago, IIl. 
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one of the finest things that ever happened from the standpoint 
of pure fuel economy. We have recently signed a contract for 
coal to be supplied to a fixed territory, and I hope that others 
will be made along the same lines. 


AvuTHOoR’s CLOSURE 


The question of distribution that the writer mentioned is 
not receiving the consideration by the railroads generally that 
it should. It has not been so many years ago on our railroad 
that we used coals from Ohio, West Virginia, Kentucky, Indiana, 
and Illinois. The distributor at that time considered a car of 
coal available for wherever he happened to need a car of coal. 
I am sure that we have been able to show a saving in fuel con- 
sumption by being able to induce our people to consider the 
individual coal dock in placing their contracts. All of our 
coal is contracted for. The orders are placed with each company 
for supplying a certain point, and we are able to hold our distribu- 


tor to seeing that those points are supplied with that coal with a 
great deal of success. However, since we get coal from such a 
large field, with a great number of mines in that field, we have 
some points where we have yet to mix too much.coal. We 
could discuss the question of the proper sizes of coal for quite 
awhile, but to my mind it is the coal operator who seems to be 
insisting that we consider the many sizes. I believe that the 
men who are in charge of fuel on the railroads would be agree- 
able to adopting a good grade of mine run as the best coal for 
locomotive service, for the reason that we cannot change in a 
day’s time or a week’s time the drafting of our engines to get 
the most out of a specially sized coal. While any of the sizes 
could possibly be burned economically you would have to draft 
your engines to get the maximum efficiency out of any particular 
grade of coal. 

We have a big problem to work on there and are probably go- 
ing to have to accept these various sizes. 
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Damage Due to Smoke 


Enormity of the Destruction and Defacement Caused by Air Pollution Owing to the 
Unrestrained Products of Combustion 
By H. B. MELLER,'! PITTSBURGH, PA. 


The smoke investigation conducted by the Mellon Institute of 
Industrial Research of Pittsburgh forms the basis of the paper, 
with additional data and observations as the result of studies since 
that time. The smoke problem in cities arises mainly from the 
fuels that give off during combustion part of their volatile matter, 
fixed carbon, ash, and sulphur. Although coke and anthracite 
burn without appreciable smoke and are low in volatile matter, ash 
is carried off in proportion to the draft. The effects on buildings, 
vegetation, and health are summarized, and also the economic cost. 


HIS paper is based mainly upon publications of the smoke 

investigation conducted by Mellon Institute of Industrial 

Research of Pittsburgh, introducing such additional observa- 
tions and data as have seemed necessary or desirable for correla- 
tion or to indicate the results of studies made since 1913. A bib- 
liography, such as that given with these bulletins, is not feasible 
as a part of a short review. Acknowledgment is made to the 
bulletins? and through them to all other literature cited. 

A subject of such scope cannot more than be summarized in 
this limited space, and therefore the endeavor will be to make the 
arrangement such and to present the facts with sufficient con- 
ciseness as to make possible a quick grasp of the enormity of the 
damage done by air pollution due, directly and indirectly, to the 
products of combustion. 

The fuels from which are evolved those products of combustion 
which have a distinct part in the smoke problem of cities may be 
considered to consist of volatile matter, fixed carbon, ash, and 
sulphur. Those fuels low in volatile matter, as anthracite and 
coke, burn without appreciable visible smoke, although ash is 
carried off in proportion to the draft. On the other hand, semi- 
bituminous coals to a degree and bituminous coals high in volatile 
matter may be bad smoke producers, as may liquid fuels under 
some conditions. 

When a fuel is injected into the firebox, the volatile matter, 
consisting for the most part of hydrocarbons, is driven off, and 
these compounds are more or less completely dissociated by the 

' Bureau Chief, Bureau of Smoke Regulation, Department of 
Health; Smoke Investigation, Mellon Institute of Industrial Research. 

* Smoke Investigation, Mellon Institute of Industrial Research, 
1912-1913. 

Bulletin No. 3. Psychological Aspects of the Problem of At- 
mospheric Smoke Pollution, by J. E. Wallace Wallin, Ph.D. 

Bulletin No. 4. The Economic Cost of the Smoke Nuisance to 
Pittsburgh, by John J. O’Connor, Jr. 

Bulletin No. 5. The Meteorological Aspect of the Smoke Prob- 
lem, by Herbert H. Kimball, Ph.D. 

Bulletin No. 6. Papers on the Effect of Smoke on Building Ma- 
terials: Chemistry of Soot and the Corrosive Products of Combus- 
ton, by R. C. Benner, Ph.D. Effect of Smoke on Outside Painting, 
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and the Smoke Nuisance, by Carlton Strong. Effect of Smoke on 
Metals, by R. C. Benner, Ph.D. The Question of Light and Smoke, 
by R. C. Benner, Ph.D. Effect of Smoke on the Interior of Build- 
ings, by E. B. Lee. Limitations Placed by Smoke Upon the Means of 
Architectural Expression, by R. C. Benner, Ph.D. 

Bulletin No. 7. The Effect of the Soot in Smoke on Vegetation, 
by J. F. Clevenger. 
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edited by Oskar Klotz, M.D., and Wm. Charles White, M.D. 

Presented at the Second National Meeting of the A.S.M.E. Fuels 
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heat of the furnace into carbon, hydrogen, etc. If the furnace is 
properly constructed and operated, these elements will unite 
with oxygen from the air supplied to form colorless gases—carbon 
dioxide, water vapor, etc. However, if an insufficient volume of 
air is admitted into the furnace, if the volatile products and the 
air are not well mixed, or if the temperature of the furnace is not 
sufficiently high to cause oxidation of the carbon, smoke will be 
produced in smaller or larger quantities. 

Consideration will be given to furnaces, then, according to (a) 
temperature, (b) methods of firing, (c) air supply, and (d) velocity 
of gases in stacks. Where the temperature is comparatively low 
and the method of firing is irregular, comparatively large quan- 
tities of high-volatile fuel being fired at long intervals (as in a 
large proportion of domestic installations), with a low draft and 
low stack velocity, emissions from the stack contain a relatively 
large amount of combustible material (carbon, hydrogen, and tar) 
and a relatively small amount of ash. This is because under the 
conditions complete combustion of the volatile products does not 
follow their distillation, and they are carried off in various states 
of decomposition. The solid carbon is in finely divided form, as 
the commonly known and detested soot. And the low draft 
carries off little ash. 

As the furnace temperature is increased and the fuel is fired 
uniformly in small quantities, with proper air supply and draft, 
combustion approaches completeness, and there is a decreasing 
amount of the constituents mentioned. However, increased 
velocities in the stack carry more ash, coke, and sometimes even 
particles of unignited coal. The extreme of the condition of ash 
and coke emission due to high draft probably is the steam loco- 
motive using solid fuel. 

Locomotive tests by one railroad, with fuel consumption rang- 
ing from 1500 to 15,000 lb. per hour, showed drafts varying from 
1.2 to 18.8 in. of water. Ina test of the now obsolete front-end 
arrangement, where most of the cinder was trapped and later re- 
moved, the average of loss was 6.33 per cent caught and 1.72 per 
cent discharged (these are in percentages of fuel fired). The 
B.t.u. value of the cinder was 10,702 and of the “‘sparks’”’ 8432. 
With the present front-end arrangement practically all front-end 
cinders are discharged. 

Another railroad had tests made with six sizes of Illinois coal 
(mine run, 2 X 3-in. nut, 3 X 6-in. egg, 2-in. lump, 2-in. screen- 
ings, and 1'/,-in. screenings). Two rates of combustion were used, 
one an average of 51.7 lb. per sq. ft. of grate per hour, the other an 
average of 109.6 lb. per sq. ft. of grate per hour. The grate area 
was 69.6 sq. ft., so that the fuel consumption averaged 3600 lb. 
and 7650 lb., respectively, per hour. This is shown as follows: 

At average combus- At average combus- 


tion rate of 51.7 lb. tion rate of 109.6 lb. 


Average front end-draft 3.4 in. 9.3 in. 
Stack loss, in percent- 
age of dry coal fired. From 2.3 with 2 in. 
lump to 13.6 with 


1!/,-in. screenings 


From 6.3 with 2 x 3- 
in. nut to 17.8 with 
1'/,-in. screenings 

B.t.u. value of cinders 
(varies almost di- 
rectly with percent- 
age of stack loss).... 7,474 to 10,482 10,728 to 11,037 

The carrying power of gases increases in geometrical propor- 


tion with increase in velocity, so that from an air-pollution 
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standpoint elimination of dense smoke may be and often is ac- 
companied by a large increase in the proportion of ash and coke 
discharged. 2 

Cohen and Ruston give the following analyses of soot from 
domestic chimneys, compared with that from boiler-plant stacks: 


Domestic chimney Boiler stack 
Original 35 ft. Original 110ft. 


coal (top) coal (top) 
76.80 37.22 69.30 27.00 
4.90 3.51 4.89 1.68 
Tar (ether extract)........... 0.88 40.38 1.64 1.14 
0.79 2.45 1.74 2.84 
0.25 4.96 0.27 1.60 


The composition of soot varies so greatly, depending upon limit- 
ing conditions, that such figures must be considered as general in 
the extreme. 

The average loss due to the escape of carbon in soot from boiler 
plants is less than 1 per cent, while it is reported as rather over 6 
per cent in house fires with bituminous coal. There is also from 
these latter many times the percentage of tar, thus making smoke 
from domestic chimneys proportionately much more injurious. 

During combustion most of the sulphur in fuel unites with 
oxygen, forming sulphur dioxide (SO) and sulphur trioxide (SO3); 
a small part escapes as hydrogen sulphide (H.S) and various sul- 
phur-containing organic compounds. That which does not burn 
remains in the ash, probably for the most part as sulphide of 
iron (FeS). The sulphur which escapes up the stack takes two 
paths, some being occluded in the soot and the rest escaping as a 
gas; analyses indicate this to be in the ratio of 1 to 3. If the 
sulphur is taken at 1 per cent, which seems a fair average for 
most of the fuel fired, there will be approximately 60 lb. of sul- 
phuric acid per ton of fuel. 

Briefly stated, then, stacks emit in greater or less amounts, de- 
pending upon the character of the fuel, the completeness of com- 
bustion, and the velocities of the resultant products, the following: 


1 Carbon, in finely divided particles (lampblack) and in coke 

2 Tar; this is formed by destructive distillation of the fuel, 
with subsequent condensation of the volatile products 

3 Ash 

4 Ammonia compounds, in variable but comparatively small 
quantities 

5 Sulphur acids. 


METEOROLOGICAL ASPECTS 


While the elementary gases, such as nitrogen, hydrogen, oxy- 
gen, and the gases of the argon group, are practically fixed in 
amount with respect to one another at any given level, the com- 
pound gases such as water vapor, ammonia, ozone, and carbonic 
acid gas are varying constantly not only with respect to the at- 
mospheric conditions, such as temperature, pressure, and humid- 
ity, but also with respect to place. This is especially true of 
gases generated in the process of combustion, which may be al- 
most unknown in thinly inhabited districts, but which must be 
taken into account in the atmosphere of large cities. 

The gases of the atmosphere hold in suspension considerable 
quantities of solid and liquid particles. The latter consist prin- 
cipally of condensed water vapor, forming fogs and clouds, which 
may hold in solution substances of various kinds, including some 
acids. The solid particles are meteoric dust, finely divided min- 
eral matter or soil from the surface of the earth, pollen from plants, 
microscopic organisms such as bacteria and molds, and the resi- 
dues of combustion. 

There exist three well-defined dust layers in the atmosphere, of 
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which the lowest, less than a mile in thickness, is of primary im- 
portance, because in it are carried on nearly all human activities. 
This dust layer consists of comparatively coarse particles caught 
up by the turbulent surface wind. Its density depends upon the 
relation between the rate of supply and the rapidity with which 
the particles can be carried away or distributed throughout the 
atmosphere. The least dust is found in thinly inhabited regions 
covered with dense vegetation; in great cities, especially where 
bituminous coal is burned, the discharge from numerous chim- 
neys produces the densest dust or smoke layer. 

Aitken found in a series of observations at Falkirk that when 
the winds came from regions having less than 50 inhabitants per 
square mile the limit of visibility was from six to twelve times that 
when the winds came from regions having a population from 100 
to 1200 per square mile. 

Aitken also showed that the product of the number of particles 
per unit of space by the limit of visibility is a constant C for equa! 
depressions of the wet-bulb thermometer. From this relation he 
computed the number of particles N necessary to produce com- 
plete obscuration in an air column having a cross-section of one 
square centimeter, as follows: 


Depression of 


N 
the wet-bulb (Limit of visi- (C X em. per mile 


thermometer, bility in miles X = CX 
deg. fahr. particles per cu. cm.) 160,932) 
ee 77,525 125 X 108 
EE 105,923 171 X 108 
140,628 226 X 108 


From this table it appears that with a depression of the wet- 
bulb thermometer of about 5 deg. fahr. 1000 particles per cu. 


‘em. would produce complete obscuration of large objects like 


mountains at a distance of 100 miles, 100,000 at a distance of | 
mile, and 1,000,000 at a distance of !/,» of a mile. 

These figures, however, fail to indicate the relation between the 
dust or smoke cloud in thinly inhabited districts and the centers 
of large cities when for any reason the smoke over the latter, in- 
stead of being carried away at a reasonably rapid rate, accumu- 
lates for a considerable time. 

From observations made in 1912-1913 it appeared that under 
the conditions existing at the time in the winter months in Pitts- 
burgh the limit of visibility at 7:45 a.m. averaged about 1 mile 
(indicating, by calculating according to Aitken, under average 
conditions of humidity, the presence in the atmosphere of 100,000 
dust particles per cu. cm.), and at 12:30 p.m. about 1.6 miles 
(62,500 dust particles per cu. cm.). 

The effects of smoke and other impurities in the atmosphere of 
large cities upon the meteorological conditions depend not only 
upon the size of the cities and the rate of discharge of their im- 
purities into their atmospheres, but also upon the rate at which 
the vitiated atmosphere is carried away. It follows that the 
meteorological effects vary with geographical position, the season 
of the year, average wind velocities, and topography. 

Condensation of atmospheric moisture takes place only when 
the saturation temperature has been reached, and then on'y upon 
free surfaces, such as the surfaces of suspended dust particles. 
Once condensation has set in, however, it can continue upon the 
surfaces of the fog particles already formed. In fact, by a process 
which Aitken calls differentiation, the smaller fog particles tend to 
coalesce with the larger particles, until the latter become too 
heavy to be supported by the atmosphere and fall to the ground. 

The presence of sulphur acids resulting from combustion of fuel 
is believed to increase the probability of the formation and main- 
tenance of fog in two ways: (1) In the presence of sunshine, 
nuclei are formed which have such an affinity for water that con- 
densation sets in at temperatures higher than the saturation tem- 

perature; (2) chemical affinity soon arrests the process of differ- 
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entiation referred to, so that the fog particles maintain a small size 
and may be supported in the atmosphere for a long period. 

Carpenter has pointed out that the principal difference between 
city fogs and country fogs is that the former become mixed with 
smoke to such an extent that their color is changed from white to 
brown, or even to black, and their density is so increased that they 
are almost opaque to sunlight. They attain their greatest den- 
sity when the surface wind is either very light or has a direction 
opposite to that of the wind a short distance above, so that the 
smoke, instead of being blown away, is brought back over the city. 
The accumulation of smoke in fog is also facilitated by reason of 
the absorption by soot particles of moisture from the fog, thereby 
so increasing their weight that instead of rising to their ac- 
customed heights they quickly settle to the lower atmospheric 
levels. In the presence of sulphuric acid, as has been stated, the 
evaporation of the fog particles is retarded. Oily or tarry sub- 
stances also form a coating on the fog particles and retard evapo- 
ration. Furthermore, the increased opacity of black city fogs, 
as compared with white country fogs, prevents the heat rays from 
the sun penetrating to any considerable depth into the former, so 
that in a large smoky city the fog persists materially longer than 
in the suburbs and still longer than in the country. 

It is principally because of this persistence of city fogs that the 
observed hours of sunshine in large cities are less than in the 
suburbs. But the observed hours of sunshine do not make a fair 
criterion of the actual deficiency in daylight. Both the direct and 
the diffuse solar radiation which filters through the smoke cloud 
hanging over cities is relatively poor in the blue light or light of 
short wave lengths. It is safe to say that when the sun is near 
the horizon the smoke cloud of a large, smoky city almost com- 
pletely extinguishes the blue light rays. 

In 1912-1913 in Pittsburgh the intensity of daylight was deter- 
mined by its effect in decomposing oxalic acid, thus: (a) This 
decomposition, on days when the presence of smoke or fog was 
recorded, was 75 per cent of what it was on days having practi- 
cally the same number of hours of sunshine without the presence of 
fog or smoke in appreciable quantities. (b) A decrease of 39 per 
cent in the limit of visibility was accompanied by a decrease of 
24 per cent in the decomposition of oxalic acid. (c) In the ab- 
sence of smoke and fog there seemed to be little connection be- 
tween the percentage of decomposition of oxalic acid and the 
limit of visibility. (d) There was of course an increase of acid 
decomposition with increase in the hours of sunshine. 

Measurements made at Mellon Institute showed that the 
weight of solids per 1000 cu. ft. of air was about twice as great in 
smoky weather as in clear weather. 

The presence of dust or smoke particles in the atmosphere, by 
decreasing the transmissibility for light and heat waves, tends to 
raise the minimum temperature, decrease the diurnal range of 
temperature, and in case of a very dense cloud to lower the maxi- 
mum temperature. 


EFFECTS ON STONE 


The products of combustion which are injurious to stone may be 
divided roughly into two classes: (1) Those which soil and ren- 
der the buildings unsightly, i.e., carbon, tar, ash, and their various 
combinations; and (2) those which corrode and in general aid in 
the destruction and weathering, i.e., sulphuric acid, sulphurous 
acid, hydrogen sulphide, hydrochloric acid, ammonia, the organic 
acids, ete. 

The action of carbon and ash, when not associated with tar, is 
hot extremely objectionable, as the simple process of dusting will 
remove either. However, when they are associated with tar, 
especially in the case of the finely divided carbon, there results the 
most objectionable kind of dirt. The tar makes the soot adhere 
firmly to any surface with which it comes in contact, literally 


covering the object with a coat of black paint. This coating is 
not readily removed because of its adhesive properties and be- 
cause it is insoluble in water. Drastic measures, such as sand- 
blasting or the use of solvents, scouring, or both, are frequently 
necessary. 

While the soiling effect of soot is by far the most evident to the 
eye, it does not of itself cause the deterioration of building ma- 
terial. This cannot be said of the corrosive agents, the most im- 
portant of which is sulphuric acid. The effects of hydrochloric 
and sulphurous acids are of less importance in so far as the injurious 
action on stone is concerned. Sulphurous acid, however, is rap- 
idly changed by oxidation in the air to the far more corrosive and 
injurious sulphuric acid. Ammonia and hydrogen sulphide are 
practically without corrosive action on stone. 

Building stones which do not contain the carbonates of calcium 
and magnesium, such as granite, gneiss, and sandstone, in which 
the grains of sand are cemented by substances other than the 
carbonates, are affected but little by the corroding agents derived 
from combustion. They are readily soiled by the soot when they 
are finished in the rough, and they are very hard to clean. In 
order to remove the mixture of tar and. soot it is necessary or- 
dinarily to use a wire brush and acid, a sand blast, or other drastic 
method. This is objectionable both because of the cost and of the 
injury to the stone. All rock contains water in proportion to its 
porosity. After removal from the quarry this water, or the water 
which is absorbed by the rock after quarrying and which becomes 
saturated with the various soluble substances of which the rock is 
composed, comes to the surface and is evaporated, depositing the 
dissolved minerals in the form of a hard, compact crust. Re- 
moval of this coating hastens the weathering of the stone. 

Stones containing larger or smaller amounts of the carbonates 
of calcium and magnesium, such as limestone, dolomite, dolo- 
mitic limestone, and sandstone with a calcareous cementing 
material, are susceptible of corrosion by sulphuric acid. This is 
due for the most part to the action of this acid on the carbonates of 
calcium and magnesium, which, expressed in the form of chemical 
equations, is as follows: 


CaCO; + H.SO, = CaSO, + Co, 
MgCoO,; + H.SO, = MgSO, + CO, 


involving a change in volume. The stone becomes porous, loses 
its cohesion, and disintegrates with much greater ease under the 
action of the weather. 

Mortar, on account of its rather porous structure and because it 
is in process of chemical change for some time after it is placed, is 
particularly subject to the action of the atmospheric acids. Dr. 
Angus Smith found that in one case mortar had changed to such 
an extent that it contained 28.33 per cent sulphuric acid, which is 
equivalent to 48.16 per cent of gypsum. This chemical change, 
even though frequently not as marked as in this particular case, 
causes the mortar to swell and become more porous, so that it 
weathers and falls to pieces very readily. Mortar in many of the 
older buildings in Pittsburgh was found to have disintegrated to 
such an extent that it had fallen out in some places to a depth of 
1/,;in. and was quite soft in other places to as much as ?/;in. A 
number of analyses showed this to be due in a great measure to 
sulphuric acid. 


Errects ON METALS 


The soiling of metallic surfaces by soot containing no injurious 
constituents is a simple matter and is remedied by wiping off the 
dust. When the surface is covered by soot containing tar, or 
soot and tar separately, oftentimes scouring is necessary to clean 
the surface, but this results in abrasion of the metal. If the soot 
is allowed to remain, the effect of metallic surfaces intended to be 
decorative is destroyed. 
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The corrosive action of hydrogen sulphide and of ammonia upon 
most metals with which they come in contact is so slight that the 
injurious effect is hardly more than equivalent to the soiling due to 
the soot and tar, and the amount of metal lost in cleaning is no 
more than that which would be lost by the necessary mild abra- 
sion incidental to their removal. 

The destruction of the metals by the action of the stronger acids, 
such as sulphuric acid, is not to be ignored in the construction of 
buildings in places where the air contains much of this corrosive 
agent. 

As is well known, finely divided carbon has the power of oc- 
clusion to a high degree, which makes possible the retention of a 
large amount of the corrosive sulphur acids. In addition to the 
occluded acids carried by the soot, it is continually absorbing 
more acid as well as other corrosive substances from the air. Soot 
also aids corrosion by retaining moisture. Iron oxide has this 
power of occlusion to a somewhat less degree, and when once 
formed, hastens the destruction of the iron by the absorption of 
acid from the air. 

When soot containing tar comes in contact with a metallic 
surface, it is made to adhere more or less firmly by means of its 
tar content. The occluded acids, principally sulphuric and sul- 
phurous, are thus brought in intimate contact with the metal, 
giving a much better chance for corrosion to take place and to 
become completed more quickly than if the same amount of acid 
dissolved in rain water came in contact with the metal. Acid in 
rain water drains off readily, while the soot protects the occluded 
acid to a great extent, so that it remains in contact with the metal 
until it has been used up. 

The rapidity and completeness of corrosion by this combination 
are aided further by the fact that carbon is an electro-negative 
element, while the metals are electro-positive. This causes 
galvanic action to take place readily in the presence of the acids 
and water. 

Ferric oxide, in contact with iron, forms a couple in which the 
oxide is electro-negative. Therefore the oxygen is driven toward 
the metal, accounting for rapid ‘‘pitting under the spots of 
rust.’’ Moreover, the oxide, like all porous substances, absorbs 
air and in that way tends to localize action. In addition to that 
formed by the rusting of iron, large quantities of iron oxide are 
present in the air of cities like Pittsburgh, where there are blast 
furnaces, steel mills, ete. 

The destruction of iron is most noticeable as it is the metal in 
most common use, and it is more readily corroded than the ma- 
jority of metals. Iron remains unchanged in dry air and other 
inert gases when dry. When, however, the air is moist, and more 
especially when it contains acid vapors, the iron rusts (oxidizes), 
forming hydrated oxide of iron. It is attacked by dilute sulphuric 
and hydrochloric aci’s with the liberation of hydrogen. The 
action of any of the corrosive agents is greatly hastened by any 
arrangement of substances which makes electrolytic action pos- 
sible. 

Zinc is acted upon readily by most dilute acids. The purer the 
zine, the slower the action. In moist air the bright, metallic 
luster is dimmed by the formation of a thin coating of a white, 
basic carbonate, which acts as a protective coating. This coating 
is soluble in sulphuric acid and is destroyed readily when acid 
vapors are present in the atmosphere. The mechanism of cor- 
rosion is entirely similar to that of iron. Iron protected with a 
coat of zine corrodes more rapidly when the coating has once been 
broken than either metal alone, this being due to electrolytic 
action. 

Tin remains bright in either dry or moist air. It is but little 
affected by the acid-containing air of smoky towns. Where it is 
used as a protective coating for iron, corrosion is hastened by 
galvanic action, especially when part of the coating is worn away, 
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exposing the iron as well as the tin to the action of the weather. 
When tin plate is used as a roofing material and the soldering is 
not perfectly done, corrosion is greatly aided by electrolytic ac- 
tion. 

Copper remains unchanged in dry air, but in moist air, espe- 
cially when the moisture is accompanied by the acids so plentiful in 
the air of a smoky town, it becomes coated with a greenish basic 
carbonate sometimes called ‘‘verdigris.”” Dilute hydrochloric and 
sulphuric acids have but very slight action on copper, which 
makes it one of the best metals to withstand exposure to town air. 
However, both copper and brass are particularly sensitive to the 
action of hydrogen sulphide. This is shown by the familiar 
blackening of copper and bronze coins and is of special interest 
because of the constant polishing necessary to keep brass and 
copper signs, fixtures, etc., clean and bright. Both ammonia and 
nitric acid, which are constantly present in the air, although in 
but small quantities, readily attack this metal and many of its 
alloys. 

Lead is not appreciably corroded by the air, although the po!l- 
ished surface becomes dull on exposure because of the formation 
of oxide. Dilute hydrochloric and sulphuric acids have but little 
effect on the metal, and what little action they do have, especially 
in the case of sulphuric acid, is beneficial, as the sulphate and 
chloride of lead are quite insoluble. Lead thus forms one of the 
most, if not the most, resistant of the common metals to the cor- 
rosive atmosphere of our cities. Yet water containing organic 
matter acts more on lead than on the other metals mentioned. 

The action of the atmospheric corroding agents, other than 
sulphide of hydrogen, on the precious metals, gold and silver, is of 
little importance. Sulphide of hydrogen attacks silver, forming a 
film of sulphide of silver, resulting in a small loss on cleaning. 
When gold is alloyed with copper, especially when the percentage 
of gold is rather low, there is some loss due to the tarnishing and 
consequent necessary polishing. 

Inquiry and experiment support the statement that in a smoky 
city exposed metals must be painted twice as often and renewed 
in one-half the time that would be necessary if it were not for the 
smoke. 


EFFECTS ON OUTSIDE PAINTING 


Paints are composed in general of a pigment of finely ground, 
insoluble, inorganie compound (which may or may not combine 
with the oil used as a vehicle) homogeneously mixed with a drying 
oil, or a mixture of several such, and thinned with turpentine or 
some other liquid having similar properties. With a pigment of 
basic carbonate of lead (“white lead’), linseed oil as the vehicle 
and turpentine as the thinfer, the resulting compound is in part 
lead linoleate, uncombined basic lead carbonate, uncombined 
thoroughly oxidized linseed oil, while the thinner turpentine has 
nearly all evaporated. 

The action of sulphuric acid on the organic compounds, such as 
linseed oil or linoleates, is very destructive, although in this par- 
ticular case as the sulphuric acid is very dilute the action is ex- 
tremely slow and shows only after a duration of several months. 
The presence of carbon dioxide is not so objectionable, as its 
decomposing action is very slow and it produces but a slight efiect 
on the paint film. Hydrogen sulphide in coke-oven and blast- 
furnace gases darkens basic lead carbonate, forming lead sulphide, 
which soon oxidizes to lead sulphate. The change of lead carbo- 
nate into lead sulphate by the sulphuric acid is the principal change 
in the coating itself. Of course, this takes place only in a pig- 
ment of this particular composition, while in other pigments 
other changes are characteristic. 

Test fences have been erected in different parts of the country 
by paint manufacturers. Paint applied to clean surfaces dark- 
ened in all except a few cases. In the coatings so darkened the 
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tarry matter from deposition of soot seemed to be thoroughly in- 
corporated in the film, and it was extremely difficult to remove 
any part of it without destroying the coating. Certain test 
panels were washed by means of small sponges and distilled water 
and these washings were carefully analyzed. The results showed 
a deposit on the surface and in the exterior skin of the film of 
from 1.5 to 4 per cent carbon, 2 to 9 per cent insoluble (in acid) 
matter, and | to 8 per cent iron oxide, all of these entirely foreign 
to the original paint coating, the carbon and some mineral matter 
being the direct product of the combustion of coal, the iron oxide 
coming from the blast furnace. 

When paint was applied over a soot-covered surface on the test 
fences, it was attacked by the soot beneath as well as by that de- 
posited on the exposed surface. It was found that the life of two 
coats of fresh paint applied over a surface already coated with soot 
is shortened and that the appearance deteriorates more rapidly 
than when the same amount of paint is applied to a clean surface. 

Answers to inquiries addressed to master painters in a number 
of cities in different parts of the country justified the assumption 
that in a locality where the air is free from soot the proper interval 
between the original painting and the first repainting to preserve 
both the woodwork and the appearance is five years, with sub- 
sequent repaintings at intervals of seven years. In a smoky city, 
however, the better classes of buildings are repainted in from one 
to three years, mostly for the sake of appearance. 

Washing the old paint is expensive, and even then it is neces- 
sary to repaint to restore the appearance. After the application 
of ten coats the paint has a tendency to blister and crack, which 
not only adds injury to the appearance, but results in cracks and 
crevices in which water may Jodge and start decay in the wood- 
work. 

The use of dark colors rather than light will not solve the diffi- 
culty, because the dark pigment does not have the covering qual- 
ity of the lighter, hence more material is required for a coat. The 
dark, heavy pigment must be burnt off more often than the one of 
light color. And finally investigation tends to show that the 
popular taste is for light colors and that the landlord who paints 
his house with a dark, gloomy color, which shows the dirt less 
plainly and needs only one coat to restore its freshness, will find it 
harder to obtain a tenant. 


EFFEctTs ON INTERIOR OF BUILDINGS 


in the interior of buildings damage by the sulphur acids is not 
as marked as in the case of materials exposed to the weather. 
The most marked damage of the soot is that of impairing appear- 
ances and causing an enormous amount of extra, expensive, and 
unnecessary work and care in keeping working and living quarters 
in such a condition as is required by people who are accustomed to 
the common standard of living. 

For the decorator or architect the market does not offer a 
paint or wall covering that is not susceptible to damage and the 
life of which is not shortened by soot. Some decorators and 
architects try to select those colors of paint or decorating material 
that are the least susceptible to the influence of soot, while others 
frankly give up the problem and select what they wish to carry 
out their ideas of decoration without regard to smoke. This is 
done on the basis that all colors and surfaces look the same when 
soiled by soot. 

In a smoky city the possibilities of the choice of colors for in- 
terior painting are limited appreciably, and it is necessary to 
paint the interior more often than in a clean section. 

The life of wall paper is very much less than in clean cities. It 
must be cleaned annually or oftener, and this so injures the ap- 
pearance that it must be renewed in two to five years. The color 
of wall paper is not affected by the sulphur acid, nor does it fade 
more than in cleaner cities. 


In office buildings of the first class the wall surface and ceilings 
are cleaned at least once and often twice a year. Floors are 
scrubbed and cleaned three times as often as would be necessary in 
a city having no soot. 

The white or light surfaces of paper, fabrics, woodw at docu- 
ments, and books, if not continually dusted, become covered with 
a film of soot, and in the case of books, even if they are frequently 
cleaned, the soot and tar soon give them a coat that cannot be 
removed. 

Lace curtains and hangings carry a very heavy burden on ac- 
count of the ease with which they are soiled by soot. This is 
particularly true in summer time when the windows are open and 
the air straining through curtains leaves a large amount of soot. 
Many of these curtains are of delicate texture and have to be 
handled with care, but in order to keep them reasonably clean, 
they must be washed after an exposure of from four to six weeks. 
In a clean city such washing is done annually or even at greater 
intervals to retain their form and freshness rather than because of 
dirt. 

Silk hangings must be almost entirely eliminated on account of 
the difficulty in cleaning, as they cannot be taken down when once 
placed on the wall and cannot be entirely cleaned when in place. 
Wall covers of a tapestry character are used to a certain extent as 
they are more durable, but even these deteriorate rapidly in ap- 
pearance unless they are of the darker colors. 

Soot is more easily ground in on a rug on the floor than in any 
other place. In order to retain a respectable appearance light- 
colored rugs must be cleaned at least twice a year. 

It is thus very evident that smoke damages the interior decora- 
tions of buildings, detracts from the appearance of the finished 
work, and imposes many restrictions on the architect and deco- 
rator in the expression of their arts. 

The cost of illumination is increased in a smoky town, not only 
by absorption of the light in its passage through the atmosphere, 
but also because of soot coating skylights, windows, lighting fix- 
tures, etc. Architects make the statement that in such a locality 
they do not use skylights where it is possible to avoid them, as un- 
less they are cleaned frequently, they soon become practically use- 
less because of the accumulation of soot. 

Types of glass such as are used in skylights were exposed for six 
months, and the amount of light cut off by the soot was measured 
photometrically. The loss in the smoky zone in Pittsburgh was 
about 80 per cent compared with about 40 per cent in one of the 
less smoky suburbs. 


EFFECTS ON VEGETATION 


It is a matter of general opinion that smoke from mills injures 
nearby vegetation. That this opinion is justified is evidenced not 
only by the general external appearance of many of the constitu- 
ent plants, but also by their internal appearance, as shown by 
the size of annual rings and by lesions in leaves. Experiments 
show that, especially in the case of pines, when soot is applied in 
small quantities over a considerable interval of time, measurable 
injury follows. Soot is therefore poisonous to vegetation. 

Soot has been described as a mixture of pure, finely divided car- 
bon, ash, tar, and gases. Since, however, pure carbon cannot be 
regarded as poisonous to plants, its effects, if indeed it has any, 
must be charged to the mechanical clogging of stomata or to the 
ash which in the presence of water (rain) may provide solutions 
injurious to leaves. Aside from this latter possibility, actual 
observation revealed the fact that only a small percentage of sto- 
mata were clogged, from which it was inferred that little or no 
interference with interchange of gases occurs. The injury done 
to vegetation by the soot in smoke is therefore probably due 
chiefly, if not entirely, to the accompanying ash, tar, and gases. 

It is a well-established fact, based upon results of other studies, 
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that fumes containing sulphur dioxide and sulphur trioxide do 
considerable injury to vegetation. It is also known that certain 
of the hydrocarbon gases, carbon monoxide, hydrogen sulphide, 
and carbon disulphide, are injurious to plants. 


INFLUENCE ON HEALTH 


Cohen states that an adult breathes about 2000 gal. of air in 
24 hr., or about 34 lb. in weight, as contrasted with a daily intake 
of 5/2 lb. of liquid and solid food. In other words, the weight of 
the air inhaled daily is more than six times the weight of the daily 
consumption of food. 

The influence upon the health of the individual which may 
result by reason of pollution of the air is a matter to which the 
medical profession has been giving more and more time and 
thought. While there are differences of opinion as to detail, all 
agree that air pollution is injurious to health. 

There is no question that the solids and gases in the air due to 
the burning of fuel have an irritating effect upon the eyes, nose, 
throat, and lungs, tending to aggravate or to cause inflammatory 
diseases of these organs and to increase susceptibility to certain 
specific diseases of the respiratory tract. They also enter the 
gastro-intestinal tract. 

There also are indirect effects owing mainly to changes in 
meteorological conditions due to smoke: the frequency, density, 
and duration of fogs, reducing the amount of penetration of heat 
and light (especially the ultra-violet) rays, the temperature, the 
humidity, ete. 

Much might be said as the result of observation and experi- 
mentation by scientists as to the effects of constituents in the air 
which may predispose toward diseases of the respiratory tract; 
the relation between dense fogs and lowered temperatures, and 
increases in the death rate due to acute respiratory diseases—the 
fact that this does not follow in clean air of the country; the 
results from absorption by the atmosphere of infra-red and health- 
ful ultra-violet rays; the effects upon the mental state of the in- 
dividual and the lowering of his efficiency, etc. 

It is believed, however, that a discussion of this part of the dam- 
age due to smoke should come from a member of the medical 
profession. The purpose of giving it brief mention in this paper is 
to point out that it is a part, a very large part, of the problem. 


TuHE Economic Cost 


The preventable money loss per capita per annum in a smoky 
city has been variously estimated to be from $10 to $20. This is 
made up of extra-necessary cost for laundry work, clothes, clean- 
ing, redecorating, repainting, shorter Jife of certain building 
materials, damage to merchandise, loss due to improper combus- 
tion of fuel, ete. An additional loss, which cannot be measured 
definitely is due to the detrimental effects upon the health and 
psychology of the community. This leads to the consideration as 
to what amount of money would compensate a resident in a smoky 
city for what has been termed “the disagreeableness of it all.’’ 


Discussion 

Joun Hunter.? The author has brought out clearly the 
damaging effect of smoke in large communities and some very 
interesting data relative to this subject. 

It has been.my experience in this work that the use of such 
data as general publicity in the early stages of a smoke-abate- 
ment campaign is very much worth while. It is essential in arous- 
ing interest and active support, and to bring home to the people 
of the community by actual figures based on the experience of 
other cities the tremendous tangible losses due to smoke, as well 
as those intangibles such as the resulting susceptibility to dis- 
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eases of the nose, throat, and lungs. This publicity can be 
carried on through the press, printed circulars, public meetings, 
and radio broadcasting. When people realize what the nuisance 
means to them and are convinced that it actually can be elimi- 
nated, they are far more willing to extend their active coopera- 
tion, which is of course necessary to accomplish results. 


Vicror J. Azpe.* We know that we do not want smoke, but 
the people are used to it and do not care particularly, while at 
the same time we lack arguments to go out and sell the idea of 
abatement to them. 

There were a great many papers published on smoke abate- 
ment, but I do not see how any of those papers could have been 
of equal value to smoke abatement with this paper. This paper 
furnishes us with now lacking arguments to go out and tell people, 
here is the reason why smoke should be done away with. Much 
of this information was available, the Mellon Institute in its 
many publications of book size had it, but the conclusions were 
not drawn so that they could be presented to the public. Now 
the author has done that for us. I am quite sure that this paper 
will be of great value in getting some real results—some organized 
results in smoke-abatement work. 

In Germany they are already combining the problem of dust 
and smoke; in fact, they have a publication called “Rauch and 
Staub’’—that is, “Smoke and Dust’’—and the editor of the pub- 
lication, Dr. Meldau, wrote a book wherein he comments on pollu- 
tion both by smoke and by dust and discusses the various methods 
to eliminate dust and the atmospheric pollution caused by indus- 
trial plants. 


OsBorN Monnett.’ One cannot listen to a paper such as this 
without being impressed with the importance of atmospheric 
pollution. Those of us who have been working in smoke abate- 
ment for a number of years have concentrated on the visille 
smoke; on smoke of No. 3 density or greater, as prohibited by 
smoke ordinances. That I think has been a natural thing, be- 
cause the pioneers have had to work under the limitations which 
have been set by the smoke ordinances, but as we go along, look 
into the future, and get into the refinements of this work, we 
must realize more and more that there is a great amount of 
pollution in the atmosphere which we cannot see and which 
comes far inside of the No. 3 density prohibited by smoke or- 
dinances. 

When we commence to examine these impurities, we find that 
a large percentage of them are not of combustion origin. We find 
that there is building dust in the air; dust from the abrasion of 
pavements; dust and dirt from the tearing down of old buildings 
in the process of renewing the buildings of a city—the tearing 
down of an old building in a congested district will produce a 
tremendous nuisance, which is entirely foreign to smoke, but is 
something which we as engineers must take into consideration. 

I think that the future smoke inspector will be called some- 
thing like “Commissioner of Atmospheric Pollution,” and will 
have under his jurisdiction a great many things other than mere 
combustion. 

We must study the materials with which things are built with 
the idea of finding out whether they will produce dust and dirt. 
We must study the best methods of putting roofs on buildings 
so that they will not accumulate dust and dirt, and we must pre- 
scribe a routine for washing streets and for flushing down roofs 
and things like that so as to minimize dirt and dust in the atmo* 
phere. 

In the past we have talked about the damage due to smoke from 
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the financial standpoint, because it touches the pocketbook, and 
we find that we can influence the real-estate man and the owner 
more quickly by arguing on such matters as concern the pocket- 
book than in any other way; but there is a great argument 
against atmospheric pollution in the matter of health, and we 
have not stressed the health standpoint to the extent to which 
I think we ought to and which must be done in the future. 

There is no doubt that the acid, acrid particles of smoke and 
soot set up inflammations which tend to cause acute diseases 
such as pneumonia, bronchitis, and ailments which have a 
tendency to affect the respiratory tract. 

So that in communities such as St. Louis and Pittsburgh we 
have prevalence of pneumonia and sinus trouble. The physician 
must help us out; the scientific investigator along this line must 
give us more material to work with. 

Fortunately the engineering features of smoke abatement are 
the easiest features to handle. The engineer today can solve 
any combustion problem put before him if he has the authority 
to go ahead without restrictions. There is powdered fuel; gas, 
natural and manufactured; all kinds of producer gas, complete 
gasification of fuels to work with. There is a big field yet. In 
fact, the smoke question is in its infancy, just the same as the 
airplane business is in its infancy. All of the cities are getting 
more and more interested, and we will eventually get on a more 
scientific basis. 

Organizations such as the Mellon Institute of Pittsburgh must 
help us out on these finer problems of general atmospheric pollu- 
tion. 


G. M. Jewe.u.* I feel almost duty bound to say something 
about this dust problem because I come from a woodworking city. 

I believe every man here is familiar with the old type of 
cyclone that carries this before-mentioned dust by vacuum from 
the machine that creates it to the cyclone and then to the boiler 
room. In Michigan we have a state law which says that we 
must maintain from 4 to 6 in. of vacuum on the main-flow line 
of all factories, meaning the flow line that connects the machinery 
to the cyclone proper. 

In the last five years the city of Grand Rapids has had a very 
noticeable nuisance created by the vents of these cyclones. It 
was so bad in spots that I have seen the foodstuffs, the bedding, 
and the floors of homes covered with it. It would creep through 
the smallest openings. Residents in any neighborhood that were 
thus affected could not have their doors or windows opened, and 
no matter how much we increased the capacity of the cyclones 
we always had this fine, floury dust. 

So about one year ago we began to seek material for a dust 
ordinance. We wrote to various cities throughout the country 
and got in touch with the United States Bureau of Health, and 
we could find no city that had attempted to write a dust or- 
dinance, outside of the City of New York. Then we took it 
upon our own shoulders to write one. 

After this ordinance was passed and adopted, we immediately 
took steps to eliminate this nuisance if possible in order to make 
livable conditions. An installation was made possible in one 
plant, to be used as an experimental station. This has been in 
operation about two weeks, but has “licked” the dust from this 
particular plant 100 per cent. That is going a long ways, but 
we have no dust when this equipment is in operation, and it is 
simple to install. We simply capped the vent of the cyclone, 
running it from this vent to a compartment that was large enough 
to immediately lower velocity. 

In this compartment we built a baffle wall. Then we vented 
the compartment and set a series of sprays that took in practically 
the whole area of said compartment. Just a word about the 
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water used—not enough to hardly sprinkle the lawn of a full- 
sized lot. The waste water is taken with a 4in. pipe to the 
sewer. 

We are in hopes through this step and good engineering to be 
able in the future to clean and eliminate any dust nuisance that is 
created in the city of Grand Rapids. 


Wituiam G. Curisty.? There is a need for visualizing this 
smoke-abatement work to the public. In the campaign in St. 
Louis we figured up what we thought was the waste of fuel there 
and converted that into carloads of coal, and we figured out 
that in a year it would make trainloads enough to reach 200 
miles, stretching from St. Louis to Indianapolis—the amount of 
coal that actually was wasted in boilers and furnaces in a year’s 
time. 

The manager of the Statler Hotel in St. Louis had some figures 
showing that it cost them three times as much to clean and deco- 
rate the hotel there with 650 rooms as it did the Pennsylvania 
Hotel in New York with 2200 rooms, or about ten times as much 
per room. 

We had another example in the Missouri Botanical Garden, 
which is supposed to be one of the finest in the country. Director 
Moore has told of losing thousands of plants in one night when 
there was a bad smoke condition. The gardens formerly had one 
of the finest collection of evergreen trees in the world, and they 
are all gone. He says they have all been killed by smoke. 

In connection with the health end of it, it has always seemed to 
me that we should bring out the effects of smoke on the health 
of children. I think that appeals to the parents more than 
anything else. 


E. P. Roperts.* We all know that the public keeps on com- 
plaining about the smoke, but they do not know the improvement 
that has been made. I think it is up to us men who do know 
something about it and who have been in it to give our assist- 
ance to a greater degree to the smoke department. The general 
proposition is that if advice or statement comes from the smoke 
department the people think it is biased, but if it comes from an 
outside body they may think the fellow does not know what he is 
talking about, but at least it is not biased. 

It is desirable to be informed as to the history of the develop- 
ment of smoke abatement. A statement was made awhile ago 
about the sulphur. In 1900 Professor Maybury of Case School 
gave an excellent paper in connection with the amount of and the 
damage done by the sulphur from the stacks in this city of Cleve- 
land. How many know that? It is worth knowing. Also it is 
worth while to study many reports made between 1900 and 1912, 
such as the reports of the Chicago, Cleveland, and Pittsburgh 
smoke departments, the report by the Cleveland Chamber of 
Commerce, that of the Mellon Institute, and many others. In 
addition, it might add to the efficiency of such a meeting as this 
because it would tend to give more of the available time to new 
developments. 


Harry E. Fisnspoves.® We put before our public, including 
the children in school, a story of safety and fire prevention by 
using a motion picture. I believe that this would be one of the 
real ways to get smoke abatement before the younger generation, 
where the education on this nuisance will be effective in a way far 
better than with some of the older heads. Those pictures could 
be taken from some effective point and used in all of the projection 
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houses and schools. 1 believe this would be one way to promote 
the knowledge of smoke abatement in a rather large way. 


LowE.Lu R. AnprEw."° I would like to quote from a tinner 
with whom I conversed in St. Louis in regard to the lasting qual- 
ities of copper spouting in that city. It appears that downtown 
the life of copper spouting is 6 years, in the suburbs of St. Louis 
it is from 10 to 15 years, and out in the country it may last a 
lifetime, or at least more than 50 years. 

In regard to the amount of dust in the atmosphere in winter 
and summer, as indicated by dust-counting machines, we have 
made dust counts in St. Louis and find that the observations made 
indicated that there is not a great deal of difference in the number 
of extremely small particles in the air during the winter and during 
the summer, though we had expected to find that it would run 
much higher in winter than in summer. 


Grorce C. Fisner.'' In regard to getting publicity in con- 
nection with smoke work and to getting this data across to the 
public two or three things have been done in Nashville which have 
given good results, and I suppose have been followed out in 
other cities to a certain extent. One of these is the use of the 
radio. During last winter for a period of seven weeks I had the 
members of the smoke commission give a five-minute talk over the 
radio one night a week in regard to smoke-abatement problems. 

During this winter we intend to increase this to nine weeks at 
least and to have members of different professions give talks, 
such as the medical profession, probably one of the leading eye 
and nose doctors in the city, and one of the leading architects in 
the city, and so forth. In that way it gets publicity across in 
regard to smoke abatement and often in terms different from the 
language of the engineer. A great many people will listen to a 
doctor and to a doctor’s phraseology where they will not listen 
to an engineer. 

Another method has been by window displays. Last winter 
we had three window displays at advantageous points throughout 
the city where the foot traffic has heavy. We had one display on 
the many by-products of coal, showing the people the tars and 
the oils. In that display we had 90 by-products of coal, small 
amounts in bottles or in vessels, and then a write-up on it, and 
besides that many photographs of stacks and various types of 
equipment. It would be surprising to see the results that came 
and the comment that it evoked and the visits from citizens. 
We had a large number of people coming into our office for a 
considerable time after that who otherwise would not have had 
occasion to become acquainted with the condition. 

Then there are signs. We are aggressive in regard to types of 
equipment going in and new installations. We like to have the 
public know that proper equipment is going in and that we are 
taking every case individually and making a study of it to get in 
the proper equipment. We have large signs, when a new apart- 
ment building goes up or a new manufacturing plant, to tack up 
saying, “Smokeless heating equipment,” and a statement that the 
owner of this building has complied with the recommendations 
of the City Smoke-Abatement Commission by installing such 
and such type of equipment, such as underfeed stoker, or 
downdraft boiler, or whatever it might be, and this is obtaining 
good results in the city of Nashville. 


H. P. Rerp.'? I would like to ask the author, with reference 
to the locomotive tests referred to, if these tests were made re- 
cently or were they some tests taken several years ago. The 


1” Assistant to Victor J. Azbe, Consulting Engineer, St. Louis, 
Mo. Jun. A.S.M.E. 

11 City Smoke Inspector, Nashville, Tenn. Assoc-Mem. A.S.M.E. 

12 Universal Portland Cement Co., Chicago, III. 


railroads have been operating under large fuel-conservation pro- 
grams for the last several years. 

Then I wish to comment in connection with the effect of dust 
on health, just as a matter of precaution, because we need to be 
careful how far we push such a campaign at its initiation. I have 
heard of injunction proceedings being used in cities trying to fall 
back on the courts to prevent the dust being discharged from 
certain industrial plants. The result of some of these proceedings 
was that the industrial plants, although they threw out tremen- 
dous volumes of dust, won out against the health departments 
of the cities because it was shown that there are certain industria! 
dusts that are not injurious to health, but which are in fact 
considered beneficial in the treatment of certain types of diseases. 
For instance, calcium dust is beneficial in certain forms; it is be- 
ing used to some extent by the medical profession in the treat- 
ment of tuberculosis. On the other hand, silica dust may be 
injurious. This same condition exists with organic dusts, I am 
told. It would seem therefore that dust-prevention campaigns 
and they should be such rather than smoke prevention alone 
must be conducted with caution, each case being studied sepa- 
rately and the offender led and aided rather than legally driven. 

I also was interested in the case of Grand Rapids as to the wood 
dust. The method of collecting these extra-fines or superfines 
that had passed the cyclone collector apparently worked fine on 
wood dust, but such a method would have been an absolute fail- 
ure on some other dusts. 

Then we must look out for the explosive hazard. Certain of 
these organic dusts, if collected, form an extremely explosive 
material. We have all heard of the explosions in cereal-products 
plants and in coal mines; some of these have taken their toll of 
lives. Should we have such a misfortune as to have an explosion 
in connection with dust-elimination campaigns we would not only 
be faced with the damages resulting, but the effect on the public 
would be detrimental to the conduct of the campaign. 

There is, however, a big field yet to be covered. There are 
no dust collectors on the market today—I think I can make that 
statement very strong—which will collect all kinds of dust equally 
well. Consequently, there is the necessity of research for some 
means of eollecting dusts and of keeping the smoke and dusts 
from the air. Many industrial organizations would be glad to go 
along with you 100 per cent in such a campaign if you could tell 
them where and how to go. But they do not care to spend 
thousands of dollars in research nor do they wish to install collec- 
tors at great expense and after making the installation find that 
it did not give satisfactory results. It is possible to obtain a 
substantial list of nationally known industrial companies that 
are trying to abate the dust nuisance and that cannot find satis- 
factory means of doing it. There is a need of research as to 
methods of collecting fine industrial dusts. The coarse dusts are 
not so difficult to collect as they fall quickly and are relatively 
easy to separate from gases; it is the fine dust that travels miles 
and miles and that screens the sun’s rays and penetrates building 
structures. I have seen instruments closed and sealed—such as 
clocks, watches, measuring instruments, flow meters—and put 
into a comparatively clean atmosphere around industrial plants, 
and when they were taken apart they were found fairly loaded 
with fine dust. These fines are the nuisances, and all of these 
dusts, whether injurious to health or not, do screen the rays of the 
sun and they injure fabrics, decorations, finishes, etc. 


AUTHOR’S CLOSURE 


Mr. Reid has answered the question about the cyclone. 
Coming to what Mr. Roberts said about damage—very grave 
damage in smoke-abatement work can be done by not having the 
right man and staff in charge, and also by allowing political 
interference with the work. 


a: 
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We have found that a large percentage of the complaints that 
normally come in from day to day are due to cinder, sulphur, and 
those things that are not covered by ordinance. <A recent com- 
plaint was against a railroad running through a residential dis- 
trict, and a ladies’ organization wanted to have the nuisance 
abated. 

I explained the ordinance and sent the chief railroad inspector 
to the neighborhood. He spent three or four hours in company 
with a committee from the club and found not a single violation 
of the ordinance, but reported considerable dust. We put out a 
can in the usual way and left it fora week. Of course a small can 
of 6 in. diameter will not give an exact cross-section of the pre- 
cipitate over any considerable area, but calculating from the 
deposit in the can, which was located three blocks from the rail- 
road and with no interference from stacks within a quarter mile, 
there was indicated a precipitation of cinders of 1 lb. per day on 
an area of 50 ft. by 100 ft.; during the four hours that the in- 
spectors were on the railroad or near the railroad there was not a 
single violation. 

The figures as to the locomotive tests were from official tests, 
of courses made some time ago, because it has been some years 
since the old type of front-end was abolished. It has been quite 
some time since the so-called self-cleaning type was introduced, 
but the dirt is still coming out of the stack. It is unnecessary 
to go further than the nearest railroad station where a loco- 


motive has passed through using soft coal to know that there is 
a great deal of cinder thrown out. 

The public has of course not yet been educated to the difference 
between visible smoke and invisible smoke. The intérest that 
has been taken in those phases of the problem that are beyond 
the ordinary ordinance is very gratifying. As you know, every 
survey that has been made has reported in terms of total solid 
deposit. Following that, the ordinances as passed limit us to 
No. 3 in density. 

As to the dust count in St. Louis not being materially higher in 
the winter than in the summer, it would be natural to expect a 
higher count because of the fact that during the winter season 
the heating plants are on in addition to the all-year-round indus- 
trial plants. To make direct comparison, however, observations 
must be made as nearly as possible under the same conditions. 
As is well known, the curve showing the suspended impurity 
rises materially at certain periods of the day, and drops consider- 
ably at other periods due to intermittent firing. There is also 
a direct relation between wind velocity and suspended impurity, 
the amount of suspended impurity falling rapidly as the wind 
velocity increases. Then, too, samples taken at once place at a 
specified time do not represent average conditions either over a 
larger area or over different periods of the day. There are other 
factors involved, but those stated will indicate the care with 
which any such data should be considered. 
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Smokeless and Efficient Firing of Domestic 
Furnaces—Part II 


By VICTOR J. AZBE,'! ST. LOUIS, MO. 


ing water. Every city of any size has an elaborate sew- 

age system. Garbage collecting systems are common and 
regular. The health of the individual in these respects is fully 
safeguarded. Air pollution in the American city, however, still 
continues to be a problem—an unsolved problem. Almost every 
city, large as well as small, has its smoke blanket; smoke can be 
seen pouring out of the stacks, but few people pay any attention, 
as most of them are so used to seeing smoke that they do not see it 
at all. 

In the larger plants, such as the power plants, the situation is 
being corrected, but slowly, only too slowly. The attacks on 
the smoke of domestic furnaces, however, show little progress, and 
despite what is done in other fields so long as the domestic smoke 
is not eliminated there can be only an improvement—a slight 
improvement. 

The author, through his several connections insmoke-abatement 
work, has been in position to observe; and this observation in- 
clines him to be critical, although he much dislikes to be so. For 
the good of the cause, however, the truth about the situation 
must be presented. 

There would be far less smoke in the atmosphere, far less dirt 
in the homes, if such attention should be paid to furnace design 
as is being paid to advertising. It is true that a manufacturer’s 
term of ‘‘smokeless furnace’ means nothing, and even some of 
the larger manufacturers are not exempt from this. The term 
“smokeless coal’’ also seems to have originated with the adver- 
tising agent. 

Some of the most outstanding and in other ways very progres- 
sive furnace manufacturers devote most of their research to build- 
ing furnaces that will be cheap, and competition and short-sight- 
edness make them entirely ignore the common elements of 
proper combustion. Other research is devoted to bringing forth 
fancy shapes and fancy names. Efficiency and smokelessness are 
given little attention. 

In many quarters entirely too much blame is put on the coal 
and the coal men and too little upon the furnaces and the furnace 
manufacturers. That in a country such as ours, where central- 
ized home heating is so highly developed, furnaces so inefficient 
and so crude should be built by even some outstanding manu- 
facturers is indeed a disgrace. That at least a reasonable effort 
is not made, that most of the progress originates with outsiders 
is indeed disappointing. 

Comparison between automobile and furnace development of 
the last twenty years reveals a rather surprising one-sided 
progress. 

Part of this can be blamed on the universities and part on the 
engineering societies because until only very recently few, very 
few. schools made any attempt toward developing fuel engineers. 
Most of the so-called fuel or combustion engineers had a limited 
foundation. Ability to use the orsat and to interpret the fuel- 


‘Consulting Engineer. Chairman A.S.M.E. Fuels Division. 
Chairman Research Committee, St. Louis Citizens Smoke Abatement 
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Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 

Part I was presented at the First National Meeting of the A.S.M.E. 
Fuels Division in St. Louis, Mo., October 10 to 13, 1927. It is re- 
printed in Transactions A.S.M.E., vol. 50, no. 8 (paper FSP-50-23). 


K; VERY American city now has sparkling, clean, pure drink- 


analysis report does not make one a fuel engineer. Most fuel 
engineers knew little about gas flow, although that is probably 
the most important phase of fuel engineering. The industry even 
today is in the greatest need of the thoroughly trained fuel en- 
gineer. He should be in the greatest demand, but so limited a 
number is available that many employers do not know even that 
there is such a thing; and so furnaces and boilers and kilns con- 
tinue to be designed and built by men lacking in the necessary 
fundamental training, with the consequence that unscientific, 


Fig. Inerricirent Hot-Water HEATER OR BOILER 


empirical rule-of-thumb methods predominate. Look at the 
boiler in Fig. 1. Can anything more wasteful be imagined from 
the very beginnings in the art of fuel burning under boilers? 
And this very boiler is being widely advertised today. The gath- 
ering of hundreds of engineers at the lately established fuels 
meetings, with the numerous papers delivered and the free ex- 
change of ideas and experiences, should help greatly in correcting 
the situation. The subject of smokeless and efficient firing of 
domestic furnaces is a mooted one. 

At the First National Fuels Division Meeting held in St. 
Louis in 1927 the report of the first portion of this series of in- 
vestigations was read.? It showed definite progress, but was not 
complete. This second portion also shows progress, but still 
fails to be complete. However, both the first and this second 
paper contain items that can be practically applied in the manu- 
facture of new furnaces as well as in the reconstruction of old 
ones. These changes tend greatly to increase efficiency, simplify 
firing, and reduce or eliminate smoke. As a further guidance 
toward consistent efforts it was found advisable not only to con- 
fine the contents of the paper to recommendable methods, but also 
to illustrate and describe devices that are supposed to aid in 
smokeless firing, but which do so only imperfectly or not at all. 


2 Transactions A.S.M.E., vol. 50, no. 8 (paper FSP-50-23). 
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In this the purpose is to avoid further misapplication of effort in 
a direction futile of results. 

The first paper was based on 71 distinct tests, this second one 
is based on 93, making the total number of tests 164. Excepting 
for the tests checking the results, all of these were made on differ- 
ent furnaces or on furnaces equipped with different devices or 
fired with different methods. The number of possible variations 
that one can encounter is really surprising. 
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Fig. 2. Structure or Sounp AND UNsouUND PROCEDURE IN ABATE- 
MENT OF St. Louris SMOKE Evi. 


Fie. 3 Furnace UnpeR Test AND SOME OF THE INSTRUMENTS 
MounTEeD 


Credit should be given to the able assistance rendered the 
author by Paul E. Mohn of the University of Illinois and Lowell 
Andrew. Their services were most valuable and _ unselfish. 
Both realized that in helping to throw light on this simple but still 
complex subject they were rendering a valuable service. 

While the first paper deals only with firing of one type of coal, 
during this second series of tests different fuels were used; anthra- 
cite, coke of two varieties, bituminous coal of six varieties, and 
oil. City-gas firing was not studied, but its efficient burning is a 
comparatively simple problem and its success is governed mainly 
by the first cost of gas, which is usually so high that gas as a rule 
cannot well be considered for domestic heating. 

Then some 30 smoke-abatement devices were tried, most of 
them worthless in a practical way, and some even ridiculous. 
When doing this the idea was that nothing should be left undone 
to discover methods or devices of merit, and the poor thus re- 
ceived consideration with the good. Different furnaces were tested 
for ability to burn coal smokelessly: steam, hot-water boilers, 
and warm-air furnaces, those with the down-draft as well as the 
up-draft principle, and with secondary air admission and without; 
some long on the market and in general use and others entirely 
new and unknown. 


Of the firing methods tried there were also many: alternate, 
coking, spreading, pyramid, dividing-wall methods; heavy, light 
thick, and thin fires; with furnaces forced as well as operated at 
low ratings, and when banked also with large and small firing 
charges. 


SYSTEMATIC SMOKE-ABATEMENT EFFORT 


Smoke-abatement efforts quite often are haphazard and based 
on insufficient or unsound facts, so that much of the effort ex- 
pended is wasted. This was early realized in the St. Louis 
campaign, and an effort was made to guard against these mis- 
takes; and most of these tests are the results of this policy. 
Fig. 2 presents graphically the sound and the unsound procedure. 
It will be noticed that the sound method is based upon the solid 
foundation of a sufficient number of facts while the unsound 
method has a foundation so weak that the entire structure built 
upon it is inclined to weakness and collapse. If the sound facts 
are not known, proper conclusions cannot be formed. Action 
may be misdirected, results not forthcoming, and the smoke 
nuisance will be going on just the same. 

This system of procedure, however, is applicable not only to a 
major type of campaign, but it is so fundamental that the manu- 
facturers of furnaces could use it as well; and furnaces contem- 
plated, tested, built, and marketed on this order would not be the 
misfits that one often encounters. 


ELEMENTARY Factors GOVERNING SMOKE ELIMINATION 


Before proceeding, it may be well to repeat the factors that 
govern smoke elimination. It will be found that, simple as they 
are, they do not seem to have been kept in mind by the inventors 
of devices or smokeless appliances. 
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Fic. 4 ARRANGEMENT OF FuRNACE-TESTING EQUIPMENT 


1 To prevent smoke there must be enough air present in the 
furnace to completely burn the gases and vapors that are being 
distilled off, but this air must be at the point where the distilla- 
tion is taking place; for it merely to enter the furnace is not suffi- 
cient. Smoke once formed cannot be burned to any extent in 
the very short time available. 

2 A second requirement is temperature; chemical activity is 
much greater and combination of the oxygen and the combustible 
is much quicker at high than at low temperature. A reddish 
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smoke is an indication of low temperature, of gas-producing con- 
ditions in the furnace. This smoke is by far worse even than 
dense black smoke; various oil and tar vapors escape in large 
amounts. 

3 The fundamental requisites consequently are air and tem- 
perature; and since if there is air at the right point, at the right 
time, in the right amount, there also will be temperature; so 
everything simmers down to the main essential: The proper 
amount of air at the proper point will assure smokelessness. Since 
almost all furnaces operate with too much air, merely to admit 
more air, as the inventors of many devices try to do, is of little, if 
any, help. Too much air will do no good and may even cause 
harm by reducing furnace temperatures. An excess is of course 
needed, but when the furnace is properly constructed the re- 
quired air excess is surprisingly small. 


Testing EquipMEnt, LENGTHS OF TEsTs 


The testing equipment employed consisted of recording ther- 
mometers for air and flue-gas temperature, a recording and an 
indicating draft gage, a Williams bubbling three-pipette gas-an- 
alyzing instrument, a Mono automatic gas-analysis recorder for 
CO, and for combustible gases, anemometer, mercurial thermom- 
eter, optical pyrometer, and a potentiometer of Leeds & Nor- 
thrup type to which various thermocouples were connected. 
Fig. 3 is a photograph of a furnace under test and of some of the 
instruments mounted. Fig. 4 shows all of the instruments and 
their connections diagrammatically. The thermocouple wire 
was the smallest obtainable, and the couples were of compound 
type with ice cold junction. 

The duration of a test was usually one firing cycle, whatever 
that length was, but usually the period of observation was from 
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A- Ordinary Firing Method B-Coking Firing Method 


C- Pyramid Firing Method D- Alternate FirinqgMethod 
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Door.” 
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E- Coke Fire F-Down-Draft Baffle Method 


Fic. 6 Dirrerent Meruops Firine Usep IN THE EXPERIMENTS 


three hours upward, depending upon the firing rate, the fuel 
used, etc. After the formal portion of the test was completed 
the recording instruments usually remained connected, and the 
recorded information, if of value, was used. Tests often were of 
24-hour duration, which included the banking period. 


GAGING OF SMOKE DENSITIES 


In determining smoke densities the Ringelmann method or- 
dinarily is used; it is a good method although it has faults—good 
because it is so very simple. The assumption is that smoke of 
No. 2 density means twice the number of particles per unit 
volume of gas pouring out of the chimney than smoke of No. 1 
density. But there is smoke beyond No. 5—if No. 5 indicates 
only five times the number of particles as in No. 1. 

In this paper to enable classification more readily, the smoke 
given off during a firing period was expressed as “equivalent 
minutes of No. 1 smoke.”’ A furnace smoking for 30 minutes at 
No. 2 density and 30 minutes at No. 1 smoked the equivalent of 
90 minutes of No. 1 during that period. No. 4 smoke for 10 
minutes is equivalent to 40 minutes of No. 1 smoke. 

Occasionally still another method was used, this being termed 
“equivalent minutes of No. 1 smoke at zero excess air.”’ Or- 
dinarily dilution of gases with excess air is not taken into account. 
A furnace operating with double the required air will have an 
apparent smoke density much lower than another furnace giving 
off smoke at higher apparent density but at higher CO, and still 
the amount of pollution caused by the two furnaces or the two 
coals may be the same. Domestic furnaces ordinarily operate 
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with extremely low CO:, and so the smoke is far worse than is ap- 
parent. No. 2smoke at 6 per cent COs, which is a rather common 
percentage to find when testing domestic furnaces, would cause 
the contamination of No. 5 smoke if CO, should be 15 per cent. 
It is especially important not entirely to forget dilution when 
comparing coals for smoking qualities, since some coals burn so 
that higher CO, or lower excess air can be obtained a great deal 
more easily. 

A good coal, if judged only by the stack, might be smoking 
badly while actually the air pollution would be no worse than 
with some other poor coal. Fig. 5 demonstrates this. On a 
test the Western Kentucky Special smoked the equivalent of 83 
min. of No. 1 smoke, and the Southern Illinois only 63 min., but 
when compared on the zero excess air basis the Western Kentucky 
smoked less than the Southern Illinois or the equivalent of 183 
min. of No. 1 for the Western Kentucky and 189 for the Southern 
Illinois. The so-called West Virginia smokeless was, however, 
even worse than the preceding two owing to the very low CO). 

Fig. 6 illustrates the different methods of firing that were ex- 
perimented with, while Fig. 7 gives the smoke obtained when the 
firing charge was 50 lb. of coal. The ordinary firing method 
naturally is the worst; the smoke given off was the equivalent of 
369 minutes of No. 1 at zero excess air. Test 61 in Fig. 8 repre- 
sents conditions obtained with the ordinary firing method. 

The pyramid method was strongly recommended to us and so 
it was tried. The instructions were to fire sufficient coal for one 
fuel day, but the smoke then was much worse even than that 
shown in Fig. 7, when only 50 lb. of coal was fired. This method 
is entirely unsuitable when the firepot diameter is only 2 ft., and 
it is doubtful if it would be satisfactory with larger diameters. 
Fig. 9 presents test data with the pyramid firing method, firing at 
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Fie. 8 Resutts or Tests, SPREADING METHOD oF Firtna, Tests 
Nos. 61 anv 62 


(56 lb. coal; 18 lb. kindling; 1 Ib. excelsior, original charge. Check closed, 
damper open, firedoor and slide closed, ashpit door wide m at start. 
Average stack draft, Test 61, 0.103, Test 62, 0.012. Average inlet-air tem- 
perature, 90 deg. fahr.) 


one time 50 lb. and at another 80 lb. of coal With 80 lb., dense 
No. 4 yellow smoke was obtained for 25 min., which as was said 
before is far worse than dense black smoke. 

Sketches B and D of Fig. 6 show the coking method and the al- 
ternate method of firing. Fig. 7 shows the smoke from the alter- 
nate method as worse than that of the coking method. The 
coking method is the one usually recommended for domestic fur- 
naces. With it the coke should be pushed back and the coal 
fired in front. This is somewhat troublesome, and many people 
either do not have the proper tools to do this or do not care to do 
it anyway. Therefore if the more simple alternate method is 
used, probably a better result would be obtained even though 
this method does give off somewhat more smoke than the coking 
method. Fig. 10, test 156, presents the data obtained with the 
alternate method. Fig. 11, test 138, gives the data obtained with 
the coking method. 

Note that in the coking method the hot coals in front are 
pushed to the rear of the furnace and a fresh charge of coal is 
fired in front. This cannot be done in the right way in many 
furnaces without a specially shaped pusher. If the shovel is used 
for this purpose much of the hot coke remains under the fire door 
and the fresh charge of coal becomes heated too rapidly and 
smokes worse. 

By the alternate method the coal is fired first on one side and 
then on the opposite side, so that a certain amount of incandescent 
coke is always fully exposed. The alternate method of firing i8 
simple to use as it requires no pushing back or moving of the fire 
bed. It is not well adapted to small-diameter firepots. 


Down-Drart BAFFLE 


In the first part of this series last year the so-called “down-dralt 
baffle firing method” was introduced as one almost entirely 
smokeless, simple in firing, and comparatively very efficient. 
During the past year this method was subjected to further tes's 
and a number of furnaces so equipped were in ordinary use ” 
private residences. 

Fig. 7 shows the small amount of apparent smoke obtained 
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when using this method properly, merely a haze. Since, however, 
with this principle the air entering above the fuel bed is forced 
downward and utilized, the CO, is comparatively much higher. 
Therefore smoke density in equivalent minutes of No. 1 smoke at 
zero excess air is comparatively a great deal less than the appar- 
ent smoke. Smoke as shown in Fig. 7 and test No. 70 in Fig. 12 
is only 14.3 min. of equivalent No. 1 as compared to 189 min. 
obtained with the coking method. 

At first when this baffle method was tried, proper baffle tile 
material was not known and ordinary refractory tile was used 
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that had a life of only a couple of months. The Langenberg 
Manufacturing Company, of St. Louis, called the different fire- 
brick manufacturers in conference and subsequently experimented 
with tiles of several clay mixtures. Eventually special shapes 
were made fitting their different sizes of furnaces, and Fig. 13 il- 
lustrates the adopted method. The lower tile is 3 in. thick and 
was made of a clay mixture of 40 per cent coarse grog, 40 per 
cent flint, and 20 per cent flint plastic. The indications are that 
its life will be at least two years and probably much longer. The 
results obtained are so much better than with ordinary firing 
methods that once this method has been tried there will be no 
hesitancy in replacing the tiling if it becomes damaged, especially 
Since the cost is comparatively low. Users say that the baffle 
Saves one-third the coal and gives a more uniform air temperature. 
In this particular warm-air furnace the installation is fairly 
simple since the firepot has a ring of refractory lining to protect 
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the steel shell, and the ends of the down-draft baffle can rest on 
this lining and so be firmly supported. There are, however, many 
cast-iron furnaces and stoves in which there is little opportunity 
for supporting the baffle and increased chance of breaking the 
shells when the tightly inserted baffle expands. This condition 
is a serious limitation to the general application of this method. 
Finally, as shown in Fig. 14, a baffle cut from a */,s-in. plate of 
Calite E—a malleable nickel-chromium alloy of modified analysis, 
immune to oxidation and flue-gas corrosion up to 2000 deg. fahr., 
was inserted in a cast-iron warm-air furnace and fired continu- 
ously for a period of three weeks day and night as hot as pos- 
sible and without any apparent damage to the baffle. This metal 
has a safe continuous working temperature of 2000 deg. fahr. 
Occasionally the tip is exposed to gases of higher temperature, 
but due to its good conductivity the heat from the tip is carried 
away to the cooler parts of the baffle in the upper portions of the 
furnace, and so the tip temperature never exceeds the safe work- 
ing temperature of the metal. 

The use of this metal should permit installation of this baffle 
in stoves where space is too small for any kind of tile, also in 
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furnaces where the span is too great and the tile may break in the 
middle. The metal baffle will also be safe from damage when 
the poker is handled by a careless person or where the space is so 
limited that hitting the baffle is unavoidable. 

Fig. 15 is a sketch showing a possible application of the baffle to 
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TABLE 1 FUEL ANALYSIS SUMMARY, DRY BASIS 

Illinois Illinois Western By- 

Mt. Olive and inner Southern Eastern Kentucky W. Va. Illinois product 
Fuel Staunton group Illinois Kentucky Special smokeless Anthracite coal coke coke 

11.3 13.8 10 06 8.72 4.45 15.05 11.75 9.96 
Volatile matter, per cent............. 39.2 36.2 32.5 39.60 38.00 20.25 6.53 1.75 1.25 
Fixed carbon, per cent............... 49.6 50.0 57.3 52.30 53.58 75.30 78.45 86.50 88.79 
Sulphur, per cent......... 3.87 4.97 0. 2.2 2.24 1.83 0.75 0.90 0.63 

12,329 11,990 12,858 13,545 13,119 14,875 13,075 12,800 13,300 
TABLE 2 SUMMARY OF ST. LOUIS FUEL COST PER UNIT OF 

ee aa WEIGHT AND PER UNIT OF AMOUNT OF HEAT 
Heat value 
as received B.t.u. higher 
B.t.u. per heat value 
. Cost 600 cu. ft. per $1 
$ 0.90 M cu. ft. 666,600 
Anthrecite......<.. 16 ton 12,680 1,585,000 
West Virginia smokeless 9.25 ton 14,350 3,105,000 
By-product cokee....... 11 ton 12,900 2,346,000 
Illinois coke>.......... 9 ton 12,550 2,790,000 
Southern I}linois............ 6.25 ton 11,980 3,835,000 
Inner group......... iva 4.75 ton 10,800 4,550,000 
0.034 kw-hr. 3,416 113,800 
« By-product coke made from West Virginia coals. 

6 Illinois coke made from Southern I] linois coal and 10 per cent Pocahontas 
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an ordinary stove. Such a combination should be satisfactorily 
smokeless, and the flue-gas temperature also should be less be- 
cause combustion will be completed much earlier than ordinarily 
is the case with these furnaces. 

Fig. 16 shows the cross-section of a steam-heating boiler with 

_the baffle applied. The incoming secondary air passes under 
the baffle and mixes with the gases given off by the coal in the 
front part of the furnace. Most of the heat is developed in the 
part ahead of the baffle, the rearmost part of the furnace and 
ashpit being allowed to become packed with ash. The heating 
of the home is far more satisfactory now with the small but in- 
tense burning zone than it was before when an effort was made 
to keep the entire grate covered. 

The space under the baffle need be free only with coals that 
cake, swell, and fuse. If the space were not free the gases given 
off by the coal in front would leak out into the room through the 
firing door. However, with coals that do not have this character- 
istic the front part can be filled up with fuel and the porous 
charge will allow the air to pass through. Fig. 17 A and B show 
the two methods. With B, firing charges can be much heavier, 
and this method otherwise is more desirable. When a coal has 
caking characteristics the bed can be maintained porous by 
mixing an amount of coke with the coal. 

It may be said that this down-draft baffle method is a devel- 
opment of these tests. It is purposely not patented, and any in- 
dividual or manufacturer may make use of the principle at will. 
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Furnace Tests With FUELS 


Even though two coals may analyze the same, their burning 
qualities and inclinations to smoke may be entirely different. 
The coal lowest in volatile need not necessarily be the coal that 
will smoke the least. Then also, that a coal smokes less may 
not be of so much advantage, for if that coal does not burn freely 
so as to give a fairly high CO, the smoke may merely be diluted 
with a large amount of excess air. Again, smoke of no great density 
emitted from the chimney of a furnace burning high-sulphv’ 
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coal may be quite as bad or worse than smoke from coal of a low- 
sulphur content. Table 1 gives the analyses of the fuels that 
were tested. 

The actual and equivalent costs of these fuels are given in 
Table 2. 

Referring again to Fig. 5, it shows the comparative amounts of 
smoke given off from different coals when the charge fired was 50 Ib. 
and the firing was done by the approved coking method. Eastern 
Kentucky coal shows up as by far the worst. This coal is very 
good, low in ash, not inclined to clinker, high in heat value, but 
it certainly does smoke. Two hours after firing, smoke still was 
coming out of the chimney, and there was no shortage of air 
either. 

Illinois Inner Group coal was next in the order of smokiness of 
the coals tried. It was far better than the Eastern Kentucky, but 
one should not be satisfied with a thing’s being only better. Fur- 
ther, this coal as shown in the previous tabulation is very high in 
sulphur. It is said that 1 per cent sulphur in coal results in 60 
lb. of sulphurie acid per ton of coal burned. Thus for Illinois 
Inner Group every ton of coal discharges 250 lb. of sulphuric 
acid. The soot particles certainly must be charged with it, and 
so is the air on humid or foggy mornings. In cities where much of 
this coal is burned the sulphurous odor is common, and one often 
hears complaints from strangers unaccustomed to it, and people 
with sinus infections particularly are aware of it. Since smoke 
has two main objections—it is dirty, and it is acid—it appears 
that coal of this characteristic burned in populous centers, al- 
though it may be cheap, nevertheless does much harm, and so its 
burning should not be permitted, especially when burned in do- 
mestic furnaces that smoke, 
since the soot particle is the 
ideal acid carrier. 

Next in order are West- 
ern Kentucky Special and 
Southern Illinois coals. 
Which is the better is de- 
batable. The apparent 
smoke given off by the West- 
ern Kentucky is less than 
that of the Southern Illinois. 
On the other hand, the first 
burned more readily giving 
a higher CO,. So if smokes 
from each are reduced to a 
common basis of equal den- 
sity at zero excess air, then 
the degrees of pollution 
caused by the two are 
about alike. However, the 
Western Kentucky Special 
had a higher sulphur content 
than the Southern Illinois. 
Opposing this was the fact 
that it also had a higher 
heat value, but these last 
two factors would hardly balance out. 

How the West Virginia Smokeless got to be called smokeless is 
a puzzle, since it certainly does smoke. Although fired with 
more care than it ordinarily would get it produced 46 min. of 
equivalent No. 1 smoke from the 50-lb. charge. Since, however, 
It was difficult to burn, the CO, was low, so that the equivalent 
amount of smoke pollution caused was equal to the Illinois coal 
which to the contrary is well known as a smoking coal. 

Referring to Fig. 11, test data are given for Eastern Kentucky, 
West Virginia Smokeless, so-called Illinois Standard, Illinois In- 
her Group, Western Kentucky Special, and Southern Illinois. 
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The low CO, and the simul- 
taneous smoke are apparent 
in all six cases, proving that 
smoke is due not to insuffi- 
cient air in the furnace, but 
rather to insufficient air at 
the right point in the fur- 
nace. With these the test 
data presented in Fig. 18, 
obtained with coke and an- 
thracite coal, should be com- 
pared. In the case of the 
coke the CO, was very high. 
The heating effect with the 
same draft, judged by the 
air temperature given off, 
was muchgreater. The flue- 
gas temperature also was 
higher, but that would be 
expected. With coke much 
less attention to the fire 
was necessary, as is indi- 
cated by the remarks. With 
coke, even though the heat- 
ing rate and the flue-gas 
temperatures were higher, 
the chimney loss was less 
than with any of the coal 
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There is a great difference in the coke grades, and the lower- 
grade, cheaper coke may be more satisfactory if the ignition point 
is lower. This is so, particularly in cases where the firepot diam- 
eter is small and a large portion of the coke is in contact with the 
chilling metal surfaces of the furnace. This happened to be the 
case with these two coke varieties; the Illinois coke could be fired 
with fuel-bed temperatures so low that an attempt to make fire 
with by-product coke would have been unsuccessful. 

Fig. 18 B gives a test with anthracite coal and a test with II- 
linois coke started with a dull fire. The CO, and the air tem- 
peratures as well as the flue-gas temperatures are remarkably 
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alike. The main difference is that the coke that was burned 
sells for $9 a ton and the anthracite at $16 a ton. An effort to 
duplicate the anthracite test with the by-product coke was, how- 
ever, unsuccessful, this no doubt because of the fact that the 
Illinois coke had a slightly greater content of volatile matter. 
With by-product coke the initial temperature had to be con- 
siderably higher. 

Fig. 19 shows tests with coals, one coal the Western Kentucky 
Special and the other the Southern Illinois, three tests of each. 
One series was high-rate new-fire, a second high-rate refired, and 
a third low-rate refired. The study of variations is most interest- 
ing. 

Domestic Heatinc O1 


Oil is a satisfactory fuel for domestic heating, and it is smoke- 
less when the installation is right. The objection to it is that it 
is rather expensive; in a way, a luxury. Per heat unit its cost in 
St. Louis is equal to anthracite coal, 50 per cent more than coke, 
and two to two and a half times as much as bituminous coal. 
Much of this difference may be offset by its higher efficiency. 
With hand-firing of solid fuels there are periods when the effi- 
ciency is fairly high and again other periods in the cycle when the 
efficiency is very low. The periods of low efficiency usually pre- 
dominate. Formal tests of domestic furnaces as ordinarily run at 
universities or by manufacturers are not at all duplicates of con- 
ditions usually existing in the homes. The efficiency therefore 
is often 60 to 70 per cent, while the efficiency in homes may often 
be as low as 10 to 20 per cent and the average for a 24-hour pe- 
riod around 40 percent. Fig. 20 illustrates such a condition. 

With oil the efficiency depends upon the burner performance 
and the design of the furnace. If the combination is right, if the 
furnace has sufficient heating surface properly arranged, and if 
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the burner atomizes and burns the oil without too great an excess 
of air, then the efficiency will be maintained around 80 per cent, 
and one could well afford to pay twice the amount for oil that he 
would pay for an equal amount of heat in solid fuels. 

A good type of oil burner very often is placed under a furnace 
that more properly should be scrapped. Often the unfortunate 
combination even is made of a poor burner and a poor furnace, 
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with naturally unsatisfactory results. Fig. 21 shows graphically 
the attempt made to improve a warm-air furnace so that oil could 
be burned efficiently. The flue-gas temperature was gradually 
reduced from 850 deg. fahr. to 700 deg. fahr., and then to 400. 
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This was accomplished partially with the burner and partially by 
increasing the heating surface, by increasing the air velocities, 
and by a better distribution of the air flow. A recent test on 
this furnace at a high oil-firing rate of '/,0 lb. of oil per square foot 
of heating surface has given a CO, of 15 per cent and a flue-gas 
temperature of 389 deg. fahr., with surrounding air of 104 deg. 
fahr. The efficiency was found to be 86.5 per cent, if the heat 
lost by radiation from the furnace placed in a building is consid- 
ered as useful heat. It is also interesting to compare the coal and 
the oil test curves of Fig. 21. Whereas the coal-fired furnace 
efficiency drops off rapidly at the higher ratings, this is not the 
case with the oil firing, which indicates that with oil a furnace 
could be operated at much higher rates. 


Tests With DIFFERENT TyPEs OF FURNACES 


All of the different furnaces and boilers tested could be classi- 
fied under one or the other of the following general types: 

1 Hot-water heater shown in Fig. 1. 

2 Warm-air furnace of Fig. 13, both with and without down- 
draft baffle. 

3 Warm-air furnace with forced air circulating system, fired 
with coal or oil. 

4 Sectional steam boiler shown in Fig. 16. 

5 Warm-air furnace with large economizer extension. 

6 Down-draft boiler of the type shown in Fig. 22. 

7 Sectional boiler with the so-called smoke oxidizer and sec- 
ondary air supply, shown in Fig. 23. 

8 Down-draft warm-air furnace equipped with air-cooled 
grates, shown in Fig. 24. 

9 Down-draft warm-air furnace operating with preheated air 
and secondary air supply, shown in Fig. 25. 
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Fic. 26 ComparRaTIVE CHART OF DIFFERENT BOILERS AND FuR- 
NACES 


The smoke densities of the different furnaces and boilers are 
given in Fig. 26. The hot-water heater of Fig. 1 smoked the 
worst, and conditions could not be improved no matter what was 
done. The only solution is to burn smokeless fuels, and even 
then the efficiency will be very low, since there is not enough heat- 
ing surface to absorb the heat and since the heating surface there 
is so arranged that there is no opportunity for intimate contact 
with the hot gases. A large portion of the heat transferred is 
lost by radiation. Convection heat transfer is of the poorest. 

Smoke from an ordinary warm-air furnace fired by the coking 
method is next shown, followed by a so-called smokeless boiler of 
the down-draft type, as shown in Fig. 22. The down-draft 
principle is really the only correct principle of burning bituminous 
coal. Large return-tubular boilers equipped with down-draft 
grates in small power plants are burning coals of smoking tend- 
ency, and they operate smokelessly without difficulty. Still 
these heating boilers could not be operated without smoke with 
the coels available in St. Louis no matter what was tried—thin 
fire, thick fire, special baffles in the furnace; there still was smoke 
and a considerable amount of it. With the smoke the CO, found 
was also very low, and again no matter what was tried there was 
little, if any, improvement. For a while this was a puzzle. Fi- 
nally the reason wasfound. Some parts of the upper grate had an 
active fire. Other parts, owing to the low rate of combustion, 
had a dead or only a smoldering fire due to the cooling effect of the 
water tubes. On some tests the grate surface actually active 
was less than a half. Through the remainder of the grate the air 
would enter the furnace as through a burned-out fire. The CO, 
therefore was quite low, and so was the furnace temperature. 
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A further contributory factor was the caking coal that would 
not permit uniform admission of air over the entire grate. Parts 
of the fuel bed operated at very low rates. The heat developed 
was so small that the heat abstracted by the water-cooled grates 
chilled the bed to below ignition temperature. 

Of course if the combustion rate had been as high as in a down- 
draft installation of a power plant, then proper temperatures 
would exist in the furnace and this type of boiler would also be 
smokeless. However, schools and apartment houses and homes 
require rather variable amounts of heat, and they seldom have 
available the draft of a power-plant chimney. Therefore what 
this boiler may do under exceptional ideal conditions does not 
count. A device to be called smokeless should be smokeless 
under ordinary conditions and even when receiving a certain 
amount of abuse orinattention. Fig. 27 presents data of one of 
the several tests made with this type of boiler. 

The boiler shown in Fig. 23 is also called smokeless. The smoke 
from the three tests made and plotted in Fig. 26 shows that it 
does make smoke and a considerable amount, if the fact is con- 
sidered that the CO, was low when the smoke was produced. The 
manufacturer in this case appears to have made quite an effort, 
and it is disappointing that the results are not better. However, 
performance during the last test was not at all bad. As can be 
noticed, air is admitted over the fire through the protruding cham- 
ber, but all tests show that there was more than enough air. 

The down-draft furnace shown in Fig. 24 is very interesting 
and promising. The upper grates are made of thick special 
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cast-iron flattened-shape hollow tubes slightly inclined. There is 
quite an air current through them, which tends to keep them 
cooled below the danger point for the metal, but not so low that 
the coal on the grate would be chilled too greatly. While tests 
were made, the results were not particularly good, but the fur- 
nace is still in the process of development. For example, the 
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GRATE IN REAR 


air-cooled grates are placed unnecessarily high, and so a fuel bed 
of the proper thickness cannot be maintained on them. This 
now is being corrected, together with other defects. 

Still another furnace of the down-draft type recently devel- 
oped is shown in Fig. 25. Several tests made under different con- 
ditions proved it almost smokeless. Fig. 28 contains data of the 
three most recent tests. The remarkably high CO, that is ob- 
tained should be noted. Even though the flue-gas temperature 
is fairly high the stack loss due to low amount of excess air used 
is quite low. After firing, smoke of No. 1 density is given off 
only for about five minutes. Considering with this the high 
CO, one must realize that this furnace is more nearly smokeless 
than any other domestic furnace or any furnace equipped with a 
device to handle or fire by any method to utilize smoking coal. 
It could well be used asa standard of comparison. It could truly 
be classed as ‘‘smokeless,”’ and to so advertise it would not be a 
misrepresentation. 


Devices FOR OBTAINING More EFFICIENT AND SMOKELESS 
ConDITIONS FOR Domestic FURNACES 


There are virtually hundreds of devices invented to eliminate 
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smoke from the existing furnaces. Some have a certain merit, 
others have a negligible value, still others are ridiculous, but all are 
accompanied by exaggerated claims. Since these claims at times 
are plausible, even those who 
- should know better are fooled. 
A method of merit is a 
plain arch as installed in the 
furnace shown in Fig. 29. 
The purpose of this arch is to 
lengthen the gas path, to in- 
crease the turbulence of gas 
in the furnace, to keep the 
l burning flame from coming 
TOP VIEW prematurely in contact with 
a the cool heating surface, and 
to force all gases to the rear 
of the furnace where they pass 
over a hot bed of devolatilized 
coal before they enter the 
heat-abstracting zones. A 
further purpose is to mix the 
lean gases with large air ex- 
cess from the front of the 
furnace with the rich gases 
more in the rear, and also to 
have combustion as complete 
as possible before the gases 
leave the furnace. 
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Fig. 30 shows another device of merit. It is a conical baffle 
placed in a stove, the purpose being to prevent the gases from 
short-circuiting to the outlet. With this baffle the combustion 
space is more equally utilized, the tendency to stratification is 
destroyed, and the incompletely as well as the completely burned 
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Fig. 35 Device For SuppLyinG PREHEATED AIR OvER Fine 


gases remain longer in the furnace, with the elimination of the 
control path. There is also more turbulence against the furnace 
walls. 

Fig. 31 is still another device of merit, apparently an out- 
growth from the down-draft baffle previously described. There 
are, however, objections. The vertical grate in the rear will have 
a tendency to limit furnace capacity. Made from metal it will 
not withstand the very high temperatures obtained at this point 
and made from refractory materials it will be subject to injury 
with poker or rake when a careless person works the fire. Any 
device that is not substantial in design and capable of with- 
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Fic. 36 Device ror ApMiITTING SEcoNnDARY AIR BETWEEN Com- 
BUSTION CHAMBER AND RADIATOR 


Fie. 39 Device INTENDED To ImpRovE FuRNACE Firing 
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standing abuse, even though otherwise it may be a good device, 
is not practical and will not find general application. 

Then there are innumerable devices for admitting air over the 
fire. Figs. 32 to 35 show some of them. Of these, that shown in 
Fig. 32 has probably the greatest excuse. It creates a pressure 
in the ashpit and delivers a certain amount of air over the fire, 
but there is almost always enough air over the fire, and the only 
excuse for more air is if this air delivers energy that will cause 
turbulence, better mixing, quicker burning, and higher tempera- 
tures. None of the devices in this group accomplishes these re- 
sults. 

Fig. 33 shows a device attached to the firing door. The air is 
supposed to enter, zigzag back and forth, and then pass into the 
furnace, preheated and as a jet of considerable force. But 
neither of these two expectations is reasonable. This slot through 
which the air enters the firepot is only */\5 X 4 in. in size, which is 
certainly inadequate for secondary air admission at the low 
velocity found with this device. 

Another device invented with good intention, but by test 
proved impractical, is shown in Fig. 39, the idea being that the 
hot refractory disk will supply a hot spot; but the trouble is that 
the disk first has to get hot, and that is not the only objection 
either. 

Fig. 40 compares the smoke produced by different smoke abate- 
ment devices with the results obtained by the coking method. 
For the coking method two tests are taken, one a fair sample and 
the other the worst on record. Test A was with the firebrick 
disk just described, and as may be noticed the smoke was plenti- 
ful. Tests B and C were with two of the devices for air admission 
over the fire mounted on the door as illustrated in Figs. 33 and 
34. It again will be noticed that the results obtained by the 
coking method when carefully fired were better than was the 
case with these devices. Fig. 41 gives more details of these tests. 

The application of a blast of preheated air over the fire bed has 
been successfully used in abating smoke in large forced-draft 
boiler installations. If suitable equipment for forcing the air 
over the fire can be developed, there seems to be no reason why 
this method could not be used effectively in small furnaces. Ex- 
periments conducted on a steel-shell tile-lined warm-air furnace 
to which either diluted flue-gas or cold air could be forced through 
a nozzle in the firing door by a hand-operated fan indicated very 
promising results. Table 3 presents some specific results that 

were obtained. 


TABLE 3 TESTS WITH WARM-AIR FURNACE 


Flue-gas 

Smoke, CO: in tempera- 
Condition of air through nozzle in Ringelmann flue gas, ture, 

door No. percent deg. fahr. 
100-deg. air, high velocity..... None 12.2 957 
500-deg. flue gas, high velocity...... 1/2 14.0 871 
100-deg. air, low velocity........ .. 2 14.2 754 
100-deg. air, high velocity.......... None 13.6 817 


These tests indicate that the smoke can be practically elimi- 
nated if the air jet has a high velocity, about 50 ft. per sec., and 
that there is an increase in the rate of combustion. The test 
using flue gas greatly reduced the smoke though it did not com- 
pletely eliminate it. The turbulence and higher temperature 
secured seem to be the factors that eliminate the smoke by this 
method. A method is being devised for producing turbulence in 
the furnace by means of an impeller within the combustion cham- 
ber, and this may produce some good results. Forced-air in- 
jection over the fire could be applied to many types of furnaces 
where no other method could be used, and is worthy of special 
consideration because of that fact. 

Summarizing the value of these devices, the brothers of a thou- 
sand similar others, one may say that the results show that these 


devices are not smokeless and do not increase furnace efficiency. 
True, the devices do improve smoke conditions if compared with 
the bad example shown of firing by the coking method (Fig. 40 E), 
but such slight improvement does not warrant the expense of the 
installation or justify the existence of the device. The coking 
method if handled with care will give better results than any of 
this last group of devices. 


Discussion 


Evmer L. Kyve.* The author has awakened many to the 
engineering side of combustion in domestic furnaces. Un- 
doubtedly this has enormous possibilities. While the meeting 
is the second of a smoke-abatement program, the engineering 
society has created an interest, as well as a demand, for better 
combustion in domestic furnaces, as well as for high-pressure 
steam boilers. 

Realizing the need of this phase of ‘fuel engineering,” the 
University of Pennsylvania has included a _fuel-engineering 
course in the curriculum and has established a most competent 
staff to teach all phases of this interesting subject. Likewise 
the Holland Furnace Company at Holland, Mich., recently has 
opened a Thermo-Efficiency Institute. 

It is said that the design of the average household furnace 
has not been changed materially in the past 80 years. Conse- 
quently, there has been no improvement in conveniences below 
the first floor line of the home. In contrast to this, the electrical 
industry had developed electric irons, vacuum cleaners, wash- 
ing machines, dishwashers, electric stoves, and numerous other 
household conveniences. For many years I have believed that 
there should be some radical changes made in household furnace 
design through proper research embodying sound engineering 
principles, coupled with many new automatic conveniences as 
part of the furnace. In the case of a warm-air furnace, it should 
be possible to include a magazine feed, automatic humidifier, 
automatic regulator; automatic ash remover, and a more sensi- 
tive draft control to regulate combustion to a finer degree than 
the crude methods now in use. 

I have approached several manufacturers for the purpose of 
doing some research work in this connection and have met with 
strenuous opposition every time. The chief objections offered 
by these manufacturers are the first cost and their belief that 
there is no demand for such a unit. I have suggested that if 
this objection was followed by automobile manufacturers we 
would still be in the 1902 age of motor cars. Further, I have 
stated that people replaced a 50-cent broom with a $50 vacuum 
cleaner; hence to day the average person is willing to pay for 
conveniences if such convenience is satisfactory in its operation 
and not excessive in its cost of upkeep. 

In the matter of smoke abatement covered very carefully in 
the paper through the author’s change in design of the combus- 
tion chambers of the average household furnace, the matter of 
the use of coke has not been emphasized to accomplish the same 
results. 

The use of coke in household furnaces requires much initial 
education in territories not accustomed to its use until the public 
learns how easy it is to use. Much educational work has been 
done in the City of Detroit and the State of Michigan, until 
it has resulted in a partial solution of the smoke-abatement 
problem. Most of the objections to the use of coke are mental, 
and we manufacturers have issued coke bulletins and basement 
cards to educate the public, thereby aiding in the problem of 
smoke abatement in many localities. 

The use of coke for the home has been recognized as an econo 
mic factor in our national life as far back as 1909, when the Bureau 


3 Semet-Solvay Company, Detroit, Mich. 
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of Mines issued a Bulletin No. 242 termed, “Why and How 
Coke Should Be Used for Domestic Heating,”’ by A. C. Field- 
man and Henry Kreisinger. 

In addition to the work outlined by the author, it is possible 
that research work could be carried on by the various universi- 
ties other than the University of Illinois. Several years ago I 
had the opportunity to discuss this with Dr. White, Chief of 
the Research Bureau of the University of Michigan. He was 
of the opinion that if some manufacturer would cooperate finan- 
cially with the bureau they could develop a plan of public edu- 
cation aimed not only at smoke abatement but better combus- 
tion in existing furnaces, with perhaps a few minor changes in 
their present construction. Such efforts could be available 
to the people of the State of Michigan, where they enjoy the 
confidence required for this educational work. 


Harotp ALMeERT.‘ Fundamentally we are up against one 
very difficult problem in getting better furnaces into the homes, 
for the reason that we have not made the public smoke abate- 
ment and fuel saving conscious. That job has to be done first. 

When you consider that the average cost of homes built in 
recent years is $4720 per family, excluding the cost of real estate, 
you can see how little they are willing to spend for the home 
heating plant, and also more and more homes are being built 
by speculative builders, instead of by the individuals themselves, 
and very few homes are being built that employ an architect. 
Where a man is building a block of houses at one time, $3 or $5 
or $8 difference in the cost of the furnace makes a big difference 
with him, and he ignores the fuel efficiency and smoke making. 
Therefore J do not think it is so much that the manufacturers 
do not know how to build a good furnace that will be economical 
and smokeless as that if and when they bring out a furnace that 
costs $5 or $10 or $15 more than another they are simply out 
of luck. Therefore it seems to me that the biggest job we have 
on our hands is to make the public smoke abatement and fuel 
saving conscious to such an extent that they will require and 
will be willing to pay a better price for more efficient home heat- 
ing plants. 


NoLtan W. Mauer.’ About five years ago I was called on 
to design a set of warm-air furnaces and started out to gather 
sufficient data, and I found none except at the University of 
So I took what they had there and used it as far as 
I was also informed that I should not dare deviate 
from the usual run of warm-air furnaces because the warm-air- 
furnace people did not feel that they should pioneer a new field, 
and therefore they had to follow along the lines of the usual 
warm-air furnaces. But I feel that if the usual furnace is han- 
dled properly they can get along with it and do fairly decent work. 

While I was gathering the data necessary to go ahead and de- 
sign these furnaces, I ran across a little booklet that was printed 
by the Province of Alberta, Canada, and this described the proper 
method of fueling domestic furnaces. It gave the B.t.u. values 
of all the coals obtainable in that region, also the methods by 
which to handle them to ignite the volatile matter and of course 
to reduce the smoke considerably, and I thought it would be 
well if our smoke-abatement people in Cleveland and St. Louis 
and other cities should get out a booklet such as this one which 
illustrates the subject in colors so that an ordinary boy can 
understand it. If these books were printed and were given to 
the coal people, and in turn passed on to the people who were 
purchasing coal, I think the average layman would gradually 
eliminate the smoke nuisance. 


_ ‘Columbia Engineering & Management Corporation, New York, 
N.Y. Mem. A.S.M.E. 
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P. Nicnouts.* The author is to be commended for his ex- 
cellent and very practical paper. It can be granted that no de- 
vice will eliminate smoke unless it is based on one of the two 
principles of either passing the gases through a hot fuel bed or 
into a combustion chamber which is maintained at a high tem- 
perature; even most automatic feeding devices will require care- 
ful attention if smoke is to be absent at all times. The secondary 
air devices may help somewhat when burning at higher rates, 
but they cannot be effective when their help is most needed— 
that is, when a fresh charge is fired and the temperature of the 
combustion space is low. I would suggest, however, that the 
conditions under which the devices were tested were not suffi- 
ciently uniform to show up their relative help in effecting some 
abatement of the smoke or some improvement in efficiency. 

While the main object of the paper was to discuss the re- 
lation of the tests to the smoke produced, it also brings out many 
points of interest in connection with combustion and efficiency. 

We have been making a rather intensive study of the char- 
acteristics of the fuel beds of domestic boilers, not because we 
expect the data obtained will be of much help to the user, but 
rather to get fundamental data on the relation of the characteris- 
tics to the type and size of the fuel. The characteristic of most 
interest in connection with the paper is the quantity of air which 
should be supplied above the fuel bed. The Bureau of Mines 
is often quoted as having stated that 40 per cent of the total 
air required must be supplied over the fuel bed; the context 
accompanying the statement shows that it applied to a fuel 
bed of adequate depth, burning a given sized fuel, and without 
holes or side-wall leakage; it should not be applied to a do- 
mestic furnace in which unburned oxygen leaks around the sides 
of the fire pot and the conditions are different. 

The actual amount of secondary air depends on the depth 
of the fuel bed, the type of fuel, and particularly on the size 
of the fuel pieces; it also decreases with the size of the fire pot 
because of the greater cooling effect of the smaller size. As- 
suming a 20 in. diameter fire pot and an initial depth of 17 in. 
of high-temperature coke, and letting it burn till it requires 
refiring, we found that if the coke had an average screen size 
of 13/,in. then no air need be supplied over the bed, since sufficient 
will pass through it to give a high CO,. When using such a 
coke the air slots in the firing door could be kept closed. Larger 
size coke pieces passed more air through the bed than was re- 
quired. As the size decreased the quantity of secondary air 
needed increased rapidly, and with a #/,-in. average size, 30 
per cent of the total air should be supplied over the bed. 

It is thus evident that the size of the fuel used must be stated 
when comparing the CO, obtained in the flue gases. There is 
little difficulty in adjusting dampers to get high CO, in most 
domestic heaters provided the right size fuel or a sufficient depth 
of fuel is used. The householder has to guess at the correct 
setting of his dampers and has no markings to indicate their 
positions for a given type and size of fuel. 

The advance in that respect made by boiler manufacturers 
has not been great. Comparing it with radio, for example, 
four or five years ago one bought a set with several dials and 
had no guidance on how to set them to get a given station; today 
there is nothing to do except to set one dial to a given number. 

Of course, the conditions are harder and more complicated 
with boilers, but one would think it would at least be a good 
selling point for the manufacturers to experiment with the fuels 
of a given district and to put indicating marks on their dampers; 
that would at least give a user a setting that would produce 
good average results instead of leaving it all to his power of ob- 
servation or his common sense. 

The tests made by the author show that even the best so-called 

6 U. 8S. Bureau of Mines, Pittsburgh, Pa. 
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“smokeless” devices require skilful handling and continual 
care; they cannot be expected under average use to do more 
than produce some abatement in smoke. On the other hand, 
the author clearly shows his desire to have smoke elimination. 

Smoke campaigns have gone no further than to ask for abate- 
mant. If you seek elimination, then I think a new line of attack 
will be needed in which the preaching of better methods of fir- 
ing or modification or present domestic furnaces would not be 
sufficient because they are not able to procure elimination. 

We want any smoke abatement that is possible, but the argu- 
ment that we can get elimination or even material abatement, 
especially in the domestic field, without extra expenditure of 
money is not reasonable. We can get improvement, but we 
should be willing to pay more money, either for fuel or for equip- 
ment. 

The question is whether we are ready to make such a radical 
demand on the householder. We have during the past ten years 
seen him change to paying, without demur, $50 for a carpet 
sweeper in place of 50 cents for a broom. Is it not possible 
that he could comparatively soon be induced to pay a higher 
price for a smokeless fuel or for another method of heating, es- 
pecially as the benefits to the housewife would be more than 
those from the mechanical sweeper? 


Wituram C. Skinner.’ This is an important subject—re- 
ferring to the results which may be obtained by efficient firing 
of domestic furnaces, providing the furnace is installed so that 
it can be thus operated. Having been for some time past en- 
gaged in the manufacture of domestic furnaces, whereby smoke- 
less operation and therefore greater efficiency may be produced 
than is now obtained from the average domestic furnace, I de- 
sire to offer a few suggestions. One that must be seriously con- 
sidered is the correction of the practice of many contractors 
or builders, who at this period are building small houses in large 
numbers to be sold on the installment plan or otherwise and 
who show great neglect in providing the heating plant for the 
home. I find serious loss to the buyer of this type of home, 
not only from improper chimneys, lack of capacity of the fur- 
nace, and cheap construction, but in the unscientific and unhealthy 
plan generally employed of installing these furnaces. 

A very cheap or even a poorly constructed furnace could be 
made to produce far better results than usually obtained under 
present conditions if the contractor or builder were forced by 
law to install every furnace according to what is known as the 
“standard code,” then protection in many ways would be given 
to the buyer of the home or the family occupying it. 

Would it not be wise to promulgate some definite policy or 
plan so that public bodies or officials would be induced to adopt 


7 Furnace Manufacturer, Cleveland, Ohio. 


ordinances for the enforcement of a code that should compe! 
contractors or builders to install heating furnaces for domestic 
use on a scientific basis? This plan would result in protection 
of health, the same as ordinances in many cities on the installation 
of plumbing for safe and sanitary connections with sewers and 
for other work. There are also ordinances or laws which com- 
pel electrical contractors to use scientific care in all wiring and 
connections for the protection from fire. 

If this protection could be given to the home buyer in the 
heating and ventilation of his home, he would be assured of 
proper circulation and humidification of air, It would end the 
unhealthy practice of taking stale or foul air from the base 
ment for the supply of warm air for the living quarters and 
would eliminate the possibility of installing furnaces two or 
three sizes too small. 

The furnace manufacturer would then be protected from un- 
fair competition, the buying public protected from the stand- 
point of health, and there would be a saving of money in the 
production of heat, thus paving the way for the elimination of 
smoke and the saving of fuel, all of which are of vital importance. 


Wituiam G. Curisty.* The test that the author made on 
down-draft boilers as compared with the so-called smokeless 
type of boiler was interesting. There is an idea among the 
laity that the down-draft boiler is a magic solution of the smoke 
problem, and I understand that movements have been afoot in 
some cities to bar all other types of boilers and that they would 
approve only installations of down-draft boilers in new build- 
ings. 

Our experience in St. Louis has been that the average fireman 
can do a better job with the smokeless type of boiler than he 
can with the down-draft. We attribute this to the fact that it 
seems to be much harder to train a man to fire a down-draft 
boiler properly. I am speaking of the heating plant, not of the 
high-pressure plant. The average janitor will not take the pains 
to handle the down-draft boiler properly. 

An owner of a building called us in to help him out. The 
boiler was being fired for the first season, and the thermometer 
dropped down to 15 deg. above zero. They could not get the 
building warm, despite the fact that the boiler was large enough 
for a future addition to the building. It was a down-draft boiler. 
The ashpit was full of ashes and clinkers, the middle grates 
filled to within 2 in. of the water grates with ashes and clinkers, 
and the opening in the flues about as big around as your finger. 
The flues were 3/2 in. in diameter, but the rest of the space 
was full of soot; and yet they were trying to get their building 
heated under such conditions. 

8 Sales Engineer, Fire King Stoker Co., St. Louis, Mo. Mem. 
A.S.M.E. 
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Problems and Methods in Smoke-Abatement 
Work 


By H. K. KUGEL,! CLEVELAND, OHIO 


up smoke-abatement work. Each newcomer in the 

field must struggle with various problems, many of 
which have been encountered by others. There appears to be no 
medium for the interchange of these experiences. Most of the 
literature on the subject deals mainly with combustion. The 
author aims to present some of the problems involved and the 
solutions reached in Cleveland’s campaign against smoke, as 
well as the methods by which the Smoke Department works. 

A smoke department, to function properly, must be effectively 
organized. The commissioner or chief inspector must be a 
technical man who can command the respect of the engineers 
of the community. He must surround himself with competent 
men. The inspectors in the field should be practical men, 
preferably with an operating 


ORE AND MORE are cities both large and small taking 


vations or “stack readings’ as easy as possible. To this end 
it has encouraged the men to find points from which a number 
of stacks can be seen at once, and in bad weather, preferably 
from inside stores, gasoline stations, and the like. 

Over three hundred points of observation have been located 
from which four or more stacks can be seen at one time, and in- 
structions are given to use these points regularly during the 
heating season. 

In order to facilitate taking simultaneous readings an observa- 
tion blank has been developed (Fig. 1). The left half of the 
blank is folded under, so that only the chart shows; and then 
these blanks are put up in double pads of two chart blanks, side 
by side. Two of these double pads are then placed in a book 
so that four chart blanks are close together in a row across the 


engineer's license, who can 
necessary prescribe for it on 
the spot. The office end must o—_ 7 
organized that it can City of Cleveland ele | e 
Department of Public Safety 0 
take care m —— 
of reports and records a SMOKE INSPECTION REPORT — 444 
proper manner, so that they 
are always available for refer- Polat ef Observation 25 | | 48 | 
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In Cleveland there has rather Stacks 
been a belief in specialization. [| 
Two men make nothing but Wind | 
makes marine inspections, 153 

belongs to the Smoke Depart- weesftsfssfiaay | 57 | - 
ment); the remainder work on + + 
stationary plants. 

In turn the stationary-plant 
fined districts in which to work 
so that they may become thor- 
oughly familiar with the equip- Fic. 1 Smoxe Inspector Maxes His Recorp on Tus CHart 


ment of all buildings in them. 

The inspector thus learns to know who are the potential violators, 
which fireman is careful, which owner can be trusted to keep 
the proper kind of fuel, what plants need improvements, and the 
other innumerable details. The inspector keeps an alphabetical 
loose-leaf notebook in which he lists all his “customers,” with 
their equipment and the dates of observations and violations. 
He then does not have to depend on his memory in order to 
determine when to make his next inspection. 

The four men who have the largest districts use automobiles, 
and the others who are in the more congested districts travel on 
foot. Both methods have advantages, but on the whole being 
on foot is better except in a district in which the buildings are 
widely scattered. 

The department has endeavored to make the taking of obser- 

Deputy Smoke Commissioner. Mem. A.S.M.E, 

Presented at the Second National Meeting of the A.S.M.E. Fuels 
Division, Cleveland, Ohio, September 17 to 20, 1928. 


book and can be used with ease at one time. The left half of the 
blank, which has been folded under, has space for further detailed 
information which is filled in after the reading for the smoke 
charts has been completed. By this means the number of daily 
readings per man has been considerably increased. 

The “tower” system has been used to a limited extent. A 
number of buildings have been selected from which fifteen to 
twenty-five stacks can be seen, and the men use these at irregular 
intervals. It has been found that one must be careful in making 
observations at a considerable distance. Smoke appears to be 
more dense from a distance than when close up, and an error 
can easily be made. Discrepancies have been noted in the 
observations of two men at different distances, and it is expected 
to check this further. 

The inspectors ordinarily work from 8 a.m. to 4:30 p.m., 
with the necessary time out for lunch and for reporting at the 
office. As the work has progressed and improvements have 
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been made, it has become increasingly difficult to observe 
violations during the regular hours. Therefore the working time 
has been changed frequently, the men on some days getting out 
early in the morning and at other times covering the evening 
hours. This has given good results, as many plants have felt 
secure in “‘cheating’’ during these periods. A number of plants 
which can get along all right during the day seem to have trouble 
in staying within the ordinance in the first few hours. This 
has resulted in several worth-while improvements being made. 

The district inspectors have one definite instruction, ‘Watch 
for the smoking stacks.” 

As a rule, with the average heating plant, when the first 
violation is obtained, the inspector goes into the boiler room and 


given a nolle prosequi when an improvement was made or prom- 
ised before the case was called. Court cases frequently get into 
the hands of lawyers who string the cases out for months with 
their “continuances.” As an example, this past winter there 
was the case of continued violations on a heating plant, the trial 
for which did not occur until after the plant had been shut down 
for the season. 

Most people do not wilfully violate the ordinance. Care- 
lessness in firing and the wrong kind of fuel account for the ma- 
jority. A second visit to the office may be required, or a definite 
appointment with the owner at his building will often serve to 
clear up a good many cases. Cooperation must be the watclh- 
word in this kind of work, but of course it cannot be all one-sided. 

With manufacturing and 


c c siete similar plants the procedure 
ITY OF CLEVELAND — varie »what 
DIVISION OF SMOKE PLANT RECORD must be varied somewhat. 

There is no cut-and-dried for- 
pate mula except that a “never 
NUMBER BOILERS ' ending pressure” must be kept 
-MAKE BOILER | — up. In general the same 

"HORSE POWER BOILER | __ $$ |] J heating plants—to make the 
BOILER | |. — —| superintendent or manager 
_TYPE OF SETTING violations, and to repeat this 
-STEAM JETS | ae aaa if necessary. It usually takes 
“SIZE BREECHING | some time to _convince them 
_NUMBER OF BENDS that they do violate the smoke 
STACK |- ordinance. They always think 
that it is the fault of the fire- 
_FUEL ite man and that after he has 
REMARKS been threatened with dismissal 

it will not occur again. Upon 

the second visit to the office 

o7 on 0299 the proper frame of mind to 

say, “We will do whatever 

Fic. 2. Derarts or PLant VioLaTinG SMOKE ORDINANCE ARE TURNED IN ON THIS BLANK you say,” but often with the 


notifies the fireman. He makes a record of the equipment, if 
he has not previously done so, on a form (Fig. 2). He notes 
whether there is any work necessary such as closing up openings 
around the breeching, repairing return lines, and, most important, 
whether a change of fuel is necessary. In all probability he will 
question the fireman as to his method of firing, and if incorrect 
will give him instruction in the proper method. The inspector 
then tries to see the owner or manager if he is on the premises, 
in order to notify him of the violation. 

Upon his return to the office in the evening, the inspector makes 
his report, and the next day a letter is sent out direct to the 
owner advising him of the violation. With the ‘smokeless’ 
types of boilers short firing instructions are sent, while with the 
“non-smokeless” types a request is made for a change to smoke- 
less fuel (less than 21 per cent volatile). 

After a week or ten days has elapsed, the inspector checks this 
place again, and if he secures a violation, he either gets immediate 
action by a change of fuel or issues a notification to the owner 
or manager to come to the office the following morning. There 
the case is talked over, and advice is given as to better firing, 
change of fuel, new equipment, or the like. 

If a third violation is secured, the case may be taken to the 
police court. It is, however, the policy of the department to 
avoid court cases whenever possible. As proof of this the de- 
partment caused only 32 cases to be taken to court in 1927. 
Five of these were fined, one was dismissed because the manager 
was arrested instead of the owner, while the remainder were 


mental reservation of “any- 
thing that won’t cost any money.” The effort is to try to 
sell them the idea that fuel saving and eliminating smoke go 
hand in hand. A big help in this is to have letters from repre- 
sentative industries which have made worth-while savings. 
Occasionally this method does not work, and it becomes necessary 
to start court action, but usually these have been nolle-prossed 
upon a definite agreement for a program of improvement. 

The inspectors generally offer a certain amount of engineering 
advice, depending on the size of plant and type of person oper- 
ating it. At all times they talk stoker on general principles and 
often give the location of several plants where different makes 
can be seen in operation. If the stoker idea does not take hold 
they may advise lowering the grates and putting in a “Chicago” 
setting with steam air jets. The department has its own draw- 
ings for both of these. If draft conditions are thought to be 
poor, the inspectors may take draft readings, and if necessary 
advise a higher stack or change in the breeching. A man may 
be sent out to show the proper method of firing. If the plant 
is of any size or the job offers any complications, the employ- 
ment of a consulting engineer is advised. This latter method is 
preferred, for advice that is paid for is more likely to be acted 
upon than something that is gratis. 

It has been found that with hand-firing of bituminous coal 
there are certain types of equipment which are almost sure to 
cause smoke violations, such as: 

1 Vertical fire-tube boilers 
2 ‘“Economic’”’ type double-pass boilers 
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3 Steel firebox boiler, either with or without fire arch 
4 Small Scotch marine boilers 

5 Low-set horizontal return tubular boilers 

6 Updraft cast-iron sectional boiler (non-smokeless) 

7 Small coal-fired water heaters. 

Generally speaking, with the foregoing types of boilers, the 
only remedies are to change to a smokeless fuel if hand-firing is 
to be retained or to install a stoker. 

Vertical fire-tube boilers are common among small dairies, 
dry-cleaning establishments, and wherever a very small amount 
of high-pressure steam is required. They are most common 
from 10 to 30 hp., as a boiler in Ohio under 30 hp. does not re- 
quire a licensed fireman. The boilers on locomotive cranes and 
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DETAIL SHOWING APPROX- 
IMATE POSITION OF DRILLED 
HOLE IN IGNITION ARCH AND 
PIPE INSERTED THEREIN 
ALSO THE POSITION OF JET. 


The self-contained steel firebox type boiler is exemplified 
by a number of heating boilers. Many of these are single- 
pass fire-tube, while a more recent tendency seems to be toward 
a water-tube unit. Some of them have a fire arch, while others 
do not. None has over-fire air admission. A skilfal fireman 
in cold weather when the load is heavy can fire the fire-arch 
type smokelessly, but the inspectors have rarely found a job 
where this is being done regularly. In mild weather they are 
particularly hard to handle. Smokeless coal is therefore the 
best thing to use. An underfeed stoker makes an excellent combi- 
nation if the boiler is raised or the stoker pitted. A minimum 
distance of 48 in. from the stoker tuyeres to the boiler shell is 
required. 
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Fic. 3 Cures Have Been Errectrep on Cuatn-GrRaTe INSTALLATIONS THAT CAUSE SMOKE VIOLATIONS BY ADVISING STEAM JETS 


steam shovels are of this type, but are of greater horsepower. 
Steam air jets will absolutely eliminate smoke on vertical boilers, 
and there are a great many such installations. However, the 
department has had much trouble in making the operators use 
them regularly, and both it and the owners find that it is more 
satisfactory to use smokeless fuel. There is one 30-hp. 
boiler working satisfactorily with a small underfeed stoker. 
The newer cranes and shovels coming into the city are practi- 
cally all operated by internal-combustion engines, while some of 
the older ones are equipped with oil burners. 

By “economiec”’ type boiler is meant the self-contained double- 
pass tubular boiler. They seem to find their greatest use in 
small laundries as they cost but little to set up. There are a good 
many of them in the city, but very few new ones are now being 
installed. The department has tried raising these boilers and 
lowering the grates to get more combustion space, installing 
overhanging bridge walls with air admission, steam air jets, 
and even a combination of all three, but it has never been possible 
to produce a job that will perform satisfactorily. As a result, 
the department no longer tries these expedients now, but in- 
sists that smokeless coal be used. Underfeed stokers give ex- 
cellent results if the boiler is raised on its foundation, as also 
do “Dutch oven” furnaces. 


The small Scotch marine boiler from 30 to 50 hp. is found largely 
among dairies and dry-cleaning establishments. Its principal 
recommendation is that it is good for high pressure and is easily 
installed. Steam air jets and reverse arches have been tried 
on these but with indifferent success. A few are improved with 
an underfeed stoker set in a ““Dutch oven,” but the main reliance 
is in smokeless coal. 

Many of the older buildings of the city are heated by return- 
tubular boilers, set generally about 24 in. from grates to shell. 
Poor draft conditions are common to these, which of course is a 
contributing cause of smoke. There are some of the poorest 
breeching layouts on these jobs that can be imagined. Then, 
too, the fireman more often than not is the janitor as well, and 
so has many other duties to perform which take him away from 
the boiler room for long periods. Such men have little interest 
in their jobs, and as the owner is located elsewhere, there is no 
supervision whatever. The results can be foretold with certainty. 

The clearance in these boiler rooms is generally so limited that 
it is impossible to raise the boiler, and sewer connections or 
foundations make it difficult to pit. Limited space often pre- 
vents a stoker installation, so in the majority of cases there is 
not much choice of what to do. Even steam air jets are out of 
question on these low-pressure jobs. 
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Where conditions permit, considerable success has been at- 
tained by lowering the grates to obtain more combustion space, 
installing arches, mixing piers, etc. (the Chicago No. 6 setting is 
favored), steam air jets (if the pressure is above 40 pounds), 
or paneled doors. This has been particularly true in manufactur- 
ing plants where there is a full-time fireman with competent 
supervision. It is only under light load conditions when the 
brickwork is not kept hot that the fireman is likely to have trouble. 
Then the advice is given to use the coking method of firing, but 
for normal operation the alternate method is by far the better. 

The return-tubular boiler lends itself to stoker firing, the under- 
feed stoker being the most satisfactory for most of the coal in 
this district. The department endeavors to obtain a minimum 
of 48 in. from stoker tuyeres to shell. The results are certain 
and the savings large, and it is believed that this is the real solu- 
tion for this class of boilers. The recommendation is made that 
all boilers over 100 hp. be stoker-fired. 

The old-style cast-iron sectional boilers are numerous in the 
For hand-firing there is no use bothering with any- 
When conditions permit, a stoker 
will make the desired improvement. There are several on the 
market that can take care of any sized boiler. On small sizes 
we have set 40 in. as the minimum distance from the tuyeres to 
the upper heating surface of the boiler and 48 in. on the larger. 

Hot-water heaters cause peculiarly annoying violation, partic- 
ularly in the summer time when windows and doors are open. 
Most of these heaters were designed for the use of anthracite 
coal, but not one in a hundred is used with such fuel. The 
majority are fired with the same kind of coal as used in the heating 
boiler, which of course is mostly bituminous. A violation of 
about 9 to 11 minutes is the result. An egg-sized semi-bitumi- 
nous coal (low volatile) works very well in these heaters, and 
that is the usual recommendation. Gas is the ideal fuel, but the 
cost is greater. The usual boiler room has a limited coal-storage 
space, so in the winter time it is inconvenient and sometimes 
almost impossible to store two different kinds of fuel. Some 
buildings have to go to the extreme of bringing the low-volatile 
coal into the boiler room in bags and bushel baskets. It is not 
difficult to imagine that they are liable to “cheat” occasionally. 
Some manufacturer should develop a hot-water heater for use 
with bituminous coal that will prove smokeless. 

In order to add zest to the life of the smoke inspector, the local 
coal companies increase the difficulties by reason of a wide- 
spread custom in the use of a so-called ‘furnace mixture,’’ which 
is a mixture (usually 50-50) of “Pocahontas” slack and lump 
bituminous coal. They prescribe this for all smoke troubles, 
but the records show that it does not produce satisfactory re- 
sults; in fact, it is little better than straight bituminous coal. 
So far the coal companies have not cooperated in this respect, 
owing probably to the fact that they have a large amount of this 

“Pocahontas” slack to dispose of in some manner or other. 

The Cleveland Smoke Department has tried to discourage the 
installation of new boilers of any of the foregoing types for 
hand-firing. When a man persists, the owner is required to 
sign a “fuel agreement’’ to burn only a smokeless fuel. This 
arrangement is not liked, as it makes it necessary for the depart- 
ment to watch these places continually to see that they keep 
their agreement, and furthermore it is preferred to see bitu- 
minous coal used wherever possible. The only exception to 
this is in the case of return-tubular boilers. Permits are not 
required for the installation of hot-water heaters, so the depart- 
ment cannot control the fuel for these until after they are in use. 

The down-draft boiler is preferred for most of the purposes 
for which hand-fired boilers are used. The results secured with 
this type of boiler have been excellent with the exception of a 

number of those over 100 hp. The down-draft boiler is not 


extreme. 
thing but a smokeless fuel. 
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altogether fool-proof, but when once the trouble is located the 
method for improvement is absolutely definite. 

It has been indicated rather definitely that, so far as stokers 
go, the underfeed has given the best satisfaction. There ar: 
numerous other types of stokers in use which may be tabulate:! 
as follows: 

1 Traveling chain grate 

2 V-type overfeed 

3 Front-inclined gravity feed. 

Most of the chain-grate installations in Cleveland are oli 
and have comparatively low settings as judged by modern prac- 
tice. Practically all of them have been violators, and “cures’’ 
have been effected in them by the use of steam jets. A typical 
installation is shown in Fig. 3. This plant reported an increased 
evaporation of approximately 1 lb. of water after these jets 
were installed. No new chain grates have been installed in the 
past two vears. 

There are more V-type stokers in the city than any other kind, 
most of them on return-tubular boilers. Probably three-fourths 
of them have been more or less regular violators. They are 
prone to smoke when overloaded or underloaded, when the coal 
is not sized properly, or when the ash tends to melt and clinker. 
Their construction invites the use of a slice bar, so that they 
cannot be considered at all fool-proof. It has been hard to clean 
up some of these jobs. A few have used smokeless coal with 
good success. A great improvement has been obtained in a hali- 
dozen plants by the use of a row of steam jets along each sie 
just under the arch. There are at least twenty-five similar in- 
stallations being made this summer for use next winter. In 
the past two and one-half years only two of this type of stoker 
have been installed, and they were in plants which already had 
similar stokers. 

The front-inclined overfeed stoker is the worst stoker offender 
in this locality. It is safe to say that there has been trouble 
with every installation in the city regardless of make, although 
some are worse than others. The best thing is to take them out 
and put in underfeeds, and the department has been fortunate 
in doing this in several places. Steam jets have worked out 
fairly well; two jets at the front making an inclined V seem to 
work the best. For once the manufacturers agree with the 
Smoke Department, for they all advise jets too. Adding a 
reverse arch back of the bridge wall has often helped. At the 
present time the department is seriously considering refusing 
permits for any further installations of this type of stoker. 

Powdered-coal installations are not very numerous as yet. 
So far as smoke goes, they are satisfactory except that when 
they do smoke there is no half-way measure about it. The 
trouble has been that the operators get the idea that these 
plants cannot smoke and as a result grow careless. The instal- 
lation of a “smoke indicator’ has been a help. The fly-ash going 
out the stack has not been objectionable in the smaller plants. 

In considering smoke abatement work it is commonly assumed 
that boilers of one kind or another are the only problems en- 
countered. If this were true, the engineering features involved 
would be comparatively simple. However, in an industria! city 
like Cleveland there are many other kinds of fuel-burning 
equipment with which to contend, and some of them are: 


1 Annealing furnaces 
a Malleable iron 
b Wire 

2 Melting furnaces 
a Iron 
b Scrap metals 
c Converters 

d Open hearth 
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3 Reheating furnaces 
a Pair 
b Regenerative 
c Soaking pits 

4 Coke ovens 

5 Enameling ovens 
a Continuous 
b Batch 

6 Brick kilns 

7 Stills 
a Oil and tar 
b Acid 

8 Asphalt plants 

9 Tar kettles 

10 Incinerators 

There are also certain fuels with which the department has 

to contend that are difficult to handle smokelessly, such as: 
1 Wood 
2 Tar 
3 Producer gas 

Then for good measure may be added the problems encoun- 

tered on: 
1 Locomotives 
2 Lake freighters 
3 Tugs 
4 Dredges 

It will be impossible for the author to go into detail in regard 
to the work that has been done on the foregoing equipment. 
Much yet remains to be done. Suffice it to say that all of them 
have been attacked, and definite progress is being made. As 
always, the human factor plays a large part, as it is necessary 
that such operations be watched closely if anything approaching 
smokeless operation is to be obtained. Some plants have made 
a practice of having the “heater” or his helper look at the stack 
every ten minutes and mark down its condition on a report form. 
Others have equipped a gate watchman with some signaling 
apparatus. The idea is to have the men keep the thought of 
smoke ever-present in their minds. In several cases after im- 
prevements have been made the inspectors have secured figures 
which show large savings in fuel and better and increased product. 

One typical example is that of an enameling plant which for- 

merly had eight hand-fired batch ovens, each of which smoked 7 
to 12 minutes at every fire. A continuous burning furnace was 
installed, fired with oil, which so increased their production 
that the sales foree had to be speeded up. It cut down the num- 
ber of “seconds” to almost nothing. Thirty-five people were 
laid off. The cost of fuel was materially decreased. Seven of 
the old ovens were shut down and wrecked to provide more 
space, the eighth being kept temporarily for odd pieces. Need- 
less to say the smoke nuisance has also disappeared. 
_ Nothing has been said as yet about the “smokeless” cast- 
‘ron sectional boilers. There are numerous such boilers, many 
of which are smokeless in name only. Fortunately, the field 
appears to be growing smaller owing to consolidations and strenu- 
ous competition. 

The distinguishing feature of most of these boilers lies in a 
“diving flue’ or “drop section” through which secondary air 
's admitted. To facilitate carrying a heavy fuel bed, the 
fire door is 12 to 15 in. above the grates. They must be fired 
by the coking method, the live coals first being pushed back 
of the drop section. If this method is followed carefully, nothing 
heavier than a No. 2 smoke will be produced. 

Nevertheless many violations are reported on these boilers. 
Often it is necessary to instruct the janitor several times before 
he learns how to handle the boiler properly. The boiler manu- 


facturers have been very helpful in this work. Sometimes 
the fireman never does learn, and the owner is forced to make 
a change. The department rarely advises the use of smoke- 
less fuel except as a last resort. Many apartment buildings 
are fired by women, and frequently they do not have the strength 
to push back the coke. Then in the larger buildings the janitor 
has so many other duties that he neglects his fires. Education 
is the keynote on this work, combined with frequent inspections. 

In January, 1926, when the present Smoke Department ad- 
ministration took office, it was felt that the time could not be 
spared for a smoke survey. Last winter one man was available, 
so a survey of so-called “smokeless” boilers was started. It 
was thought that certain of these boilers did not deserve the term 
“smokeless” and that these observations would give enough 
grounds for refusing permits for their installation. A total of 
388 observations of one hour each were made of ten different 
makes of smokeless boilers. Part of these were made by ob- 
serving a stack for one hour over eight different periods of the 
day and part for four consecutive hours on two consecutive 
days. The results obtained were surprising. 

The average minutes of dense smoke (No. 3 or better on the 
Ringelmann chart) per hour was 1.1 minutes and this while 
the smoke showed 13 per cent. In other words, the re- 
sults were so good that there was little room for improvement. 
The observations were then continued as a general survey of 
conditions throughout the city, a total of 1112 additional one- 
hour observations being made on all types of boilers and stokers. 

Several conclusions could be drawn from the tabulation of 
the observations: 


1 The smokeless boilers which made the most smoke had the 
smallest grate area in proportion to the rated capacity 

2 Secondary air admission through a drop section is better 
than at any other point 

3 Down-draft boilers made a uniformly good record 

4 Stoker-firing was far superior to hand-firing 

5 The percentage of violations turned up by a roving in- 
spector will be three times as great as by a man on a 
fixed point, although the latter will turn in more ob- 
servations in a day 

6 The figuring of “percentage of smoke” as done by the 
Bureau of Mines is misleading. A stack which does 
not make a technical smoke violation all day may still 
have a higher percentage than one which actually vio- 
lates. (The Smoke Department is interested mainly in 
violations.) 


Nothing has been said about smoke from residences for the 
reason that they are exempt by ordinance. It is not necessary 
to go into the reasons for this, and there is no desire to uphold it. 
However, as the department never had enough inspectors to 
adequately cover the present limits there would be no use in add- 
ing more to its task, particularly as the budget for 1928 was 
reduced from that of 1927. 

In conclusion it may be said that the work in Cleveland ex- 
emplifies cooperation, square-dealing, and education, but above 
all a continuing activity on all fronts. 


Discussion 


Cuaries J. McCase.? A discussion of the author’s paper is 
difficult not only because of its thoroughness but because the 
city of Detroit operates its Bureau of Smoke Inspection and 
Abatement in much the same way as the city of Cleveland. 
Organization and personnel are prime factors within a smoke- 


2 Chief Smoke Inspector, Bureau of Smoke Inspection and Abate- 
ment, Detroit, Mich. Mem. A.S.M.E. 
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Fie. 4 Soor Cuarts TAKEN IN DetroiT From THE Exuaust or Motor VEHICLES 
(A, Light passenger car, cold motor; B, light passenger car, warm motor; C, light motor bus, cold motor; D, light passenger car, cold motor; E, light 
truck, warm motor; F, heavy passenger car, warm motor; G, heavy passenger car, cold motor; H, heavy truck, warm motor; /, light motor bus, 
cold motor; J, light motor bus, cold motor; K, heavy bus, cold motor; L light passenger car, cold motor.) 
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abatement bureau. We in Detroit have set out with the idea 
that every person or firm that violates the smoke ordinance is 
ignorant of the fact that he is not only causing a needless amount 
of dirt to be cast about the city but is equally ignorant of the 
monetary loss due to imperfect burning. It is decidedly the 
effective thing to talk smoke abatement in terms of money saved 
and fuel conserved. It is valuable in the field to appeal to a 
violator in such a way that his interest in the subject is really 
aroused. To do this it is desirable to have inspectors who are able 
to “sell” the idea without incurring the ire of the violator. Much 
success depends on the voluntary cooperation extended by the 
offender. and much time is saved by starting out in a friendly way 
to correct existing conditions. 

Detroit has tried and is continuing to use the district scheme 
of making inspections and observations. As the author states, 
the district man becomes acquainted with the behavior of plants 
in his own district and with a minimum loss of time can learn 
when their “‘weak’”’ or smoke-producing periods occur. Shifting 
the time of daily inspections has a value because some boiler 
operators believe that if their dense smoke is not observed 
everything is normal. 

One of the most difficult things to be encountered in this work 
is making contact with a plant owner (most usually the owner 
of a small plant) who emphatically denies that his plant ever 
violates the smoke ordinance. A situation of this kind calls 
for tact and good judgment. To solve this the Detroit Smoke 
Bureau, without becoming involved in an argument, merely 
takes its motion-picture camera out on the job and obtains the 
evidence showing the violation. It has never been recorded 
that an argument ensued after the movies were shown to the 
stubborn plant owner. 

In order to provide assurance that the small heating plant 
will be provided with proper fuel, it has been found advantageous 
to make inspections during the summer season and send advice 
to owners to give the necessary attention to the kind of fuel 
the plant requires. This in many cases serves to prevent in- 
fractions of the smoke ordinance. Offering advice of an en- 
gineering nature is especially beneficial, although it should be 
shrewdly administered, because it is unfair to those in the con- 
sulting field to make general and unrestricted use of it. 

Agreeing with the author, the problem of self-contained boilers, 
such as locomotive firebox and vertical-tubular boilers, has ever 
been a bogy with smoke departments of all cities. Various 
methods of setting have been tried. The admission of secondary 
air through steam-air jets is doubtlessly effective, but the in- 
stallation becomes a nuisance in a short time because of failure 
of the fireman to use the jets. Updraft firebox boilers offer the 
same resistance to the smoke inspection staff, for the reason 
that all the education the fireman can possibly absorb is lost or 
forgetten shortly after the smoke inspector leaves the building 
in question. Things of this nature decidedly bring to one’s 
mind the words of Dr. Hood that “smoke inspection and abate- 
ment is the administration of a difficult human problem.” How- 
ever, concerning this, with the use of coke for fuel in these two 
types of boilers an almost total reduction of smoke can be ex- 
perienced, and in many cases where coke or hard coal in apart- 
ment-house water heaters is used an actual fuel saving can be 
brought about. 

The use of mechanical stokers always results in a reduction of 
dense smoke as well as in a saving in fuel. Wherever possible, 
especially on an old installation, it is desirable to have two 
sketches or blue prints of the job submitted to the smoke in- 
Spection office showing the type of baffling, if any, the combustion 
volume of the furnace, the boiler rating expected, and other neces- 
sary information. The purpose of two prints is to have one 
checked and corrected if necessary and sent back to the firm 


245 


making the change. The other print goes in the city’s perma- 
nent files. It has been the practice in Detroit always to deal with 
the plant owner instead of the stoker maker or distributor, be- 
cause thereby any misunderstandings or embarrassments are 
eliminated. 

It is safe to say in this kind of work that after the original 
inspections have been made the quality of any smoke-abatement 
bureau lies in the effectiveness of its follow-up system. If any 
one case is not given the proper follow-up attention, it most 
usually results in the violator thinking that the whole matter 
has been forgotten and of his sliding back into his old smoky 
custom of firing and careless operation. 

If it is not considered a digression, the writer thinks that 
some thought and study should be given to the amount of oily 
soot that is discharged from the exhaust of the numerous auto- 
mobiles in our larger cities. It seems that this work is allied 
with the abatement of smoke or at least with the desire to know 
what percentage of the total solids and combustibles contained 
in the air is chargeable to chimneys and smokestacks and how 
best to remedy the condition. 

The Detroit Bureau of Smoke Inspection and Abatement had 
occasion a few months ago to make some determinations showing 
in a rough way that there are considerable amounts of soot 
discharged from automobile exhausts. It is believed that this 
item is a large factor in determining the real total precipitation. 

The results are shown in the accompanying photographs and 
give a rough idea of what happens every time an automobile 
motor is started (Fig. 4). 

The determinations were made with various types of com- 
mercial and passenger vehicles, A moistened filter paper was 
placed about 6 in. from the end of the exhaust pipe and held 
there for a period of five seconds. The impurities and the 
residues impinged on the filter paper as the exhaust gases passed 
from the muffler. No quantitative measurements were taken 
at this time. It is believed that a motor not only discharges soot 
every time it is started, but does so every time it is accelerated. 

It may not be possible to effect a sudden cure for this con- 
dition, but it is suggested here that some thought be given to 
having several cities make quantitative measurements to estab- 
lish in a general way what part of our annual dirt crop is charge- 
able to the motor car. 

I would like to direct a question especially to the smoke in- 
spectors: What should be our policy in dealing with men who 
have equipment to sell? Is it fair to assume a rigid position 
and to say that our city ordinance decidedly prohibits us from 
recommending one thing and condemning another? That hap- 
pens to be the case in Detroit. It is a condition that the law 
imposes, and as a matter of duty we must follow it out. 

If we do not give information to our citizens, especially the 
type of man who comes in and says, ‘You are the smoke in- 
spector, and I want you to tell me just what is the best kind of 
equipment to put in and the name of it,” that gets us in a some- 
what embarrassing position. We have to retaliate by saying, 
“Here is a list of everything under the sun that is manufactured.”’ 
Now it is possible that this solves the problem in a general way. 
We may satisfy that man who is a violator and who deserves 
credit from us for coming in voluntarily for this information, 
but it seems to me that it does not help him in his problem, 
because he is not an engineer and he depends upon us as a city 
institution to furnish him with advice. 


Georce C. Fisner.* In regard to Mr. McCabe's question on 
the approval of types of equipment, the policy that we follow 
in Nashville is not to recommend any individual make of equip- 
ment, but we do recommend types. 


3 Chief Smoke Inspector, Nashville, Tenn. Assoc-Mem. A.S.M.E. 
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It is the dawn of a new day in smoke abatement when smoke 
inspectors will come boldly out in print and state what types of 
equipment are smokeless and what types are not smokeless. A 
limited few, including Mr. Kugel, are beginning to draw lines of 
distinction in their writings. One of the greatest weaknesses in 
smoke-abatement work in the past has been the tendency of 
smoke inspectors to tread lightly in their discussions of smokeless 
and non-smokeless equipment for fear of incurring the ire of 
manufacturers. It should be the privilege of an individual 
to express clearly his views regarding the different phases of his 
own work. Instead of creating enmity, it should command 
respect, and in place of decreasing the support and cooperation 
of manufacturers, it should increase it. 

Since Mr. John Hunter of St. Louis began a campaign on 
smoke abatement in Nashville two years ago it has been the 
policy of the City Smoke Department to take an aggressive and a 
discriminating attitude toward the installation of new equipment. 
Smokeless equipment has been highly approved, and non-smoke- 
less equipment has been severely condemned. 

When it is realized that the average life of a boiler is around 
a quarter of a century; the importance of getting in a smokeless 
installation in the first place is apparent. Manufacturers should 
be made to realize their responsibility in smoke prevention. 
Manufacturers who advertise their equipment as smokeless 
should be willing to guarantee it as smokeless under average 
conditions. It seems like ill-spent money and effort and an 
illogical procedure for a smoke inspector to run his legs off 
stopping old leaks and then permit new ones to appear. New 
equipment should be smokeless in itself as a finished product. 
It is a heart-breaking proceeding to have to start right in with a 
new installation and patch it with a collection of air jets, reverse 
arches, and other smoke preventives. Equipment which can be 
kept smokeless for an hour or even a day is not necessarily smoke- 
less equipment. With a great deal of care and not too adverse 
conditions almost any equipment can pass that test. However, 
the fireman is similar to the equipment which he operates in that 
he cannot carry continually a peak load. 

From various sources come oft-quoted and misleading ex- 
pressions such as, “After all it depends on the fireman,” and 
“Most of the trouble from smoke comes from improperly con- 
structed chimneys.” No one connected with combustion prob- 
lems would seek to minimize the importance of these factors, 
yet such excellent features of smoke-abatement work should not 
be made to serve the questionable purpose of smoke screens 
for the installation of poorly designed equipment. 

There is no doubt in the writer’s mind that in regions where 
the quality of coal will permit and so far as equipment itself is 
concerned the underfeed stoker and the down-draft boiler form 
the very foundation of smoke-abatement work. 

Previous to the adoption of smoke abatement in Nashville, 
the majority of stokers purchased were of other types than under- 
feed, such as front overfeed, V-type, chain-grate, and hand 
stokers of varied design. Last year 30 underfeed stokers were 
installed, and this year so far 22 have been installed. Not 
one stoker of any other type than underfeed has been installed 
since smoke-abatement work was begun. 

In heating plants, before the Smoke Department was formed, 
practically 100 per cent of the heating equipment being installed 
consisted of hand-fired units of the so-called “smokeless” updraft 
boilers with various forms of drop arches. A check of the permits 
issued for the last year shows that for all heating units of over 
1400 sq. ft. of radiation, this ratio has been reduced from 100 
to 22 per cent. Prospects look favorable for reducing this per- 
centage to zero in the near future. It is unfortunate that there is 
not more sales competition opposed to the drop-arch boiler in 
sizes under 1400 sq. ft. of radiation. 


Joun Hunter.‘ The paper has very clearly brought out the 
problems encountered in the everyday work of a smoke-abate- 
ment campaign and the conditions under which the work can be 
successfully carried on. Many papers have been written and 
considerable technical data published on combustion and the 
theory of smokeless operation, but this paper is one of the first 
to properly emphasize the fact that a smoke-abatement program 
can be successful only when the work is done in the boiler room, 
or more generally speaking, where the fuel is fired. 

I agree with the author that the man in charge of this work 
should be a technical engineer, although it is my opinion that one 
of the most important factors in such a leader is personality. 
Knowledge of the engineering back of the problem is most im- 
portant, but the man in charge must be able to convince the fuc! 
users that “it can be done” and that it is his desire in carrying on 
the work to bring about a smokeless condition at the least pos- 
sible cost and with the least inconvenience. 

To the man in this work it is a significant fact that in the locali- 
ties where smoke has become an excessive nuisance the most 
readily available supply of the cheapest fuel is coal of high- 
volatile content. For economic reasons, even though it has 
excessive smoke-making characteristics, it will be the most 
generally used. This is particularly true in the South, where the 
local coals run about 40 per cent volatile. 

As a rule the industrial plants in these localities are using hori- 
zontal return-tubular boilers, low and badly set, with poor draft 
and hand-fired. Agreeing with the author, my experience has 
been that in these cases much can be done to reduce the amount 
of smoke made by the introduction of over-fire air at high velocity. 
It requires constant supervision, however, to assure these devicrs 
being continued in proper use by the firemen, and their app|i- 
cation should be considered at best a temporary means of achicv- 
ing smoke abatement, pending the installation of stoker equip- 
ment. 

As stated by the author, the underfeed stoker has proved one 
of the best means to relieve the smoke and increase plant e‘!i- 
ciency. It is particularly adapted to better-grade low-ash coals. 
The manufacturers of these stokers are to be commended for 
the efforts they are making to improve this equipment. 

There are many overfeed stokers on the market which ar 
offered as smokeless units. However, it is also my experience 
that their desirability is questionable, as this type of equipment 
invites excessive use of the slice bar and devices for “breaking” 
the fuel bed and that such practice results in excessive smoke. 

The down-draft boiler for either high or low pressure is an 
ideal piece of equipment to help in smoke-abatement work, 
particularly for building heating. It is relatively inexpensive to 
install, and if properly fired with even reasonable care it will oper- 
ate without smoke. 

I must commend the author for his candid statement regarding 
the large-sized cast-iron boilers used for heating purposes. Many 
of these units are advertised and sold for smokeless boilers, 
although it is impossible to hand-fire high-volatile coal in them 
without excessive smoke. Some of them are built with arches 
and over-fire air admission and do fairly well when operating 
under the ideal condition of relatively high load and careful oper- 
ation. The high load, however, prevails in the South possibly 
10 per cent of the heating season, and the remainder of the time 
during the early fall and late spring they are likely to smoke 
badly. Janitor labor is not conducive to careful operation. The 
use of small underfeed stokers or smokeless fuel seems to be the 
best and most permanent solution of the problem with this 
class of equipment. Manufacturers of cast-iron boilers can assist 
materially in the work of smoke abatement by giving more care- 
ful thought to this feature in their design and construction. 

4 Consulting Engineer, St. Louis, Mo. Mem. A.S.M.E. 
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It is often stated that the public will not pay the additional 
cost of an article that is designed and built to abate smoke, as it 
wants the cheapest article that can be bought. This is not 
my experience. As the purchaser has little knowledge of the 
requirements, the fault is largely due to the attitude of archi- 
tects and contractors who through the forces of competition will 
install the cheapest article they can buy, whether it smokes or 
not. 

Most of the smoke-abatement departments being organized 
have embodied the “permit system” in their ordinances. In my 
opinion this is a most important procedure, as all new equipment 
being installed must be guaranteed to burn without smoke the 
coal available in the district or be required to burn smokeless 
fuel. 

As demonstrated in many of the larger cities and terminals, 
the railroads have been successful in operating their locomotives 
without making excessive smoke. On the other hand, in smaller 
cities it seems quite a task to get the officials of these companies 
to accept the responsibility of keeping their engines within the 
ordinance requirements. However, if smoke abatement is to be 
a success in any city, the railroads must cooperate. 

The author touches lightly on the domestic users, and he can 
hardly be blamed for this, as it is going to take years to eliminate 
the smoke from this source. However, when the attention of 
the householder is drawn to the improvement in general con- 
ditions which has been made by eliminating the heavy smoke 
from the foregoing classes of equipment, much improvement can 
be expected from the homes. It is for the public after all that 
the work of smoke abatement is being carried on, and the public 
can be expected to help itself. It is my opinion that the perma- 
nent solution to the problem of residence furnaces is to be found 
only in the use of some kind of smokeless fuel, either low-volatile 
coal, coke, oil, or gas. Education in proper firing of bigh-volatile 
coal will help, but at best it is but temporary. 

As a market is created for the by-products of low-temperature 
carbonization of coal their value should increase and make it 
possible to sell coke at a price commensurate with the price of 
raw coal. The price of gas should also come down. There are 
large possibilities in this direction, as it leads to the conservation 
of our natural resources. 

It is quite evident by the interest taken at this fuels meeting 
in the abatement of smoke that the campaign is becoming nation- 
wide. It is up to the engineering profession, which has been 
so successful along other lines in the last 50 years, to show the 
public at large that it can and must be done. 


Gorpon D. Rowse.’ The methods described in the paper have 
been in use in the city of Cincinnati for the last 15 years, except 
that we go a great deal farther; our ordinance covers residences 
as well and, in fact, smoke from any source whatever, even 
bonfires. 

We do not use the Ringelmann chart, but an instrument termed 
the “‘umbrascope,” which contains four thicknesses of gray glass, 
one of which will cut off 60 per cent of the light from a flame 
having the lighting power of 16 candles and constitutes No. 1 
scale according to the Cincinnati code of ordinances. It has 
been deemed inadvisable to use the Ringelmann chart as it 
would be extremely difficult to obtain a conviction for a smoke 
violation if the Ringelmann chart were used, but with the um- 
brascope comparison is positive and prosecuting testimony has 
Weight. We distribute cards upon which the Ringelmann 
chart is printed for the purpose of interesting our citizens in 
smoke prevention, but the umbrascope is always used by the 
inspectors of this division. 

’ Tn: addition to the foregoing the police are required to take 

* Chief Smoke Inspector, Cincinnati, Ohio. 
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cognizance of violations of the smoke ordinance as well as of 
violations of other ordinances. One of the duties of the chief 
smoke inspector is to make a monthly visit to each patrol house 
at roll call and “pep them up” in the smoke-preventiorm work, or 
as the city manager expresses it, “keep them on their toes.”’ 
I also am a regular instructor in the police school. 

The patrolmen do not make arrests for smoke violations, but 
fill out and leave a card, which is a notice of violation of the 
smoke ordinance. A card comes to this office, and one of our 
inspectors investigates the case and makes recommendations 
or sends an order as the case requires, and if such is not complied 
with within a reasonable length of time, prosecution follows, a 
warrant being issued by the chief smoke inspector and the 
patrolman being used as a prosecuting witness. Obviously this 
plan has been of great assistance to us in the abatement of smoke 

A campaign of education has been maintained since the induc- 
tion of smoke-prevention work in Cincinnati; this consists of 
trying to educate the people of our city into the knowledge that 
smoke means waste of fuel as well as destruction of fabrics, 
lectures to various civic bodies and labor unions, the exhibition 
of moving pictures graphically illustrating beneficial effects of 
smoke-preventing equipment, and free publicity by our leading 
papers. 

The diminution in smoke in the atmosphere of our city during 
the last decade is so pronounced as even to excite favorable com- 
ment from our own citizens. The business section of Cincinnati 
lies in a basin entirely surrounded by hills, causing a topographical 
situation particularly favorable for the retention of smoke. Ten 
years ago it was impossible to see across the basin of the city, 
but now clear vision may be had from hill to hill, a distance of 
from 6 to 10 miles, and smoke violations are the exception where 
they were formerly the rule. 


E. P. Rosperts.* As to differences in the ways of measuring, 
there is quite a difference in the men. One important factor is 
the background. In other words, the closer measurement is ob- 
tained when the man checks with a chart in such manner that the 
light falls on the chart from the same direction as the light falls 
on the background. Also, the light on the chart should have 
the same approximate magnitude as the light that is falling on 
the smoke, otherwise the readings will vary considerably. That 
is not always done, and it is important. I do not think that the 
distance, within reasonable limits, from the smoking stack at 
which smoke observations take place will affect the result as 
much as the differing character of background and the light 
falling on the smoke chart and the general magnitude as it 
falls on the smoke from the stack. 

Another proposition is this: Is one minute of No. 4 smoke more 
damaging in its effect than four minutes of No. 1? I believe that 
the former would be the more damaging in most cases. 


P. Nicnouis.?’ The paper to me was most interesting, since 
one can conceive it as a laying of the technical cards of the Cleve- 
land smoke abatement department on the table. We are told 
exactly what they are doing, the rules that they make, and the 
apparatus that they consider satisfactory and that which is 
unsatisfactory. 

Such data from the various smoke organizations of the country 
certainly would be very useful to us in our work and would be 
a kind of guide to us in the future as to what we might be able to 
do in the way of experimentation to assist some of you. 

If all cards were laid on the table it would be interesting to 
see how far hands might agree; for instance, one notices that 


Mem. 
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Mr. Kugel states that they accept the so-called smokeless cast- 
iron boilers with the dropping bridge section which supplies 
secondary air through it, whereas Mr. Fisher of Nashville con- 
siders that such boilers are not possible in his district. 

Why is this? The question is interesting and one that I could 
not answer. Is it because of stricter regulations, of differences in 
regulations, of less skilled operators, or is it because of the 
difference in coals used? 

Manufacturers should be very much interested in knowing how 
far and under what conditions their various attempts in producing 
smokelessness are found satisfactory. 

Referring to the point raised by Mr. Roberts in which he 
questions how reports should be made, some of the surveys made 
by the Bureau of Mines included attempts to measure the total 
smoke put into the air by a given chimney. The way you inter- 
pret a Ringelmann chart must be according to that required by 
your ordinance, as I would see it. 

I should imagine that in the earlier days of smoke-abatement 
work you would work to the bad violations, which would mean 
not working on a percentage basis; but as you get things into 
working order you would in time get to that condition when 
you would begin to try and control the average total amount of 
smoke during a day rather than the total put in as bad violations 
for short times. 


OsBorN Mownnett.’ The last speaker has touched upon an 
interesting point. I believe that the Ringelmann chart method 
as we use it today is so flexible as to be available in a number of 
different ways. In the case of a smoke department interested 
primarily in violations of the ordinance, there is no use regarding 
any smoke except that which exceeds No. 3 in density; however, 
if you are making a survey to establish records for future com- 
parison, then the Ringelmann chart comes in in all grades of 
density, No. 1, 2, 3, 4, and 5. 

In our St. Louis work we are using the Ringelmann chart in 
the purely survey sense, not for violations, but for making 
records for future comparative purposes. We have men who do 
nothing but make Ringelmann chart readings. Mr. Kugel says 
that he makes four readings at once. We make eight readings 
at once. We read every 15 seconds and establish a group of 
eight stacks and read the stacks in rotation, four times a minute, 
so that each stack gets a reading every two minutes. 

Two men work in an automobile. Ringelmann chart work 
is confining and two men work better together than one man 
alone. They work in a closed machine, and regardless of the 
weather work straight through in comfort. 

For instance, if one man is reading a group of industrial 
stacks to the east, the other is reading a group of some other 
kind of stacks to the west or south. We never duplicate the 
territory, and in that way are not losing time when we have 
two men together. 

I instruct the men to keep their eyes off the stacks during the 
time between periods and to look at something else. You know 
when you drive an automobile for 400 or 500 miles on country 
roads, you neck gets stiff holding your head in one direction. The 
same thing applies in Ringelmann chart work. Make it easy 
for the man, and you will get reliable data. The work done 
this year will enable us to gage the result of our work next year. 
In this way we have actual engineering data which prove that 
the first year’s work in St. Louis reduced the smoke 46 per cent. 

Our first year’s work started on the basis of an expenditure of 
$75,000 a year. The city and territory was divided into eight 
sections, each section was in charge of a supervisor, each man 
having an automobile and traveling through this district and 

® Consulting Engineer, Citizens Smoke Abatement League, St. 
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getting familiar with everything in it. During the winter time 
each supervisor has three assistants, and they do the patrol work 
in their districts. Each supervisor has approximately 10 square 
miles of territory, which gives about 3 square miles of territory 
to each instructor or patrolman, and each one is advised ty 
provide a point of observation which will enable him to see over 
his whole territory and save time in spotting out smokers. Ten 
hours is a day’s work; that is one point in which we have the 
advantage over city organizations. Our day starts at 7 o'clock 
in the morning and ends at 6 o'clock at night, with an hour for 
lunch. In this way we get the morning smoke as soon as it is 
sufficiently light in the winter mornings to see the smoke. There 
is no use trying to read the smoke before 7 o'clock in December or 
January. We also get the afternoon smoke and the early evening 
smoke, for the heating load at night. So without working the 
men overtime at all we get all the smoke that it is possible to see 
in daylight hours. You cannot see anything after perhaps 5 
o'clock in the afternoon in the winter time, but there are always 
places where the patrol men can go where they know that smoke 
is apt to be made after daylight, and they can instruct or patrol 
the district where they know the dirty spots are. The same thing 
is done in the morning, before it gets light enough to see smoke. 

The next season’s work is laid out with a budget of $55,000 
for the year. We did the biggest work the first year; we find 
now that the same supervisor who had three men last year can 
do the same amount of work this year with two men. We are 
providing as many men as the budget will allow in order to do 
the best and greatest amount of work possible. For the following 
years we will have to be governed by the amount of funds avail- 
able and by the experience that we have had in the past two years. 


S. M. Finn.’ We are all here for the same purpose, to elimi- 
nate smoke, but some are advocating things that others regard 
as undesirable. For instance, the author and others have advo- 
cated steam jets. One speaker brought out the disadvantage of 
having sulphuric acid in the air, and I would like to ask the author 
whether the high-sulphur-content coals that you have around 
here do not generate sulphuric acid when steam jets are used. 

The author has also brought out the disadvantage of the steam 
jet being operated all the time, and both the author and Mr. 
Hunter brought out the value of the use of smokeless coals and 
the advantage of putting in underfeed stokers. Unfortunately 
a great many localities have good coal available that hardly 
falls into the category of smokeless, and there are many stokers 
installed that have years of life left in them. 

Knowing these facts, we started to play around with smoke 
abatement primarily to accomplish results with other things 
that we are engaged in. For instance, the air-cooled non- 
clinkering block was a thing that we were interested in, but the 
disposal of the air was a problem, so we started to put it in the 
furnaces over fired air. We made a discovery that we were ac- 
centuating the smoke instead of helping it. The overfire air 
introduced into many furnaces under a very low pressure merely 
increases the stratification and does not cause the turbulent ac- 
tion necessary for complete mixture. 

We started out with the idea of using 10 per cent over the fire, 
and we are now working with less than 2'/, per cent of the total 
air for combustion and are producing smokeless results in the 
stack front-feed stoker chain as well as the multiple underfeed. 

We built a heater and pass air under considerable pressure, 
introducing the air aimed at the coking zone. We have designed 
or developed en orifice that gives us a high degree of penetration. 
We started out with the accepted formulation and ended by 
the trial, and changed the shape of the orifice until the pene 


Vice-President and General Manager, Drake Non-Clinkering 
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tration can be measured in feet rather than in inches, and we 
get it with a reasonably low pressure, a pressure that is available 
in the average boiler room. 

Our theory may be wrong, but the results show that we are 
accomplishing the purpose, and our theory is that small streams 
of highly preheated air aimed at the coking zone break up the 
stratification of volatile gases as they come up and cause a turbu- 
lent action in the furnace. In a very long stoker it is impossible 
for us to reach the rear of the furnace, yet we clear up the smoking 
condition in the whole furnace, and we are assuming for want 
of better information that the turbulent action started in the 
front part of the furnace is cumulative throughout the furnace. 
We also found out that 2'/. per cent of the total air for combus- 
tion is more efficient and more effective, and we have also found 
out that highly preheated air is more effective than air not so 
highly preheated, and in that connection we are of the opinion 
that a highly preheated air more nearly approaches an inert gas. 
We have come to the conclusion that if we could use an inert 
gas instead of air, we would get equal or still better results. 

Our whole theory, then, is using air to produce turbulent 
action only, and use air as nearly approaching inert gas as it is 
possible to make it by preheat. We are of the opinion that 
in the case of the underfeed stoker the stoker manufacturer is 
able to design a great flue through which you can get enough air 
for combustion purposes, and we do not want to put any more 
air above the fire than we have to. In case of hand-fired grates 
and other types of overfeed stoker we feel if we have additional 
excess air that we would put in, in this manner, so much more 
excess air because plenty gets over the fire anyhow. 

We are working in this city at the present time on a stoker that 
was condemned as an abnormal smoke violator, and we intend to 
install this system. We hope next year Mr. Kugel will tell you 
how well it worked. 


Harotp ALMERT.” The only time I was directly connected 
with smoke abatement was while with the Fuel Administration 
during the war and having served without pay for one term as 
deputy commissioner of health for the city of Chicago to help 
on smoke abatement. I was interested in the information 
brought out in Mr. Meller’s paper and one point which Mr. 
Hunter touched on. It is my judgment that, interesting as this 
discussion and the information given in it has been, it covers 
just about 25 per cent of the problem, the other 75 per cent being 
to sell the idea of smoke abatement. 

Mr. Hunter mentioned that perhaps the head of the smoke 
department did not have to be a technical engineer, but a man 
of personality. That is the point that I wish to emphasize. I 
do believe that the head of the smoke department should be a 
mechanical engineer, and he must have an enormous amount of 
support. When you can show to the public two things, an im- 
provement in the pocket book and in health; when you can show 
them that copper spouting lasts only 6 years in the city, 15 years 
in the suburbs, and 25 or more years in the country because of 
the smoke; when you can show them that $10 to $20 per person 
is the cost per year as a minimum because of smoke; when you 
can show them that the eye, ear, nose, and throat troubles in- 
crease enormously on account of smoke, and then put all these 
things together in such form that you could interest the best of 
the citizenry and get a commission composed of the top men 
and women in the city, separate from the paid municipal or- 
ganization, so that can make the public smoke abatement con- 
scious, then and not until then will you have the necessary 
backing to do something, because the municipal effort wanes 
the moment public feeling behind it starts to wane. 


Columbia Engineering and Management Corporation, New 
York, Mem. A.S.M.E. 


Then, too, when you have public backing, the necessary 
appropriations will be forthcoming without difficulty. If the 
movement is popular, the funds will be provided, either from the 
municipality or from the civic organizations. Only if and when 
those things are done will smoke abatement go over as it should. 

Tue Avutuor. Mr. Nicholls brings up the point about the 
different ideas on cast-iron ‘smokeless’ boilers—between Cleve- 
land, for instance, and Mr. Fisher of Nashville. I think that the 
smokeless feature of those types of boilers depends so largely on 
the human factor that perhaps this may account for some of 
the difference. I would imagine that Nashville has a large 
proportion of negro labor firing boilers, and probably that may 
account for some of the difference. Then there is the difference 
in the characteristics of the coal. IT do not mean that conditions 
are entirely satisfactory here, but if you give enough education 
most of the cast-iron “‘smokeless’’ boilers can be operated within 
the limits of the ordinance. The ones having air admission 
through a drop section give the best results. 

Mr. Monnett stated that in St. Louis they made eight readings 
at a time on the Ringelmann chart. I wonder if he has ever 
checked those men individually; that is, while his one man was 
making eight readings to have eight other men make single 
readings on the same eight stacks to see how closely the readings 
checked up. I think his idea of having his men relax between 
times is good. 

In regard to Mr. Finn’s question on steam jets increasing the 
sulphuric acid coming out of the stack, I doubt very much if that 
is the case, although I have no definite data on this. While we 
have used steam-air jets a great deal, they are considered more 
or less as a makeshift; they are to help out weak jobs. They 
are not the real solution by any means, but often offer a quick 
and cheap method of making an improvement until you can 
get a better job. On hand-fired boilers there should always 
be some means for automatically turning on the jets when the 
doors are opened. 


H. B. Metter.'! To answer the question regarding sulphuric 
acid. Although I am not a chemist, it seems to me that the 
sulphur which does not go into the ash goes out the stack. With 
steam-air siphons, where less soot results there will be less to take 
up sulphuric acid, and therefore the total sulphuric acid that 
would go out the stack would seem to me to be less injurious 
than where there was a higher percentage of soot, which would 
have an opportunity to occlude more acid and hold it against 
metal or stone long enough to have all of it take effect. 

Mr. Monnetrt. I believe the idea as expressed by Mr. Hunter 
of requiring permits is the only rational way of handling new 
jobs. The question of what will be passed and what will not be 
passed is one that always will bother smoke inspectors. A smoke 
inspector is confronted continually with the proposition of the 
manufacturer getting by with the least that will pass and to make 
the job cost the least amount of money. It is a question of 
establishing minimum specifications and then adhering to those 
specifications. 

We have tried in the A.S.M.E. smoke-abatement committees 
to establish standard requirements for permits and standard 
ordinances, but owing to the fact that coals are of different 
characteristics in different parts of the country the matter has 
been a difficult one to work out. Where a cast-iron drop-arch 
type of boiler would be perfectly satisfactory in one part of the 
country, it might not pass in another region. 

We have made strenuous efforts with the manufacturers of 
downdraft equipment to get up more detailed instructions on 
how to operate and when to slice. We find that we must crack 
the middle door on a downdraft setting in order to cut smoke, 
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but manufacturers are not recommending this as they fear loss 
of efficiency. 

In my own practice in issuing permits for jobs I have never 
taken the stand that a certain type of equipment cannot go in, 
because under the proper conditions and operated properly I 
have always known that it could be fired inside the smoke or- 
dinance. We can get around those things in other ways by 
providing higher stacks, more air admission, and so forth, and 
then finally issue a permit. 

Mr. Hunter. I believe I can explain why Mr. Fisher and 
Mr. Monnett differ in their opinions regarding the use of the 
downdraft boiler. Mr. Fisher uses Southern coals high in tar, 
which coke very quickly and form an excellent arch on the water 
grate, even with only 2 to 3 in. of fuel. It is possible, therefore, 
to charge green coal without any of it falling through. 

The opposite is true of the non-coking Illinois coal, and while 
in the South Mr. Fisher can use nut, pea, and slack successfully, 
Mr. Monnett would have to use lump or at least an egg coal to 
prevent it falling through the grates. Hence, I feel quite sure 
that while there may have been poor results in St. Louis with the 
downdraft boiler, in the South it is one of the units that the 
Smoke-Abatement Bureau likes to see go in, and is recommending 
for use. 


Victor J. Azpz.'? A downdraft furnace under a large return- 
tubular boiler is from the smoke standpoint almost perfect. 
When it does make smoke, if you open the middle doors it stops 
almost immediately. In a case like that you have a rather high 
rate of combustion per unit of grate surface, and the lower por- 
tions of the fuel bed are very hot; the gases pass through the 
lower portion of the fuel bed and are decomposed into fixed gases 
which do not smoke; but when you have a low rate of com- 
bustion, as often in small apartment-house installations, the 
cooling effected by the water tubes is so great that occasionally 
it puts out the fire in spots, when there will be smoke no matter 
what one does. The work that we were doing puzzled us at the 
beginning, for we did not know why a power-plant downdraft 
installation should be ideal so far as smoke is concerned and a 
downdraft apartment installation be so bad. We did not know 
for sure until we laid down on the floor and looked up on the lower 
portion of the upper grate, and then we saw black spots and red 
spots but no really hot spots; under those conditions of firing one 
could not possibly have a smokeless stack. 


Grorce W. Bacu.'* When I consider the different view- 
points of the human element in this room on the question of smoke 
abatement, I cannot refrain from contributing a few remarks 
which represent the manufacturers’ views and my own in par- 
ticular. 

I have been interested in smoke-prevention work for a great 
many years. About 20 years ago I was chairman of the Smoke 
Prevention Committee of the Cleveland Engineering Society. 
At present I hold that same job in Erie, and occasionally we are 
called on to settle smoke discussions between violators and the 
people who are trying to enforce the ordinance. I am also 
chairman of the Committee on Smoke Prevention of the American 
Boiler Manufacturers’ Association. 

I do not agree with Mr. Hunter that you do not need a tech- 
nical man in charge of a smoke bureau. Five years ago I was 
delegated by the American Boiler Manufacturers’ Association 
to appear before the convention of the Smoke Prevention Asso- 
ciation at Minneapolis and to appeal to that body in the interest 
of standardization and uniformity of boiler settings of all kinds 

12 Consulting Engineer, St. Louis, Mo. Mem. A.S.M.E. 


13 VicePresident and General Manager, Union Iron Works, Erie, 
Pa. Assoc. A.S.M.E. 
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of boilers. A boiler manufacturer could not keep up with the 
political changes in the United States, where in one city today 
we had a setting height of 10 ft. from the floor level at the bottom 
of the heater or 4 ft. from the grates to the bottom of the shell! 
on the horizontal return tubular, and under a change of admin- 
istration we had te go8ft. There is no reason why politics should 
affect the height of the setting of a boiler. The manufacturer 
believes that a technical man, an engineer, should be in charge 
of a smoke-prevention bureau so as to avoid the political influ- 
ences which make the successor of a political job always try to 
undo his predecessor’s work. 

From the boiler manufacturers’ standpoint as to the character 
of equipment used to eliminate smoke, we are absolutely neutral. 
When you recommend a certain stoker or one piece of equipment, 
you make one friend and ten enemies. But we do recommend 
definite types of equipment. For instance, in certain sections 
where we have a high-volatile-coal installation to meet, we 
recommend a certain type of stokers. In districts where we 
have coal of a less volatile matter or a flexible-load condition to 
meet, we might say to put in a different method of firing. We 
stick to types and we let the purchaser get an engineer to handle 
the problem rather than a salesman or the boiler manufacturer, 
both of whom may be prejudiced, as is natural. Those two points 
should be made clear in this work from the boiler manufacturers’ 
standpoint. 

We have practically no trouble in installing and operating 
smokeless boilers in power plants. We know that the emission 
of smoke from a stack is always an indication of inefficient hand- 
ling, and while a clean stack may not always be a mark of effi- 
ciency, a dirty stack is always a mark of inefficiency. 

When you ask what is the boiler manufacturer’s interest, I say 
he has a lot at stake. Frequently, a contract for a boiler installa- 
tion is in a complete unit form, where we assume the responsi- 
bility for installation and operation, and we do not get our money 
if it does not comply with the law. We are the prime sufferer, 
because we do not get paid for the job if it is not right. We 
are therefore interested not only from an economic standpoint 
and from a greater service to the users of boilers, but also from 
the standpoint of a sound business reason. If an installation is 
not right, we will not get money for it, and for that reason I 
want to go on record as telling you that the American Boiler 
Manufacturers’ Association are 100 per cent with the smoke- 
prevention association and the individual inspectors in the pre- 
vention of smoke. 

Mr. Hunter. I agree that the man in charge of this work 
should be a technical engineer, although it is my opinion that one 
of the most important factors in such a leader is personality. 

Mr. Bacu. It is largely a technical matter, and not so mucha 
personality matter. The personal element comes in in having two 
men in a smoke department; you rarely find an engineer, one of 
the typical dig-them-out kind, that has the personality to go to 
the city hall and be a smooth hand-shaker. 

Mr. Hunter. What I mean by personality is the power to 
persuade a man that his plant is a nuisance and a detriment 
to the neighborhood, and that you are not only willing but able 
to show him how to overcome this condition at the least possible 
cost. 
You may have all the technical and the practical ability in 
the world, but you will get nowhere unless through proper pre- 
sentation you can convince owners, managers, and engineers— 
and firemen too, if you please—that “it can be done,” and gaiD 
their cooperation. 


Joun A. Cow1na.'* My experience for the last eight years 
with smoke-abatement work has shown me that in low-pressure 


14 Cleveland, Ohio. 
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heating boilers where high-volatile coal is used as fuel the down- 
draft furnace is a superior one to the single-grade so-called smoke- 
less updraft furnace in the elimination of smoke. Observations 
have shown that when the smoke ordinance is violated by a 
downdraft furnace, the violation is much less than it would be 
with any other type of hand-fired equipment using bituminous 
coal as fuel. 

A smokeless updraft boiler can be fired with high-volatile coal 
smokelessly only by the coking method of firing. In so doing a 
portion of the available grate area is lost, thereby reducing the 
output of the boiler. If the full output of the boiler is wanted, 
the coking method of firing cannot be used. 

[ have found as a rule that firemen do not use the coking 
method of firing; first, because they cannot make enough steam; 
second because of the extra hot work involved, and, third, be- 
cause they are not familiar with the use of this method. As the 
labor turnover is very large, it would be impractical to instruct 
the new ones. 

The downdraft boiler, on the other hand, is easily fired 
smokelessly at any load. 


M. A. Turrie.“ The smoke will come as long as we try to 
burn medium-priced coal on a popular-priced boiler. The dealer 
will sell the coal which he can market easiest, and then it is a 
matter of which coal is going to stand up. 

We speak about high-grade coal and low-grade coal, and any 
dealer through the Middle West reading the minutes of this 
meeting will immediately cancel his contract on six-vein Illinois 
and four-vein Indiana and send some of the orders over the river 
for coal, and he would get the same coal which is causing the 
trouble at Nashville. It is a higher grade low-ash coal, but not 
so far as smoke is concerned. I tremble for my pay check when 
I think of all the coal east of the Rocky Mountains coming 
from east of Pocahontas field. The agitation already for going 
into other coal has taken a ten-million-dollar payroll out of 
Indiana, resulting in impossible living conditions. 

We find also that the fine coal is less smokeless than a coarse 
coal. The cheapest coal you can buy is the more smokeless, 
and you can as easily instruct a man to fire with screenings as 
you can with lump. The most successful installation of a down- 
draft furnace we have in Indiana is operating on fifth-vein 1'/-in. 
bar screenings because the man who owns the apartment also 
owns the coal company. It is a matter of instructing the janitor 
and telling him that there is his coal and to fire it smokelessly. 
He can do it as well as not. 

Since the meeting has been open to high-pressure units, it 
seems that everything has been underfeed in our territory, Illinois 
and Indiana. Our equipment is chain-grate equipment, and our 
coal is chain-grate coal, and our clean stacks are properly in- 
Stalled with chain-grate stokers. You do not need to permit 
ten minutes for cleaning every two hours. We do not clean. 
It would seem better to burn the coal which is the natural and 
economic fuel than to recommend a foreign coal which in most 
instances is unsuited for the equipment of the territory, which 
has a high freight rate, and which does not make a better coal 
if your equipment is right 

| wish to repeat for Indiana and Illinois that the high-pressure 
unit, the chain grates, are not only the more popular type, but 
also give the cleanest operation. This smokeless operation is due 
to the fact that the chain-grate stoker is most foolproof in respect 
to smoke, and the operation follows more the characteristics of 
setting than any other type of fuel-burning equipment, and a 
job properly installed will be smokeless and will remain smokeless 
longer than any other type, because you have what is necessary 
to burn coal. 


* Knox Consolidated Coal Company, Indianapolis, Ind. 


Frank T. Lemicu.'’* In Baltimore the local section of the ‘ 
A.S.M.E. has been called upon by one of the leading civic or- 
ganizations to assist in drafting a smoke ordinance, as the original 
smoke ordinance has proven unsatisfactory. 

The newspapers have been taking it up actively, as certain x 
records indicate that we have one of the dirtiest cities in the 2 


country. The recommended procedure so far has been much i 
along the lines that have been suggested—to get the public to i 
appreciate the problems and to remedy conditions by a campaign , 
of education. In case of a dispute the tentative plan is to submit ii 


the case to a committee of disinterested engineers who are familiar 
with combustion work, and the findings of that board will be i 
final. 


As one of the speakers suggested, I think it is necessary to get ad 
down to a technical basis and eliminate entirely the political Py 
aspect. 

In studying smoke abatement I think we should go further 3 | 


and include all dust from industries. 

The organization with which I am associated several years ago E 
built a steam plant up the Susquehanna River, 15 miles above the . 
Conowingo plant. The plant is burning pulverized river-bottom 
anthracite. The people in the community have complained 
about the dust—which is not black, like soot or stoker cinders. 

I do not see how the Ringelmann chart is going to afford us a 
real “yardstick,” and would like to ask Dr. Meller if there is not 
a better measuring method. With our stoker plants, most of 
the solids fall within a short distance of the stacks, but the 
powdered-fuel fines spread over a great area. 

We have made some interesting experiments in connection with 
falling particles. At one plant the coal is transported by the 
Fuller-Kinyon system, which requires about 500 cubic feet of 
air a minute to transport the coal at a rate of from 20 to 30 tons 
per hour. A grab sample from the roof near the bunker vents 
was examined, and over 95 per cent would pass through a 300- 
mesh standard screen. The larger part of the extreme fines most 
likely did not fall on the roof, but were distributed over the com- 
munity. The object of our experiments was to obtain design 
data for a dust separator. The separator head for 90 per cent re- 
moval by settling would have to be approximately 20 ft. in diam- 
eter to handle 500 cu. ft. per minute. The maximum velocity 
at which those extremely small particles would settle out is less 
than 5 ft. per minute. The limiting velocities as determined 
experimentally checked fairly well with theoretical velocities as 
calculated by Stokes’ law. It is my opinion that none of the 
present-day standard types of mechanical separators will do the 
work of separating extreme fines. We have the problem not 
only with anthracite and bituminous, but to a certain extent 
with oils. 

Some of the companies have used the chain grate very success- 
fully in burning the screenings, but from the standpoint of the 
large fuel consumer, a company burning say a quarter million or 
more tons of coal a year, I can imagine some overzealous poli- 
ticians saying, “You burn the most coal, you must make the 
most smoke.” If you will read the last report of the railway 
committee on the investigation of the use of pulverized fuel in 
steam-railway standby plants, you will find that the reported 
percentage of ash going up the stacks of such plants varies from 
40 to 70 per cent. High stacks spread this dust over many square 
miles. It is light in color, not black; therefore the boiler plant 
is not suspected, as most people think of smoke as something 
black. 

They are having the same trouble in Europe. Just two weeks 
ago I had a letter from Holland relative to a pulverized-fuel plant 
in one of the leading cities. Dr. Van Itersen, the consulting 
engineer, asked what we were doing here in the way of dust 

16 Baltimore, Md. Mem. A.S.M.E. 
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removal, as with them the dust nuisance was becoming quite 
serious. The same thing is true in Great Britain; there high 
stacks are spreading the dust over the communities, and as 
the settlement per square foot is so small it is not attributed to 
the power plant. 

You are all familiar with the Eclipse smoke indicator, where a 
beam of light is projected through the gases and the stack con- 
ditions are indicated by the transmitted light received on a 
suitable screen. I tried an experiment in which, instead of using 
a ground glass at one end for receiving the transmitted light, I 
used two automobile reflectors, which were supposed to give a 
parallel beam of light. At the focus of one reflector I placed a 
high-intensity light that directed a beam of light through the 
gas, and at the focus of the other reflector placed a multiple 
thermocouple connected to a galvanometer. When I blew cigar- 
ette smoke into the gas stream, it would result in a marked de- 
flection of the galvanometer. With a recording instrument a 
satisfactory graphic record was obtained. Thus I had a smoke 
indicator that could work at night. With the Ringelmann 
charts, I do not see how it is possible to take night observations, 
and even daytime results will vary with atmospheric conditions. 

Mr. ME ter. I should like to comment on the Ringelmann 
chart. It is not a measure of the amount of smoke that is going 
out; it is a measure only of the color, the density. In comparing 
two stacks that we have—one is 1 ft. in diameter and one is 16 
ft. in diameter—if the 16-ft. stack were to emit 10 per cent smoke 
continuously, much more solids and much more soot would be 
coming from it than from the other one with a continuous No. 2 
or No. 3. The Bureau of Mines devised the Ringelmann chart 
for a specific use, and it is as good a measure as we have for field 
purposes, inasmuch as city ordinances are based on density of 
smoke, not amount of pollution. 

Just a word about this updraft-downdraft controversy. I have 
had some experiences in Pittsburgh with the downdraft which 
were not so good. I like the downdraft boiler if it is properly 
fired, but firemen will allow the fire on the lower grate to get 
too thin, and they will at times put green coal on this lower grate. 

There was a building not far from the city hall, and one of 
my inspectors found the man firing on the lower grate. The 
fireman was told what would be expected of him. A few days 
afterward the inspector again saw the stack smoking, and went 
in and said, “I thought I told you not to fire anything on the lower 
grate.” The fireman replied, ‘‘I didn’t; I haven’t fired a pound 
of coal on that lower grate since you told me not to.’ ‘Well, 
what have you been doing?’ ‘Putting it on the upper grate 
and hooking it through.”’ So there you are. 
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When the single-grate boilers of the so-called ‘smokeless”’ 
type were introduced, I was asked what my attitude would be. 
I said it would be to accept anything along the line of develop- 
ment which might improve conditions eventually. We do not 
admit all single-grate boilers of this type; we have not a single- 
grate boiler that is absolutely smokeless under all conditions, but 
it is my opinion that the trend of development is going to he 
along the line of single-grate rather than double-grate boilers; 
therefore we are doing what we can to help. 

As to the legal aspect: if a man brings in a can with a few 
holes bored in it and connects it to a stack, and he can show me 
that he can satisfy the ordinance with that can, he is going to 
get a permit for it; I must give it to him. 

Any new devices that come in are tested in Pittsburgh, re- 
gardless of their records elsewhere. We have admitted some 
types of boilers, stokers, ete., that have not been successful in al! 
other cities; and again I have been told, “‘We have hundreds of 
these in Cleveland; we have hundreds of them in Chicago or 
St. Louis or somewhere else. This is the only city where they 
are not allowed.” I say, ‘‘I am sorry, but you have not shown 
me that it can be fired, under normal conditions, within the law, 
by the type of firemen who will be employed by the man who is 
going to buy the boiler.” 

One test is not enough. We usually run three or four under 
different conditions. Sometimes we run a 24-hour test; some- 
times a very short test will tell. 

As to stokers, it is true that we have a large percentage of 
underfeeds going in; it also is true that we have a number of 
chain grates. Under certain conditions we are quite satisfied 
with the chain grates. We have some difficulty with the natural- 
draft chain grate, when there is a material fluctuation in the 
load, and we have some chain grates that are working very 
nicely on a breeze coke which they could not handle in any other 
way. 

Our attitude is that we will accept anything which can pass our 
ordinance regardless of its record elsewhere. 

Mr. Azpe. It has been suggested to take the imperfections 
of the Ringelmann chart up with the Bureau of Mines. | 
happened to be in Washington recently, in Dr. Hood’s office. 
Most of you know that Dr. Hood is a very pleasant gentleman, 
quiet and not easily irritated. I mentioned the imperfections 
of the Ringelmann chart, and he jumped clear off his chair. He 
said, “Don’t start anything with the Ringelmann chart. We 
know that the chart is not perfect, but it is so simple and so useful 
that if any doubt is cast on it, it is rather likely that the harm 
done will be a lot more than the good accomplished.” 
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Some Factors in Furnace Design for High 
Capacity 


By E. G. BAILEY,! FULLERTON, PA. 


tively small, and rates of combustion up to 50,000 to 80,000 

B.t.u. per cubic foot of furnace volume per hr. were not 
uncommon. The boilers were set low and absorbed so much 
heat from the furnace walls that maintenance of brickwork was 
not much of a problem, except at the clinker zone when burning 
coal. The principal difficulty was to secure complete and 
smokeless combustion. 

Improvement in efficiency was made by raising the boilers, 
and year after year furnace volumes were inade larger with each 
new installation. Better combustion and less smoke resulted 
from the higher furnace temperatures and lower rates of com- 
bustion per cubic foot of furnace volume, but more trouble from 
furnace brickwork was soon evident. This was to be expected 
as the ratio of areas of furnace wall to the boiler tubes exposed 
to furnace radiation had increased greatly and the brickwork 
was heated beyond the fusing point of the ash of much of the 
coal burned. 

In an effort to avoid furnace-wall trouble the furnaces were 
made still larger, the walls were moved further away from the 
active flame, and the flame was ‘‘softened’’ as much as possible, 
especially in pulverized-coal-fired boilers. The refractory walls 
were still a serious source of expense for outage and repairs, and 
there was the added difficulty of getting the ash out of the furnace 
due to slagging of the boiler tubes or choking of the ash gates. 
These conditions resulted from heating the coal ash above its 
fusing point, and applied equally to stoker and pulverized-coal 
plants. 

The accumulation of slag on the boiler tubes choked the gas 
passages and directly limited the boiler capacity. The remedy 
has been found in more complete combustion of the particles of 
coke before reaching the tubes and in the proper spacing of the 
front rows of boiler tubes. The use of soot-blower elements 
properly located and protected, supplemented by hand lancing 
in some cases, permits the satisfactory operation of boilers in 
this respect. 

The removal of ash was made easier by the addition of air 
through hollow walls and ventilated blocks, or the addition of 
some waterboxes and cooling tubes along the slag line and in 
the lower part of the furnace. These meager remedies were 
successful in some cases and failed completely in others, the 
difference being largely due to the influence of the fusing point 
of the ash in the coal being burned or some ynnoticed difference 
in the relative location of the boiler tubes for absorbing radiant 
heat from the furnace. The better-designed furnaces were 
often foreed to higher ratings until trouble was again ex- 
perienced. 

It seems that furnaces represent the one structure that en- 
gineers have built without using a proper “factor of safety.” 
If a better furnace is built it is forced to higher rates of combustion 
until it shows its weak point, or if a given rate is established, 
the desire to economize in first cost often results in a structure 
that has a factor of safety of less than one. 

The present tendency of furnace design is to rectify this situa- 
tion by greater turbulence in combustion and the building of 
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furnaces that will withstand high rates of combustion con- 
tinuously with minimum outage and maintenance expense. 
So many engineers in both the manufacturing and operating 
groups are working diligently on this problem that the economic 
answer will soon be worked out. It is the purpose of this paper 
to report some progress in furnace designs for high capacities. 

From this brief history of the experiences of the past it is 
observed that the principal factors that should control furnace 
designs are: 


1 Complete combustion with a minimum of excess air 
_2 Controllable rate of combustion over a reasonable range 
| 3 Long endurance of furnace walls 

4 Prevention of slag on boiler tubes 

5 Removal of ash. 


The principal difficulty with the earlier furnaces was largely 
that of securing complete combustion with a minimum of excess 
air. The furnaces were small and cold due to the proximity of 
the boiler heating surface, coal was burned on hand-fired grates 
or on overfeed stokers carrying shallow fuel beds with air coming 
through in stratified zones. Oil was burned with steam-atomizer 
burners, resulting in badly stratified flame. The early gas burners 
were equally bad in this respect, and the first efforts to burn 
pulverized coal in such small furnaces resulted likewise in poor 
combustion, plenty of smoke, and damage to the furnace walls. 

The importance of mixing within the combustion chamber 
was forcibly pointed out by Breckenridge? twenty years ago. 
The work of Kreisinger, Augustine, and Ovitz* further elaborated 
upon the need for mixing, as well as the need for temperature 
and time, for complete and rapid combustion. Checkerwork, 
wing walls, and steam jets were suggested as means for produc- 
ing mixture. It was recognized that “mixture” and ‘“‘tempera- 
ture’’ were very destructive to the furnace walls, and therefore 
“time” was emphasized as the most suitable means for getting 
the desired results, and furnaces of large volume with low rates 
of combustion per cubic foot have been the outcome. 

Professor Breckenridge was right when he said that ‘“‘mixing is 
what counts,”’ and now that furnace walls can be built to with- 
stand not only high temperatures but the scouring action of 
violent mixing or turbulence, the time factor can be reduced and 
very high rates of combustion can be obtained with satisfaction. 

To restate the foregoing, high combustion rate requires 
temperature, turbulence, and time. The best results are ob- 
tained when each of these three factors is at a maximum. As in 
all such matters there is an item of cost involved in obtaining 
each, and the problem is to work out the economical balance for 
the best all-around results. 

If, instead of following the cycle of events in making the 
furnaces larger and larger, still keeping the flame stratified and 
free from activity, the earlier progress had been made along the 
line of turbulent combustion and better-constructed furnace 
walls, we should have arrived at the present position very much 
sooner. While the furnaces being built today are larger than 
the earlier ones, the rates of combustion are being increased until 
the B.t.u. developed per cubic foot is practically the same as 


?L. P. Breckenridge, Study of Four Hundred Steaming Tests, 
Bul. 325, U. 8S. Geological Survey, 1907, pp. 171, 178. 
3 Bul. 135, U. 8S. Bureaw of Mines, 1917, pp. 125-134. 
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was common practice twenty-five years ago. There is one | 
advantage, however, in size, even with the same rate of combus- | 
tion, in that the actual time factor for a given particle in the | 
furnace is greater than if the furnace were small. In other words, | 
| there is a certain relationship between the size of the particle 
| of fuel burned and the time which it should remain in the zone | 
' of high temperature with a given turbulence to complete combus- 
tion with a minimum of excess air. As we now see it, turbulence 
fc is & very important factor in bringing this about effectively, 
<i which is borne out by the development of forced-draft stokers, 
mechanical oil burners, turbulent pulverized-coal burners, and 
in the case of gas, more intimate mixture of the fuel and air as 
they enter the furnace, together with the higher velocities 


ay 


Fig. 1 Furnace Back WALL, Borter No. 70, LAKESHORE STATION, 
SHow1NnG AcTION OF MOLTEN StaG From Face oF WaTER-COOLED 
Watt (in Service 21 Montus) Over Brick LepGe ServICcE 

2 Montus) on WaTER Boxes 


necessary to produce turbulence and continued mixing as the 
fuel is being burned. 

Turbulent combustion with a minimum of excess air produces 
| high temperatures, and high temperatures facilitate rapid com- 
| bustion, therefore completing it in a minimum of space. Con- 
_ sidering combustion alone, we should use only uncooled refractory 
_ walls and have the furnaces as hot as possible. High furnace 

temperatures are equivalent to high-heat potentials and are 
analogous to high steam pressures and high-voltage electric 
currents. 

The extended use of air preheaters has a twofold advantage: 
first, in recovering waste heat from the flue gases, and second, in 
accelerating combustion as the fuel and air enter the furnace. 
Higher furnace temperatures inevitably result from preheated 
air. It is only the damaging effect of the ash from coal that 
necessitates the reduction of furnace temperatures to a point 
where excessive maintenance cost and ash-handling difficulties 
do not offset the value of the hot furnace. This is borne out in 
the case of oil-fired furnaces where very high furnace tempera- 
tures are desired and attained, even to the point of melting 
high-grade firebrick. 

In the entire history of burning coal the development has been 
along the lines of keeping the furnace walls and furnace bottom 
at a temperature below the fusing point of the ash in the coal 
being burned. The most generally used method of limiting the 
furnace temperature is by excess air, as the author‘ brought out 


4 E. G. Bailey, Limiting Factors in Reducing Excess Air in Boiler 
Furnaces, Mechanical Engineering, July, 1926, p. 703. 
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in a previous paper. Excess air is usually admitted in certain 
parts of the furnace where otherwise clinker trouble would be 
most pronounced. This is a very effective remedy up to a cer- 
tain point, but where the rates of combustion are too high for a 
given ash the percentage of excess air is likely to become excessive, 
and therefore interfere with the major requirement of complete 
combustion with a minimum of excess air. The tendency today, 
therefore, is to use water-cooling tubes, tied in as part of the 
circulating system of the boiler, to effect the cooling in different 
parts of the furnace wall or floors as needed. The nature and 
extent of such water cooling should be chosen with discretion, 
especially if the boiler is to be controlled with best efficiency and 
smokeless combustion is to be obtained over any reasonable 
range of output. 

The second item of the foregoing list, namely, control of rate of 
|combustion, is very important, and excessive cooling of the 
furnace by either excess air or water circulation interferes with 

this result. The best performance can be obtained if the air 
supply can be controlled for proper combustion only, with the 
furnace as hot as possible, rather than supplying air for the 
dual purpose of cooling furnace walls and burning fuel. Air 
cooling, at best, is ineffective for high ratings when burning low- 
fusing ash. 

} The remaining three factors, namely, furnace-wall endurance, 
reduction of slag on boiler tubes, and removal of ash from the 
furnace, are all closely associated, as they have to do with the 
molten condition of the ash in suspension in the furnace. This 
is a factor of major importance in pulverized-coal furnaces; 
and in modern stoker furnaces the fine particles of coke and ash 
that are carried up from the fuel bed are almost equally im- 
portant. In either case there is an unlimited supply of ash 
available so that the quantity coming in contact with the walls is 
ample to destroy any wall in a comparatively short time unless 
the wall is protected by cooling it below the fusing point of the 
ash. While there is merit in using special qualities of refractory 
to resist the fluxing action of molten ash, only a limited benefit 
can be derived from this source, for sooner or later the ash will 
flux, scour, or wash away any and all types of refractory if it is 
streaming over the refractory in a molten condition. Even 
in the case of oil there is sufficient ash of a comparatively low 
fusing temperature to waste away a brick wall in the course 
of time, but spalling or actual melting of the brick often destroys 
the walls quicker than fluxing and washing away by the ash from 
the oil. 

The only positive manner of resisting the molten slag per- 
manently is to reduce the temperature of the wall by absorbing 
heat at such a rate that a film of solidified slag will be main- 
tained on it. Fig. 1 illustrates a furnace in which molten ash 
accumulates on a water-cooled wall and flows on to a ledge of 
refractory built on the waterback of a chain-grate stoker. The 
ledge shown has been in service for less than two months, and it 
is the seventh ledge to have been built in this furnace during the 
21 months that the water-cooled wall had been in service when 
this photograph was taken. 

The coal being burned has an ash fusing point of 2100 deg. 
fahr. Many different kinds of brick were tried in this ledge, 
including alundum, carborundum, magnesite, chrome, and many 
brands of the best brick. Some of these resisted the slag longer 
than others, but in a comparatively short time they all eroded 
in substantially the same manner as is shown in this pic- 
ture. 

It seems that the importance of the fusing point of ash has not 

been fully realized in explaining why a furnace of a given design 

and arrangement gives satisfactory results when installed at one 
plant and proves quite unsatisfactory at another. 
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Trdusands of Btu. per Cu Ft. of Furnace Volume 
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© Solid Brick. 

+ One Air-Cooled Walt. 

Three Air-Cooled Wal/s. 

ws Three Air-Cooled Walls with Water Screen. 

rn Three Air-Cooled Walls with Water Screen-Rear. 
t= four Air-Cooled Walls. 

= four Air-Cooled Walls with Water Screen. 


+ Block-Covered Tubes -One Wall. 

= Block -Covered Tubes Wall-Half Hleor Cooled. 

™ Block-Covered Tubes -Three Walls. 

Block Covered Tubes -Three Walls-Halt Floor Covered. 
© Block-Covered Tubes-Four Walis. 

@ Bloch-Covered Tubes-Four Walis-L£atire oor Covered. 


4 Fin Tubes-Two Side Walis. 

Fin Tubes-Two Side Walls-Water-Screened-Air-Cooled Front 
fin Tubes-Two Side and Rear-Water Screen. 

Tubes-Four Sides and Water Screen. 


Fie. Data From Priwe Movers Report on PutverizeD Coat, AvuG., 1927, PLorrep AGainsT Rate oF CoMBUSTION 
AND Fusine Point oF AsH, SHow1NG DiFFERENT KINDS OF FuRNACE CONSTRUCTION 


A recently published report of the Prime Movers Committee® 
gives a tabulation of essential data regarding practically every 
pulverized-coal installation in this country. In Fig. 2 is plotted 
the “maximum combustion rate in B.t.u. liberated per cubic foot 
of furnace volume per hour,” and the “fusing temperature of the 
ash’’ from all of the plants from which these data are listed. The 
types of furnace wall are divided into three major divisions: 
brick, block-covered tubes, and fin tubes. The plotted results 
show that while in general the water-cooled walls are designed 
for higher rates of combustion with coal having ash of a lower 
fusing temperature than the solid and air-cooled walls, many 
inconsistent data are being used as a basis for many of these 
designs. This is to be expected in this formative stage of the art. 

It should also be remembered that these data largely repre- 
sent the results that it was hoped would be obtained, which are 
often quite different from the actual results that are finally 
accepted as the practical operating limit. 

To illustrate what is meant by the practical operating limit, 
let us suppose that a furnace has been built to burn 30,000 Ib. 
coal per hour, equivalent to liberating 20,000 B.t.u. per cu. 
ft. of furnace volume per hour, when burning a certain coal. 
Let us also suppose that in designing the furnace a full realization 
of the limiting factors was not followed with the result that an 
air-cooled-refractory furnace was installed with perhaps some 
water cooling in the ashpit. When put into service it was found 
impossible to liberate more than 14,000 B.t.u. per cu. ft. 
per hr., and then only by the use of 35 per cent excess air, 
without causing a rapid deterioration of brickwork or an ac- 
cumulation of ash and clinkers difficult to remove. The plant 
then is operated at this limited rating and efficiency, at which, 
in the judgment of the operating executives the sum of the 
maintenance, operating and fixed charges are at a minimum 
per unit production. 

In Fig. 3 are also plotted data from a number of, furnaces of 


up National Electric Light Association, Publication No. 267-95, 
Pulverized Fuel,” August, 1927. 


various types of construction that represent fairly accurately 
the upper limit of rating as determined from experience in 
operation. This includes stoker and oil-fired furnaces as well 
as pulverized-coal-fired furnaces. 

In Figs. 2 and 3, the numbered points refer to the different 
plants as listed in the Prime Movers Report, starting with Table 
1 and numbering the different plants consecutively through 
Table 2 of that report. 

The curves labeled ¥ represent the mean refractory tempera- 
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ture of the furnace walls with different rates of combustion for 
furnaces with different fractions cold, these values being taken 
from Wohlenberg and Brooks’* paper. It is assumed that the 
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_*£W. J. Wohblenberg and F. W. Brooks, ‘‘Some Fundamental Con- 
siderations in the Design of Boiler Furnaces,” paper presented at 
Tri-State Power Meeting of .the Erie Section, A.S.M.E., Erie, Pa., 
June 3 and 4, 1927. 
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wall temperature is the same as the fusing temperature of ash. 

A furnace with a fraction cold of 0.2 has 20 per cent of the en- 
tire furnace-wall area water cooled, including the boiler tubes 
exposed to the furnace as a cooled part of the furnace walls. 
With coal having an ash whose fusing temperature is 2000 deg. 
fahr., a combustion rate of 18,000 B.t.u. per cu. ft. per hr. 
should be maintained and a combustion rate of 55,000 B.t.u. 
per cu. ft. per hr. should be maintained with an ash having 
a fusing temperature of 2400 deg. fahr., both with 20 per cent 
excess air. 

Excess air has a cooling effect, and as it is desired to plot dif- 
ferent furnaces on the same excess-air basis the correction factors 
are made in the form of curves at the left side of Fig. 3. To 
illustrate, if a furnace is liberating 30,000 B.t.u. per cu. ft. per hr. 
with 40 per cent excess air it should be plotted on the horizontal! 
position from the intersection of the 30,000-B.t.u. curve with the 
vertical of line 40 per cent excess air, an equivalent of 23,000 
B.t.u. per cu. ft. per hr. with 20 per cent excess air. 

The same symbols are used in Fig. 3 as in Fig. 2 to represent 
the type of furnace construction. Table 1 gives the essential 
values used in plotting the points of Fig. 3 and some additional 
data of interest which will be referred to in describing briefly 
some of the furnaces shown in Figs. 4 to 27. 

It should be remembered that the data in Wohlenberg’s paper 
are figured from a theoretical basis, assuming certain conditions 
as to the nature and cleanliness of the water cooling surfaces, 
uniformly distributed heat, etc., so that it is reasonable to expect 
that actual results plotted on a basis of this kind will deviate 
from the curves. There will also be limitations in furnace opera- 
tion due to localized temperatures in the burner zone, or at the 
ash-removal point, that will cause the furnaces to be limited to 
a lower rate than would be required if the temperature could be 
uniformly distributed throughout the furnace. Therefore the 
deviation and the location of these points on the corresponding 
fraction-cold curve, or V curve, indicates the allowance which is 
found necessary for normal operation. 

Fig. 4 represents the furnace installed at the Trumbull Steel 
Company, and is shown in Fig. 2, Fig. 3, and Table 1 as point 
67a. This furnace has no water cooling, and is air cooled only 
in the bridgewall, part of the secondary air entering here and 
flowing along the furnace floor. When burning coal with an ash 
having a fusing temperature of 2400 deg. fahr. this furnace can 
operate at rates of combustion up to 12,200 B.t.u. per cu. ft. 


Heat liberation, 


Furnace volume, 


cu. ft. B.t.u. per cu. ft. per lr. 
Per cent For volume 
Heating Fusing below Excess Steam below 
Ref. surface, pt. ash, top of Fraction air, output, For total top of 
No. Station sq. ft. Type Burners deg. fahr. Total burner cold percent tb. perhr. furnace burners 
Pulverized Coal 
67a Trumbull Steel 5,000 = Stirling Flare 2400 4,637 33 0.150 32 46,500 12,200 37,000 
Ma Merrimac Chem. 3,670 B&W Flare 2500 1,711 70 0.127 40 16,600 14,000 20,000 
Mb Merrimac Chem 4 B&W Turbulent 2500 2,745 65 0.127 40 20,700 17,100 26,100 
13a Narragansett 6,000 B&W long drum Couch 2500 2,180 48 0.175 35 40,000 27,600 57 000 
B Bayonne 2,755 Turbulent 2700 255 54 0.200 13,706 75,062 139,000 
63 Calumet No. 22 5,938 B&Weross-drum Calumet 1850 12,300 54 0.900 25 285,000 30,000 56,000 
85a Buffalo No. 15 12,515 B&Weross-drum Calumet 1950 10,200 17 0.820 18 275,000 40,450 234,000 
855 Buffalo No. 13 12,515 B&W cross-drum Calumet 1950 5076 0.683 20 225,000 60.000 1,100 000 
855 Buffalo No. 13 12,515 B&Weross-drum Calumet 1950 5076 55 0.683 20 150,000 40,000 750,000 
156 Cahokia 18,010 B&Weross-drum Lopulco 2010 13,500 0.611 33 140,000 17,000 cove 
lia Cahokia 18,010 B&W cross-drum Lopulco 2010 11,750 0.395 33 110,000 14,000 
6a Colfax 27,680 B&Wecross-drum Lopulco 2250 17,050 0.465 32 320,705 21,800 
20 Columbia Power 15,110 B&Weross-drum Vertical 2700 12,000 0.084 39 160,000 18,500 
8b Fordson 26,470 Ladd Lopulco 2450 22,000 0.778 25 460,000 29,000 
1 Lakeshore 30,600 Twin Stirling Lopulco 2050 26,000 0.309 45 286,200 15,000 
5b Lakeside 17,500 Edge Moor Lopulco 2100 12,040 0.310 22 150,000 17,000 
4 Trenton Channel 29,087 Stirling Lopulco 2400+ 25,140 0.371 25 392,000 22,270 
Stokers 
A Aurora 10,010 B&W Chain grate 2000 2,700 0.426 40 93,000 43,500 
Cc Crawford 16,220 B&Weross-drum Chain grate 1950 5,577 0.623 34 157,905 38, 
R Richmond 15,700 = Stirling Underfeed 2500 6,700 0.424 22 224,000 31,000 
Ss Saxton No. 5 11,120 Stirling Underfeed 2410 4,749 0.345 24 138,500 41,000 
T Twin Branch 14,086 B&W Chain grate 2150 5,440 0.117 28 166,000 45,700 
Oil 
Oil 1 San Diego 10,940 B&W B&W mech. 4,178 70.8 0.590 10 120,000 39,000 55,000 
B&W mech. 7,733 40.3 0.218 10 180, 31,000 77,000 
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per hr. with 32 per cent excess air, the brickwork having a satis- 
factory length of life and no serious trouble being experienced 
in ash removal, which is accomplished by scraping out the ashes 
from the flat-bottom floor through doors in the rear. This is 
equivalent to a rate of combustion of 9000 B.t.u. per cu. ft. per 
hr. on a basis of 20 per cent excess air, and is so plotted in Fig. 3. 
The inclined tubes of the Stirling boiler have some cooling effect 
on this entire furnace which has a W value of 0.150. It is noted 
from the curve that the maximum combustion obtained in prac- 
tice is about one-fifth the rate of combustion shown on the 
corresponding ¥ curve for ash of this fusing temperature. 
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Fie. 5 Section or Furnace aT Cotumpia Power Co. Frrep WiTH 
Putverizep Coat Usine 9 VerTICAL AND 6 HorizonTAL FULLER 
LeniegH Fiare Burners. REFERENCE 20 In TABLE 1 AND FiGs. 

2 AND 3 


Fig. 5 shows the furnace construction at the Columbia Power 
Co., which is designated in the figures and table as point 20. 
This furnace is very large, having both vertical and horizontal 
firing, and as only a small proportion of the total walls is exposed 
to the cooling aetion of the boiler tubes, the ¥ value is 0.084. 
It is shown in Fig. 2 plotted against a fusing temperature of 
2700 deg. fahr. and a combustion rate of 18,500 B.t.u. per cu. 
ft. per hr., while in Fig. 3 the excess air of 39 per cent brings the 
rate of combustion down to 13,000 B.t.u. per eu. ft. per hr. on 
4 basis of 20 per cent excess air. This is the upper limit for rate 
of combustion with this ash. Due to variations in coal supply 
the fusing temperature sometimes goes as low as 2600 or 2500 
deg. fahr., in which case it is customary to increase still further 
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Fic. 6 Section oF Furnace aT Merrimac Cuemicat Co. Firep 
Wirs Putverizep Coat Usine One Bartey-TENNEY TURBULENT 
BurRNER. REFERENCE Mb 1n TaBLe 1 anv Fic. 3 


the excess air and perhaps to operate at a lower rating. This 
point as plotted in Fig. 3 has a rate of combustion about one-fifth 
of what the ¥ curve would indicate. In operating this type of 
furnace with too high a furnace temperature, the critical points 
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are the removal of ash and the wastage of furnace walls near the 
burners. This plant has been in very satisfactory operation 
for almost two years, with a minimum of furnace maintenance 
cost, all of which is largely ascribed to the high fusing temperature 
of the ash in the coal being burned, and to the careful operation 
in keeping within the safe limits on rating and excess air. 

Fig. 6 shows a furnace with a turbulent burner, no water 
cooling, and fraction cold of 0.127. With an ash fusing tempera- 
ture of 2500 deg. fahr., a rate of combustion of 17,100 B.t.u. 
per cu. ft. per hr. is satisfactorily maintained. Another boiler 
in this same plant has a similar furnace, fired by a unit mill and 
with everything the same except the use of a flare-type non- 
turbulent burner. With this furnace it is difficult to get ratings 
as high as 14,000 B.t.u. per cu. ft. per hr., as compared with 
good operating conditions at rates over 17,000 B.t.u. per cu. ft. 
per hr. with the turbulent burner, thus indicating a decided 
advantage in favor of the turbulent burner as relates to furnace- 
wall punishment. 

Fig. 7 shows a 600-hp. longitudinal-drum B. & W. boiler, sup- 
plied with one Couch burner of the turbulent type, which is 
plotted as point 13c in Figs. 2 and 3. With an ash fusing tem- 
perature of 2500 deg. fahr., this furnace operates at rates of 
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Fig. 8 Section oF Furnace aT Bascock & Wiicox Co., BAYONNE, 
N. J., Firep Putverizep Coat UsinG 2 MEcHANICAL OIL 
Burners ConveRTED TuRBULENT Coat Burners. ReEFER- 
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combustion up to 27,600 B.t.u. per cu. ft. per hr. with 35 per 
cent excess air, satisfactory life of furnace wall, and no serious 
difficulty with ash removal. It is believed that turbulence in 
burning, producing a transparent flame, aids in getting these re- 
sults with ash of this fusing temperature. 

Fig. 8 shows a marine-type water-tube boiler, supplied from a 
direct-firing mill with two turbulent burners patterned very 
much after a mechanical oil burner. When burning coal with 
a fusing temperature of 2700 deg. fahr., it has operated continu- 
ously at over 60,000 B.t.u. per cu. ft. of furnace volume per 
hour. Tests have been run with rates of combustion as high as 
75,000 B.t.u. per cu. ft. per hr. with 38 per cent excess air and 
without any undesirable clinker on side walls, floor, and boiler 
tubes. The ash was readily removed while in operation by 
merely scraping it off the floor. The results are given in Table 
1 and plotted in Fig. 3 as point B. This furnace has a frac- 
tion cold of 0.20, which with the steepness of the Y curves at 


2700 deg. would account for a great difference between it and 
the Columbia Power furnace previously: described. This very 
phenomenal operating condition is probably due to the prox- 
imity of the cooling tubes to the burners as well as to the floor 
and the walls of the furnace. 

There is no doubt a distance factor as well as an area factor 
that should be used in determining the fraction cold. In other 
| words, the proximity of the floor, walls, and flame to the boiler 
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Fig. 9 Section oF WatTeR-CooLep FurNacE, Borter No. 22 at 

CatuMetT STaTion oF CoMMONWEALTH Epison Co., Firnep 

Putverizep Coat Ustnc 8 CatumMetT Burners. REFERENCE 
63 in TABLE 1 Figs. 2 anp3 


\tubes may add greatly to the cooling effect in the furnace. How- 
‘ever, the two turbulent burners on this boiler are extremely 
effective, and they produce practically transparent flame so that 
there is little to obstruct the radiant heat of the floor and walls 
in passing directly to the cooling tubes. The flame from these 
burners does not impinge on the walls. It is evident that this 
particular operation requires more than passing comment, 4s 
it ranks well above any other rate of combustion with pulverized 
coal and exceeds that in most modern stoker-fired furnaces, 
as well as those in furnaces burning oil and gas. 

A coal having an ash fusing point of 2000 deg. fahr. was burned 
in this furnace at a rate of about 60,000 B.t.u. per cu. ft. per hr. 
with very poor results. The ash slagged between the tubes and 
ran down the walls on to the floor, making a dense mass that was 
impossible to remove while in operation and had to be chipped 
out after the boiler was out of service. This indicates con- 
clusively that coal having ash with a high fusing point is 
absolutely necessary to meet these operating conditions. Follow- 
ing the W curve down from point B it is obvious that with 4 
fusing temperature of 2000 deg. fahr. this boiler should operate 
at a combustion rate of about 10,000 B.t.u. per cu. ft. per br. 
with 20 per cent excess air or 16,000 B.t.u. per cu. ft. per br. 
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with 40 per cent excess air. A detailed report of tests and 
operation of this marine boiler is given by Stillman.’ 

Fig. 9 represents boiler No. 22 at Calumet Station, Common- 
wealth Edison Co., the details of which are more fully described 
in the Prime Movers Committee Report* and by Dr. Jacobus.* 

The results from this furnace are plotted in Fig. 2 as point 63, 
on the basis of a total steam generation of 250,000 Ib. per hr. 
The boiler has generated 285,000 Ib. per hr., which would bring 
the rate of combustion up to 30,000 B.t.u. per cu. ft. per hr., 
this having been accomplished with coal having a fusing point of 
ash of 1850 deg. fahr. 

The ash from this coal not only has a very low fusing point, 


Fig. 10 Sime or Furnace at CatuMet Station, SHOWING 
CALUMET BurNeR OpeninGs, Hopper-BotromMep FLoor, AND 
Furnace ConpiTion AFTER SEVERAL Montus’ OPERATION 


but is very fluid and destructive when molten. This furnace has 
water-cooled walls on all four sides, covered with refractory-faced 
blocks, type BA in Fig. 29, together with bare blocks, Type C 
in Fig. 29, for the water-cooled floor. The two triangular ends 
of the ash hopper are solid brick walls, and are wasting away from 
the molten slag. 

This furnace is equipped with eight Calumet burners, and has 
operated very satisfactorily at around 20,000 B.t.u. per cu. ft. 
per hr. in normal operation, and as high as 25,000 to 30,000 
B.t.u. per eu. ft. per hr. with 25 per cent excess air. This furnace 
has a fraction cold of 0.90 and has operated up to about half the 
rate corresponding to the ¥ curve. Figs. 10 and 11 show the 
side and rear walls, respectively, and are from photographs taken 
after several months’ operation. 

Inspection doors near the bottom of this furnace give an ex- 


“Tests Using Pulverized Coal Under Marine 


Stillman, 
WaterFuke Boiler.” read before the Society of Naval Architects 
before 


and Marine Engineers, Nov. 11, 1927. 
*D.S. Jacobus, ‘ High Pressure Boiler Developments,” 
Jestern Pennsylvania, October 17, 1927. 
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cellent opportunity to study various phases of slag formation 
and action. At the higher ratings molten slag is continuously 
running down all four side walls in a thin sheet or film. The 
slag runs from the front and back walls on to the sloping sides of 
the water-cooled hopper until it builds up a thickness of an inch 
of two, after which the molten ash continues to flow on into the 
ash hopper through the throat at the bottom of the V which is 
15 in. wide. The slag chills below this throat, very much 
like an icicle on the eaves of a roof, and it can be readily broken 
off and the throat kept free. 

Another interesting phenomenon is the continual dropping of 
ash from the boiler tubes. The molten particles of ash carried by 
the gases into the boiler tubes deposit and chill until large enough 
to break and drop off in chunks from '/2 in. to 2 in. in size. 
These are soft and molten by the time they reach the floor after 
dropping through the central part of the hot furnace. It is 
such accumulation as this that makes it difficult to remove ash 
and clinker from a refractory-covered floor or hopper bottom 
after these particles have built up into a solid adhesive mass. 

Fig. 12 shows the well furnace 8 ft. square at the Charles R. 
Huntley Station of the Buffalo General Electric Company after 
some changes from the original design were made. ‘The latter 
as well as some efficiency results during the early experiments are 
described by Cushing,*® who shows that boiler efficiencies increased 
from 65 per cent with the furnace and burners as shown in Fig. 
13, to 75 per cent with the furnace as shown in Figs. 12 and 14, 
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Fie. 11 Back Watt or Furnace at CALUMET. PHOTOGRAPH 


TakKEN aT Same Time as Fia. 10 


when operating at a combustion rate of 54,000 B.t.u. per cu. ft. 
per hr. 

The earlier conception of the well furnace was to introduce 
pulverized coal and all of the air for combustion tangentially 
into a small well in which violent mixture would take place and 
combustion be completed a short distance above the top of the 
well. The early design called for exposed tubes backed up by 
carborundum tile as shown in Fig. 3 of Cushing’s paper and in- 
dicated in Fig. 17. It was anticipated that the rates of heat 
transfer would be terrifically high in such a furnace, probably 
exceeding 200,000 B.t.u. per sq. ft. of wall area per hr., and that 


* Cushing and Moore, “Direct-Fired Powdered-Fuel Boilers With 
Well-Type Furnace at Charles R. Huntley Station,” presented at 
the First National Fuels Meeting of the A.S.M.E., St. Louis, Mo., 
October 11, 1927. 
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the tubes could not withstand such punishment, so that water- 
cooled refractory-faced blocks were suggested as the best-known 
lining for such conditions. But as it was desired to keep the well 
proper as cool as possible to prevent the slagging of the ash and 
as this installation was of an experimental nature, bare steel 
and cast-iron blocks as shown in Fig. 13, Type C of Fig. 29, 
were first installed. These blocks were calorized, but even with 
that precaution and the best contact between the block and the 
tube known at that time, the temperature and the blast action 
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the top of the north wall and the originally intended carborundum 
tile was fitted to enclose the outer half of the tube. The entire 
west wall was also converted in the same way, and after a short 
period of operation 14 of the 34 tubes were blistered and burned 
as shown in Figs. 16 and 17, two of them leaking. 

As the molten slag had also destroyed the carborundum tile 
at the sides of the bottom of the well, the furnace was rebuilt as 
shown in Fig. 12, and lined with carborundum-faced blocks CAF, 
Fig. 29. The floor of the well was raised so that the slag line 

would come up to the cooled blocks. This furnace has 


a operated through the last winter season evaporating 


about 150,000 lb. of steam per hour, which correspon«s 
to a combustion rate of about 40,000 B.t.u. per cu. ft. per 
hr., and it is operating now in this same condition. Some 
of the CAF blocks failed because the carborundum spalle« 
out from the iron. The CAC blocks, with the tile ce- 
mented into the casting, are better in this respect. 

In the meantime three more boilers in this plant were 
equipped with larger well furnaces (16 ft. square) as shown 
in Fig. 18 and were operated through the last winter season. 
A series of tests was run on No. 15 boiler and the results 
are reported fully by Cushing® with ratings up to 275,000 
Ib. of steam per hour and overall efficiencies from 88 to 
85 per cent. 

The coal supplied to this station has 12 to 14 per cent 
ash with a fusing point of 1900 to 2000 deg. fahr., and to 
operate furnaces successfully when burning such coal a: 
rates greater than 40,000 B.t.u. per cu. ft. per hr. with IS 
per cent excess air is a decided step in advance of any 
other pulverized-coal installation. The results are given 
in Table 1 and Figs. 2 and 3 as 85a and 85b. The ash 


from the larger furnaces is tapped intermittently into a 


Fig. 12 Section or Wet Furnace, Bower No. 13, Cartes R. hydrojet sluicing system, and no difficulty is experienced 
Huntuey Station, Burrato Genera Exectric Co., as Now Oper- in handling it. When operating normally the slag is 


atinG Wits 4 CaLuMET BuRNERS ARRANGED TANGENTIALLY IN A WELL 


8 Fr. Square. REFERENCE 85b1N TABLE 1 AND Fias. 2 anp 3 


of direct flame impingement at 120 ft. per sec. were too great and 
the blocks had a relatively short life. Molten ash accumulated 
in a pool in the lower part of the well and was tapped out inter- 
mittently. 

The velocities were so high and the volume of gases so great 
that the rotating or tangential action which was expected was 
not obtained. The gases took a high vertical velocity, leaving 
the well at about 100 ft. per sec., and consequently rotated only 
slightly more than 90 deg. around the well before escaping. 
Homogeneous mixture was not obtained under these conditions 
and a new burner was built in which all of the air was mixed as 
quickly as possible with the coal as it entered the furnace. Pro- 
vision was also made for a more uniform division of coal and air 
from each mill to the two burners. Refractory-faced blocks 
BA, Fig. 29, were also installed, and the boiler operated at rates 
of evaporation of from 200,000 to 225,000 Ib. per hr. The better 
efficiencies previously mentioned were obtained and the molten 
slag which streamed down over the walls into the well was suc- 
cessfully handled, but the punishment was too great for this wall 
construction and the efficiency was too low due to carbon loss 
and incomplete combustion. The rate of combustion per hour 
was from 50,000 to 60,000 B.t.u. per cu. ft. of total furnace vol- 
ume above the flaring wall tubes, but the high velocity of gases 
passing directly from the well to the boiler tubes did not permit 
the gases to spread out into this entire volume, and it is estimated 
that the volume occupied by the active combustion gave rates 
as high as 100,000 B.t.u. per cu. ft. per hr. Fig. 14 shows the 
condition of the furnace after several weeks’ operation. 

As a further step into the investigation of furnace-wall con- 
struction, the blocks were removed from a strip 18 in. high near 


tapped once per day and 6000 to 30,000 lb. are taken out 
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Fic. 14 E:eut-Foor Furnace, Bower No. 14 aT Burraro Fc. 16 Same View as Fic. 15 Wits Removep FRoM 


Arrer CHANGING TO Rerractory-Facep BLocks aND CALUMET Tuses. Wuire Spots Inpicate BULGED oR BAGGED Spots 
Burners. Note THE AcTION OF MOLTEN AsH AFTER SEVERAL on Tupes From Excessive Heat Arrer 4 Few WEEKS OpeRa- 
Weeks’ SERVICE TIoN WiTH Exposep Tuses With Very CLEAN WATER 
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15 E:gut-Foor Weit Furnace Borer No. 13 atTBurrato Fic. 17 West Sipe oF Furnace aT SAME TIME As Fics. 


1TH Exposep Watt TuBes Near Top oF NorTH WALL, SHOWING 15 AND 16 Exposep Tuses. Tue Wuire Spots INDICATE 
Tuat Mouren Fartep To Protect Tuses From Excessive BuisTeRED TuBES AND THE CHALK Lines Wuere Tuses Have 
FLAME [MPINGEMENT. SEE Fic. 16 Breen OvERHEATED AND BURNED 
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in 30 to 60 min. at one tapping. At lower rates of combustion 
it is not necessary to tap each day; the slag may accumulate, and 
no trouble results from letting the furnace cool with a con- 
siderable amount of slag in it, because it will melt when the fur- 
nace is again put into service. 

The coal and air are delivered to the furnace through four 
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amounts to 1,100,000 B.t.u. per cu. ft. per hr., while at the 
present operating rate of 150,000 lb. of steam per hour, 
750,000 B.t.u. are liberated per hour per cubic foot of this lower 
volume. This is too great for satisfactory wall maintenance 
over long periods of time and does not give altogether satisfactory 
combustion, as too much of the combustion must be complete: 
in the volume above and the velocities are so high 

that stratification persists. 
Some further improvements might be made on these 


nace another. 


= burners. However, it is felt hardly worth while to spend 
! — =) Ree \-/ much more time on a furnace volume so small when al! 
, RN | the indications are that a somewhat larger furnace is 
{| more economical. A small well is neither a burner nor 
; iF E 2 a furnace, while observations of the 16-ft. well make it 
ow = . - = appear that the burner is one problem and the fur- 


Fic. 18 Secrions oF 16-Fr. Furnaces Equippep 4 CALUMET 


It might be well to state that in so far as No. 13 
furnace is concerned if coal having an ash fusing tem- 
perature of 2300 to 2500 deg. fahr. had been burned, 
the results would have been much better in so far as 
furnace “punishment” was concerned. 

From Table 1 it is noted that the energy-liberation 
rate for the volume below the top of the burners is 
234,000 B.t.u. per cu. ft. per hr. in the larger well fur- 
naces. It is believed that this high rate of combustion 
is largely brought about by the correct proportioning of 
coal and air as they enter each individual burner as well 
as by the turbulence of the burner and the mixing of the 


BURNERS AND TANGENTIAL Fririnc, Borers Nos. 14, 15, AND 16, Burrato tangential firing aided by the intensely hot floor. The 


GENERAL Exectric Co. 
FoR Removine AsH IN MOLTEN CONDITION. 
AND Figs. 2 anD 3 


Calumet-type turbulent burners arranged for tangential firing in 
the 16-ft. well as shown in Figs. 18 and 19. It is noted that the 
bottom of the burner is close above the slag line, and the very 
hot floor materially aids combustion. This is a wide contrast 
with most other types of furnaces, in which it is necessary to 
keep the lower part of the furnace well below the fusing point 
of the ash. 

The center line of the burners is four feet away from the wall. 
When the primary and secondary air were supplied symmetrically 
to this burner the side walls received a little too much “punish- 
ment,” so that a few blocks had to be replaced on the first two 
boilers of this type that were put into operation, where the flame 
impingement was too severe. Better adjustment and distribu- 
tion of the air have improved this condition and cleared up the 
flame materially so that now the flame is transparent throughout 
the entire zone above the tops of the burners, and even within 
the level of the burners the turbulence has cleared up the flame 
so that there is not that dense, dazzling mass of white flame that 
would be expected from this high rate of combustion. 

From the study of the foregoing pulverized-coal furnaces it 
is evident that the limiting factors of furnace operation main- 
taining high rates of combustion divide themselves into two 
groups 89 that the one overall figure of B.t.u. per cu. ft. per hr. 
of total furnace volume does not altogether tell the story. 
The walls of the furnace zone within the range of flame impinge- 
ment of horizontal burners are taxed most severely, and the 
problem of ash removal is most critical. 

In Table 1 the rates of combustion per cubic foot of total 
furnace volume are given and are compared with the heat libera- 
tion within the furnace below the top of the horizontal burn- 
ers. 

For Buffalo boiler No. 13 operating at the maximum rating 
the energy-liberation rate for the volume below the burners 


Note Fioor Construction AND SitaG Tap Hoe 
mane She, Tasen 1, temperature of the slag is often as high as 2600 deg. fahr. 


as it flows from the spout, and is probably 2700 to 2800 


Fie. 19 Norta Watt or Borer No. 15 at Burraio, SHowING 

Tuses AFTER SEVERAL Montus’ OperaTION 

at Hien Ratina Wira Asu or Low Fvusine Port. Norte 

Catumet Burner Ports To Lert, Inspection Door To RiGHT, 
AND SiaG on FLOOR 


deg. fahr. during normal operation. The furnace walls are with- 
standing this action satisfactorily now that some readjustments 
in the burners have been made and the combustion is substan- 
tially completed in the lower part of the furnace. The flame 
is transparent throughout the entire upper part of the furnace, 
and combustion seems to be complete well before the gases enter 
the tubes; in fact, it is the opinion of most engineers who have 
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FUELS AND STEAM POWER 


seen this furnace in operation that the boiler could be placed 
lower with respect to the burners without decreasing the efficiency 
due to incomplete combustion. It is obvious that the upper 
part of the furnace merely makes it possible to complete the 
combustion, 80 or 90 per cent of which is completed below the 
top of the burner. It remains for future developments to de- 
termine just how much this furnace volume can be reduced and 
still handle coal with ash of low fusing temperature. It is quite 
likely that this furnace volume could be reduced to a point at 
which the heat liberated based on the total furnace volume would 
exceed 60,000 B.t.u. per cu. ft. per hr. 

The Calumet furnace shown in Fig. 9 is developing 56,000 
B.t.u. per cu. ft. per hr. below the top of the burner, including 
the hopper. If, however, a flat slag-tap floor like that at Buffalo 
were installed, and the slag level carried up to the top of the V 
in the furnace, the rate of combustion within this zone would be 
90,000 B.t.u. per cu. ft. per hr. 

' The furnace at Bayonne, shown in Fig. 7, is developing 139,000 
B.t.u. per cu. ft. per hr. below the top of the burner when operat- 
ing satisfactorily at 75,000 B.t.u. per cu. ft. per hr. for the total 


Fic. 20 Om-Firep Furnace at San Dieco Sration oF Con- 

soLIDATED Gas & Execrric Co., 

TuBEs on Sipes anp Botrom AFTerR 1452 Hours’ 
Service. Rererence “Or 1" 1n TaB.e 1 anv Fie. 3 


furnace. This latter, it must be remembered, is with ash having 
a higher fusing temperature. 


THE APPLICATION OF WaTER CooLinG To anp Gas-Frrep 
FURNACES 


Fig. 20 shows the interior of an oil-burning furnace of a 1094-hp. 
B. & W. boiler after operating at about 275 per cent of rating for 
1450 hr. It is noted that the side walls and floor are of block- 
covered water-cooled construction, using the tile WAC shown in 
Fig. 29. There is also a radiant superheater in the back wall. 

This WAC block makes possible a very hot furnace and is 
entirely satisfactory for oil and gas firing. It is noted in Fig. 20 
that there is no spalling of the refractory-faced blocks, although 
the front wall shows the usual spalling taking place in the brick 
wall. The surface condition of the walls shows quite readily 
the high-temperature zone in a furnace of this type burning oil. 
No gas is burned in these furnaces. 

This furnace is operating at a combustion rate of 39,000 B.t.u. 
per cu. ft. per hr. with 10 per cent excess air. In Table 1 it is 
designated as “Oil 1” and is plotted under the same designation 
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in Fig. 3, on the 3000-deg. line, the fusing temperature of brick 
being used in the absence of ash. 

Fig. 21 shows a similar view from a furnace under a 1500-hp. 
Connelly boiler after it has been in service 3466 hr. burning both 
oil and gas. Both side walls have block-covered tubes as shown 
in the photograph, while the upper front wall has water-cooling 
tubes with shadow tile between them. The front wall, floor, and 
back wall are of air-cooled brick construction. 


Fie. 21 Furnace aT Lone BEeacu 

No. 2 Station or SouTHERN CALIFORNIA Epison Co., Wit BA- 

CovEeRED WaTEeR-WALL TuBEs oN Sripes Arter 3466 Hovrs’ 
Service. ReEerFeReNcE “Or 2” Tasie 1 anv 3 


The blocks used on the side walls are shown as BA, Fig. 29 
It is noted in Fig. 21 that some spalling has taken place from the 
face of these tile, this being due to the sudden starting and 
stopping of boilers in this station which is tied in with hydro- 
electric generating stations. The BA tile, which is shown in 
Fig. 29, has an overhanging face which is under an initial strain due 
to the shrinkage of the iron on the lower part of the tile when cast. 
Consequently, when this block has been exposed to the spalling 
action of an oil-fired furnace the face has broken off in some cases, 
but even so it leaves a good background substantially the same 
as the BAG block in Fig. 29. Experience has shown that this 
form of block resists any further action and the iron rims are cool 
enough to be satisfactory for this service. Later installations 
are being made at this same plant with the BAG block. It is 
noted that the spalling on the rear and front brick walls is quite 
pronounced. 

An interesting point is brought out in connection with trans- 
parency of flame and its effect upon heat absorption by referring 
to Fig. 30, where the heat transfer has been determined by noting 
the temperature gradient through the iron section of the wall 
blocks in the furnace shown in Fig. 21. When burning oil 
the heat transfer through the refractory-faced block is 16 per 
cent more than when burning natural gas at the same heat- 
liberation rate, while with the bare blocks, where there is a 
greater temperature gradient, the rate of heat transfer when 
burning oil is 32 per cent more than when burning gas at the 
same rate. There were only a few test blocks Type C in one 
furnace of the seven boilers equipped with this type of wall 
construction. 

The problem of wall maintenance is very much easier where 


; 

q 
7! 
: 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Furnace 


Width: 22°84" 


Fie. 22 Furnace Over Cuarn-Grate SToKeR WiTH SECONDARY 

Arr ApMiTTreD aT Narrow Mrxine THroat BETWEEN ARCHES. 

INSTALLED AT Twin Branco Station, INDIANA & MICHIGAN Fic. 24 PuorocrapH oF Furnace oF 23 AFTER SEVERAL 
Execrric Co. REFERENCE T IN TABLE 1 AND Fia. 3 Mosrems’ Ornnatioe 


Fic. 23 Section oF CuHarn-GraTE FURNACE aT AvRORA STATION, Fic. 25 Section oF Cuarn-GraTe FuRNACE AT CRAWFORD AVENUE 

WeEsTERN Unitrep Gas & Execrric Co., WaTER-CooLeD SIDE Sration, CoMMONWEALTH Epison Co., WaTER-CooLeD SIDE 

Watts As WELL As Front anp Rear ArRcHES. REFERENCE A WALLs AND Front anD Rear ArcHES. REFERENCE C IN TABLE 
TaBLE 1 Fia. 3 1 anv Fia. 3 
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Fic. 26 Section oF Furnace With UNDERFEED STOKER AT SAXTON 
Station, Penn CentTraL Ligut & Power Co., SHow1ne Bare- 
Biock-CoveRED at Fuet-Bep Zone anv REFRACTORY- 
Coverep Biocks ABove. REFERENCE S IN TABLE 1 AnD Fia. 3 


the flame is transparent than where it is opaque. The improved 
results through the use of turbulent burners in pulverized-coal- 
fired furnaces has minimized the “‘punishment’’ on the walls, 
while the earlier impression of turbulent burners was that it would 
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Fic. 27. Pxotograpa oF FuRNACE SHOWN IN Fic. 26 AFTER 
SEVERAL Montus’ OPERATION 
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increase the punishment. This probably resulted from earlier 
efforts along the line of turbulent burners which did not ac- 
complish such effective mixing, but merely increased the velocity 
and threw an opaque flame against the furnace wall. 


SToKER FuRNACES 


Modern stokers are operated at rates of firing which liberate 
40,000 to 50,000 B.t.u. per hr. per cu. ft. of furnace volume. 
With forced draft on both underfeed and chain-grate stokers, 
highly turbulent combustion is taking place within and immedi- 
ately above the fuel bed. The outstanding problems of capacity 
limitations are slagging of boiler tubes due to throwing the 
particles of coke and ash in a molten condition up from the fuel 
bed, and the erosion of the upper portion of the walls and arches, 
due largely to the flowing of molten ash over the brickwork, 
similar to that previously described in connection with pulverized 
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Fic. 28 Rate-Duration Curve Proposep aS A MEASURE OF 
FurNaAcE OPERATING CONDITIONS 

coal. There is also the problem of the building out of ledges of 
clinker where this molten slag encounters a cooler zone as well 
as that of the ash clinker in the fuel bed itself adhering to the side 
walls and bridge walls, interfering with the normal motion of the 
fuel bed and the discharge of the ashes. The actual discharge 
of the ashes by clinker grinders and traveling-grate stokers is 
not a serious limitation to high-capacity operation. 

Water cooling with bare tubes has not been so popular in 
stoker furnaces due to the high temperatures and heat intensities 
at the fuel-bed zone. If a brick wall is built in front of the tubes, 
slag adheres to it and defeats the main advantage of water cooling. 
With chain-grate stokers, arches are necessary for igniting the 
coal, and the hotter the furnace the better. Fig. 22 shows a 
novel furnace construction, without any water cooling, that is 
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accomplishing a remarkable 
result. The front and rear 
arches are brought close to- 
gether, and with secondary 
air admitted in the throat of 
the arch it is possible to op- 
erate the furnace proper 
somewhat as a gas producer 
with a deficiency in air, which 
results in a considerably lower 
furnace temperature at this 
point than would otherwise 
be the case. The air neces- 
sary to complete combustion 
is introduced at the throat 
of the arch and the tempera- 
ture immediately above is 
very intense. Results from 


this furnace are plotted in | 

Fig. 3 as 7’ and show rates 2400 

of combustion of 45,700 B.t.u. . 

per cu. ft. per hr. with 28 2200 : 4 

per cent excess air. On newer 

designs we understand that 0 200 2000) 1 

the throat will be set back 

under the boileritself sothat 

the radiant heat can be ab- | 600 1600 

sorbed without damage to  <- \ \ 

any of the brickwork. The {| |") 1400 | 1400 _ 

furnace just described was \ \ 

originated by Coghlan and °| 1200 1200 

Johnson, and is installed in >| K \ \ 

several plants of the Ameri- \ \ 

can Gas & Electric Co. | 
Fig. 23 shows arefractory- ©°| 

faced block-covered cooling- 600 600 600 

tube wall on both side walls’ 

and front and rear arches of 400 ot 400 400 + 

firing Illinois coal with ash 

having a low fusing tempera- | 


ture. It is plotted on Fig. 3 
as operating with a rate of 
combustion of 43,000 B.t.u. per cu. ft. per hr. and with 40 per 
cent excess air. 

Fig. 24 shows interior of the furnace after several months of 
operation, most of the time at very high ratings and with a pres- 
sure in the furnace. 

Fig. 25 shows a furnace installed in the Crawford Avenue 
Station, Commonwealth Edison Co., with side walls, front, and 
rear arch of similar water-cooled construction and burning in 
this case coal with a fusing temperature of 1850 deg. fahr. and 
operating at rates of combustion up to 38,000 B.t.u. per cu. ft. 
per hr. with 34 per cent excess air. 

Fig. 26 shows a typical installation of water cooling on under- 
feed stokers in which the lower section of the side wall and bridge- 
wall near the fuel bed are constructed with smooth, bare iron 
blocks and the upper part of the walls with refractory-faced 
block like BA, Fig. 29. 

This make a very adaptable construction in that the zone, where 
clinkers are likely to build out and interfere with the action of 
the fuel bed and ash removal, can be made smooth and the upper 
part so constructed that a high furnace temperature will be 
maintained. 

Fig. 27 shows an interior view of this furnace after normal 
operation. This plant is burning coal having an ash with a 


Fig. 29 Section oF DirFeERENT Types oF WATER-COOLED Construction Rerxac- 


fusing temperature of 2460 deg. fahr. and is operated with rates 
of combustion as high as 41,000 B.t.u. per cu. ft. per hr. with 
24 per cent excess air. On later boilers in this plant bare blocks 
were used on both side walls and bridge wall in an effort to coo! 
the furnace as much as possible and minimize the burning of 
stoker parts. On the other hand, similar construction with 
part bare and part refractory-faced blocks installed at Richmond 
Station of the Philadelphia Electric Co. has been reported by 
Funk"® as giving better efficiency after the blocks had built up 
with ash. Experiments are now under way in which a series 
of tests will be conducted first on a furnace equipped with all 
bare blocks and later on the same furnace with refractory-faced 
blocks and bare blocks around the fuel-bed zone only, in order 
to determine what difference there is in efficiency due to the 
different types of construction. 


REMOVAL 


Removal of ash is more of a problem in connection with pul- 
verized-coal-fired furnaces than it is with stoker-fired furnaces, and 
very often the removal of ash is a critical point in operation and 


19 N. E. Funk, “The Effect of Water-Cooled Walls on Preheater 
Performance,” paper presented at a meeting in Philadelphia, Ps- 
Nov. 23, 1926, of the Philadelphia Section, A.S.M.E. 
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TORY-FACED AND Bare Iron Biocks, SHOWING TEMPERATURE GRADIENTS CORRESPONDING TO CERTAIN Rates OF Heat TRANSFER 


limits the capacity or causes undue outage. Brick walls may 
waste away and have to be rebuilt, but in any event it takes time, 
usually several weeks or months, between repairs to brick walls 
of any kind. If a furnace is not satisfactorily designed and 
operated with respect to the removal of ash, the accumulation 
in a day’s, or at most a week’s run will cause boiler outage or 
operation at reduced rating and high excess air during the period 
of ash removal, which is often very difficult and laborious. 

As shown in some of the foregoing illustrations, flat-bottom 
brick floors are satisfactory for ash removal and for high rates 
of combustion if the ash has high fusing temperature and if a 
furnace with a proper fraction cold is used. Other combina- 
tions with partial water cooling are all right up to the point where 
high rates of combustion and ash of low fusing temperature make 
all such means more or less ineffective. If the ash is molten on 
the side walls and runs to the lower part of a cooled furnace floor 
or ash hopper, the ash solidifies into a hard, dense mass and the 
furnace must usually be taken out of service in order to dig it 
out. This, of course, is not satisfactory operation. There are 
four possible ways of handling such ash: 

_ 1 The entire furnace is kept so cool that all of the ash is 
in & loose, spongy condition and can readily be removed by 
gravity or with slight assistance from a hoe. 


2 The molten ash accumulates on sloping, smooth, water- 
cooled floors, to which it will not adhere but avalanches to the 
ashpit from time to time, or is easily pushed into the ash hopper. 

3 The furnace is arranged so that the lower part is hot 
enough to keep the molten ash in a liquid condition so that it 
drips continuously into the ashpit. 

4 Molten ash accumulates on the floor of the furnace to a 
depth of six to twelve inches and is tapped out in a liquid condi- 
tion intermittently. This is being done at Buffalo. 

The last method has many advantages and aids in keeping 
the furnace hot at the point most needed for high rates of com- 
bustion. With the proper construction of floor and side walls 
at the slag line, no serious maintenance problem seems to be 
involved. The ash is in condition for many uses which will 
return revenue. Furthermore the ash from the other parts of 
the boiler setting and from economizer and air-heater hoppers 
can be run into the furnace and melted into the same mass and 
handled satisfactorily, as against the problem of getting rid of 
fine pulverized-coal ash, which is a source of expense rather than 
revenue in most cases. 


CoMPARISON OF RESULTS 


It is believed that Fig. 3 will serve a useful purpose in compar- 
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ing one furnace with another and in determining approximately 
what would be the limitations of a furnace if the rate of combus- 
tion were changed or a fuel with another ash fusing temperature 
were burned. The author does not claim that this is the last 
word in measurement of furnace operation, nor even the best 
basis for comparison. However, it is a step in that direction 
and as other furnace operating conditions are determined and 
plotted on some such basis it will lead toward a better compre- 
hension of the problem of furnace design. If this basis does not 
make true comparisons possible, modified factors and methods 
of comparison may then be worked out. 

It is now believed that the fusing temperature of ash is a very 
important factor in furnace design where any refractory material 
is involved; it is also closely related to the question of ash removal, 
even from water-cooled furnaces, as an important limitation of 
continuous and satisfactory operation. 

It is too early in our experience to determine whether or not the 
fraction cold or W factor brought out by Mr. Wohlenberg 
in the paper referred to, is on exactly the right basis. It 
at least serves as a basis of comparison for the present, and after 
more data are plotted on such a basis perhaps a modified means 
of determining the fraction cold more accurately will be worked 
out. For the present it would seem that there should be a 
distance factor coming into the formula in addition to an area 
factor. In other words, the proximity of the burners and flame 
zone and refractory walls to the cooling surfaces seems to make 
such cooling more effective with the same flame transparency. 
It is not certain whether B.t.u. per cu. ft. per hr. is a correct 
measure of ratings. It is the most obvious value to use at the 
present time, and the use of it is fairly well established. 

The next point is how much time during the year does a given 
furnace operate at the highest rating and what measure of furnace 
punishment can be worked out to determine just what one furnace 
has produced during the year in comparison with another. Fig. 
28 is given as a suggestion along this line. It is the rate-duration 
curve of a furnace over a period of time. Curve A is taken 
from the N.E.L.A. Prime Movers Report showing the log 
of operation 6f boiler No. 2 at the Fordson Plant since recon- 
struction. The 100 per cent time plotted on Curve A represents 
1704 hr., and the coal burned had an ash fusing point of 2450 
deg. fahr. Curve B represents similar data from Calumet 
Boiler No. 22 at the Commonwealth Edison Co. The total 
time of operation used in plotting this curve is 5548 hr. The 
ash fusing point was 1850 deg. fahr. Curve C represents an 
estimated load in a paper mill or steel mill where there is a 
steady 24-hr. load six days per week. Curve D represents a 
boiler used on peak-load service. It is suggested that the time 
should be a year, although in these curves the operation covers 
a shorter period as noted. It is obvious that the ratings at 
the higher B.t.u. per cu. ft. are much more severe than those 
below the critical line, wherever that may be with a given type of 
furnace. This, too, is presented as a suggestion, and its value 
will be proved as different installations are plotted on some such 
basis and compared one with another. 

Each furnace has its critical point, so to speak, and this is 
usually the rate of combustion at which the molten ash starts to 
flow over the walls, arches, or furnace floor. Below that point 
the life of the ordinary brick furnace would be many times that 
which would be obtained when operating at slightly above that 
point. The more fluid the ash—in other words, the higher it is 
heated above its melting point—and the greater volume of ash 
present in the furnace, the more rapidly will any refractory 
construction be carried away. There seems to be only one 
barrier that will stop the erosion of a wall under such conditions, 
and that is temperature reduction to the point where a film of 
slag is frozen and remains frozen at a safe point in the wall 
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construction. The conductivity of refractories is so low that 
air-cooled walls have not proved effective for the more severe 
operating conditions, although they serve very well in a given 
range. Water cooling, with proper contact between the water 
tubes and the face of the wall so that the required amount of 
heat can be carried away, is necessary to maintain the surface 
below the fusing temperature of the ash. 

The question of temperature gradient is illustrated in Fig. 29 
where several different types of wall construction are shown vary- 
ing from bare iron blocks to thick refractory blocks of low 
conductivity. In each case the block has a heavy iron body 
formed to fit the tubes and is clamped tightly to them, with a 
plastic bond of high heat conductivity between the block and 
the tubes. 

With a tube temperature of 440 deg. fahr. the furnace-wall-face 
temperature varies from 1120 deg. fahr. with the bare iron blocks 
to 2300 deg. fahr. with the thicker refractory, and the rates of 
heat transfer vary respectively from 70,000 B.t.u. per sq. ft. of 
wall face per hour down to 18,000. The different types of blocks 
are selected for different conditions, bare iron blocks usually 
being confined to furnace floors and the lower part of side walls 
where it is desired to keep the wall clean and free from adhering 
clinkers. The CAF and the CAC blocks are different con- 
structions of carborundum with very high conductivity to be 
used in places where most severe punishment is expected and 
bare blocks or bare tubes would not live without protection. 

The BAG, BAE, and BA blocks are more or less standard and 
are to be used in the normal conditions where moderately high 
rates of heat transfer are encountered and the refractory may 
build up if the rate of firing is low or the fusing temperature of 
the ash is high, or it may thin down to an equilibrium point for 
high ratings with ash of low fusing temperature. 

The WAC and WAB blocks are for very high wall temperatures 
and can be used only with ash of very high fusing temperature 
or at the ignition arch of a chain-grate stoker, or with gas- and 
oil-fired furnaces where the quantity of ash is at a minimum and 
no appreciable erosion takes place even when the face of the wall 
is higher than the fusing point of such ash. 

In casting most of these refractory-faced blocks a burned 
refractory tile is placed like a core into a mold and iron is cast 
on to the tile, penetrating every pore of it. A rim and pins of iron 
grip the tile tightly, which makes a highly satisfactory junction 
for both mechanical and thermal results. 

The blocks CAC and WAC have a refractory tile with dove- 
tailed recesses fitting into a companion cast-iron block, and the 
tile is cemented into the iron block, using a cement that will 
harden properly when heated. The cement may be selected as to 
its conductivity, and the thickness of the joint may be varied 
according to the conductivity desired for the combined block. 
The tile cemented in or the completely shrouded tile like the 
BAG and BAE are less likely to spall. 

The temperature gradients plotted in Fig. 29 are taken from 
thermocouples placed in blocks of the different kinds when in 
service in boiler furnaces. The rates of heat transfer noted on 
this curve are taken from results obtained with a test furnace 
when the heat absorbed in the water-cooling tubes was obtained 
from individual blocks and the relationship between the tempera- 
ture gradient through the iron body and the rate of heat transfer 
determined. The values are then used to determine the approxi- 
mate rate of heat transfer into water-cooled walls of like con- 
struction in actual plants. By placing several blocks fitted 
with thermocouples in different parts of furnace walls, the aver- 
aged result gives a fairly true indication of what is taking place 
without separating and measuring the wall circulation and 
evaporation. The results have proved very satisfactory for & 
comparison of relative results. Local rates of heat transfer 10 
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local parts of a wall, adjacent to burners, within the zones of fuel 
beds, etc., can be determined. Such data give definite assurance 
that undue heat is not applied directly to the water tubes carrying 
boiler pressure. 

Type C block when transmitting heat at the rate of 70,000 B.t.u. 
per sq. ft. per hr., Fig. 29, shows about 400 deg. temperature drop 
through the iron block along a path from the center of the 
block to the corner near the middle of the tube. There is a drop 
of about 100 deg. through the heat-conducting bond between 
the block and the tube. 

The BA block at 33,000 B.t.u. per sq. ft. per hr. has a surface 
temperature of 2000 deg. and a temperature gradient of 1380 
deg. through the tile, or a maxi- 
mumiron temperature of 620 deg. 


HEAT TRANSFER- BA BLOCKS 
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walls should not be great. On the other hand, when going to 
high rates of combustion with coal having ash of low fusing 
temperature, a great deal of heat must necessarily be absorbed 
from the furnace. 

Fig. 30 shows the rates of heat transfer though two different 
kinds of block-covered tubes. It is noted that with the BA blocks 
as much as 70,000 B.t.u. per sq. ft. per hr. is absorbed, while 
with the bare iron blocks rates of heat transfer up to 120,000 
B.t.u. have been obtained. Individual readings from bare iron 
blocks in the No. 13 boiler furnace at Buffalo showed some rates 
of heat transfer over 160,000, but this was beyond the range of 
satisfactory operation. Both bare and BA blocks have remained 


HEAT TRANSFER-69C BLOCKS 


The WAC block at a rate of 
heat transfer of 24,000 B.t.u. per 
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tween the tile and the iron, leav- 
ing a temperature of 570 deg. at 


the face of the iron. 
It is desirable in every pos- 


sible case to have the furnace at 
as high a temperature as the 
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fusing point of the ash will per- 
mit, to insure rapid and complete 
combustion and freedom from 


smoke with a minimum of excess 
air. No matter what kind of 


furnace construction, if it is built 
for endurance and will retain a 
film of ash slag, the final wall- 
surface temperature will be sub- 
stantially that of the fusing 
point of ash, thereby permitting 
higher furnace temperatures with 
the ash of higher fusing tempera- 
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ture. On this basis it is difficult 
to obtain as good combustion 


efficiency from coals having ash 
of low fusing point as from those 
having ash of high fusing point. 

When burning pulverized coke 
or anthracite the question of the 
fusing point of ash is of extreme importance. It is impossible to 
burn low-volatile fuel satisfactorily without a very hot furnace. 
If the ash from such fuel has a low fusing point then it will cut 
into any wall, either destroying the wall, or, if-the wall is water 
cooled, bringing the equilibrium temperature to such a low 
point that maintenance of good combustion efficiency is not 
obtainable. 


Rates or Heat TRANSFER 


The water cooling of furnaces is primarily for the protection 
of the walls against erosion and to facilitate ash removal. There 
is also an advantage from the evaporation which takes place 
within such walls and which adds considerably to the total boiler- 
unit capacity, or else reduces the flue-gas temperature and 
increases the efficiency at the same total rating. As to whether 
or not this extra steaming capacity can be supplied more economi- 
cally in the boiler proper or in the wall tubes depends upon the 
rate of combustion and the fusing point of ash in the coal being 
burned. With ash of high fusing temperature very little cooling 
is needed, and therefore the heat absorption in the water-cooled 
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Fig. 30 Rates oF Heat ApsorpTIoN BY WaTER-CooLED WALLS OF DIFFERENT CONSTRUCTION IN 
SEVERAL INSTALLATIONS ON STOKER-, O1t-, NaTURAL-GAs-, AND PULVERIZED-CoOAL-FIRED FURNACES 


in continuous and satisfactory service up to 50,000 to 60,000 
B.t.u. per sq. ft. per hr. As some of these figures approach the 
generally accepted rates of heat transfer for bare tubes the 
question is often asked, How can such high rates of heat transfer 
be obtained through a refractory-block-covered wall when 
furnaces with bare tubes do not show much higher rates? The 
explanation is that a higher furnace temperature is maintained 
with the block-covered wall, and as the rate of heat transfer by 
radiation varies as the difference of the fourth powers of the abso- 
lute temperatures, it is obvious that with a covering on the tube 
the furnace temperature increases until the equilibrium point is 
reached. 


SAFETY 


The Safety Committee of this Society has asked those present- 
ing papers at this meeting to bring out any points where safety is 
involved in the subject presented. In any event it is well to 
mention this question of safety in connection with water-cooled 
walls. With the excellent work done by the Boiler Code Com- 
mittee of the Society and by the states that have adopted laws 
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involving such rules for boiler construction, we feel very safe with 
water-tube boilers, even with pressures up to 1400 lb. per sq. in. 
The tubes in water-cooling elements placed in furnace walls need 
every precaution which the boiler manufacturers are obliged to 
follow, plus additional ones because of the extremely high rates 
of heat transfer that are likely to be encountered. There is also 
the further point that the water-cooling tubes are usually closer 
to the operators, so that if any serious rupture of tubes should 
take place, it might result in scalding men who would not be 
touched by boiler tubes which fail so that the steam is carried 
away with the gases. 

In view of these two factors it is well to point out some of the 
things which are involved in this question. Most furnace-wall- 
cooling tubes are vertical, and in some cases the heat is applied 
to the upper side of an inclined tube rather than the lower side 
as in practically all boiler tubes. With the same rate of heat 
transfer a vertical tube is more likely to burn and blister than an 
inclined tube with the heat applied on the lower side; this is due 
to the steam film which is formed and which remains in contact 
with the heated side of the vertical tube. In any event, it is quite 
necessary to have the very best possible circulation in water-wall 
tubes of any kind so that the ratio of steam to water in the 
heated tube will not approach the danger point. 

Where a considerable percentage of scale-forming water is used 
for make-up, as still is the case in many industrial plants, the 
temperature of the tube for any given condition of rate of heat 
application and circulation is increased. Just what limits are 
safe in this respect cannot well be stated at this time. However, 
it is reasonable to ask that vertical, bare, water-cooled tubes for 
furnace walls should not be subjected to higher rates of heat 
absorption than the front row of tubes in the boiler itself. The 
experience at Buffalo with the well furnace gave very positive 
evidence that the safe rate of heat transfer had been greatly 
exceeded, judging by the number of blisters and burns that were 
formed in a very short time with water entirely free from any 
scale. There is a limit to the punishment that water-cooling 
tubes can stand, and unless this is properly recognized, outage 
from failures of water-cooling tubes will be a serious factor. 
Unfortunately such failures give little or no warning and make 
it necessary to take a boiler out of service, usually at its maximum 
rating, while the troubles with the brick wall often can be nursed 
along for several days or weeks before the boiler is taken out of 
service for furnace-wall repairs. 


SuMMARY 


1 Combustion requires temperature, turbulence, and time. 
A reduction in the value of any one of these items must be counter- 
acted by an increase in one or both of the others. 

2 To burn a given quantity of fuel in a given time and keep 
each particle of fuel within the furnace a relatively long time 
requires a large furnace. Large furnaces are expensive, therefore 
it is desirable to reduce the time factor to a minimum and burn 
fuel at very high rates of combustion. This is the present 
tendency. 

3 High temperatures are conducive to rapid and efficient 
combustion, but high temperatures tend to destroy refractories, 
water-cooling tubes, and all wall structures, and it is therefore 
necessary to properly control furnace temperatures. 

4 Turbulence is the only remaining factor and this can be in- 
creased very profitably as it depends largely on burner design and 
furnace arrangement plus a slight amount of power to give the 
fuel and air the necessary entrance velocities. 

5 Turbulence is best accomplished by violently mixing the 
proper proportions of fuel and air immediately as they enter the 
furnace and continuing the turbulent mixing action throughout 
the furnace. This is effected more or less satisfactorily in forced- 


draft stokers as well as in many types of oil, gas, and pulverized- 
coal burners. 

6 Turbulence minimizes the volume of intensely hot, opaque 
flame and makes the burning gases more quickly transparent 
This transparency permits the furnace-wall temperatures to 
equalize by radiation, reducing damage from hot spots to either 
boiler tubes or furnace walls. 

7 The most difficult part of the combustion process is to burn 
completely the minute particles of carbon floating in the furnace 
gases from both stokers and pulverized fuel. 

8 The most troublesome material to deal with in the furnace 
is the floating particles of ash, especially when its fusing point 
is below the furnace-wall surface temperature. 

9 The fusing point of ash is usually the most important 
controlling factor in establishing the rate of combustion, excess 
air, labor of operation, and cost of furnace maintenance for a 
given design of furnace. 

10 Ash in pulverized-coal-fired furnaces should be kept 
below its melting temperature and removed dry or else handled 
and removed entirely in the liquid state. It is not feasible to 
have ash melt and then solidify within the furnace except on 
smooth, sloping, water-cooled floors. There are many ad- 
vantages in removing the ash from the furnace in a molten 
condition. 

11 To burn coal having an ash of low fusing temperature at 
high rates of combustion requires some form of furnace cooling 
throughout all walls, as no refractory has yet been produced 
that will continuously withstand the washing action of flowing 
molten coal ash. 

12 Water-cooling tubes, connected in with boiler circulation, 
have proved very effective in furnace-wall construction when the 
following precautions have been taken; (a) to provide ample 
circulation, (6) not to expose bare vertical tubes to excessive 
flame temperatures, (c) to keep the rates of heat absorption into 
wall tubes less than those into the boiler tubes when using scale- 
forming water. 


Discussion 


Atex Dow."! Some 39 years ago the fates decreed that the 
writer should be responsible for the operation of several small 
power plants in the Middle West and for the design of others, 
in which his employers of that day (who were builders of elec- 
trical generators and apparatus) were concerned as owners oF 
as vendors. Most operating plants were then the sources of 
continuous grief, and therein they were a justification of the 
existence of a lot of resourceful young engineers. The electrical 
ends were good enough of their sort. The engines were either 
fair Corliss engines or else the remarkably specialized non-con- 
densing, single-valve engines which were the prime movers of 
more than half of the electric power plants of the period. ‘These 
engines of either sort were well enough also, as such things then 
went. The engine problems to come to us with large generating 
units and synchronous operation of alternators had not then 
arrived. It was the day of small things. 

Back of the engines there were boilers of many forms. The 
writer found himself operating straight cylindrical boilers of the 
Mississippi River type, water-tube boilers of several of the early 
forms, and every kind of boiler in between those extremes. [ach 
maker of early water-tube boilers endeavored to have something 
different from any other maker, and no vendor of boilers was 
willing to acknowledge that his bag of tricks was governed by 
the same mechanical principles as any other boiler. As 
furnaces, anything in or on which coal could be burned was it 


11 President, Detroit Edison Co., Detroit, Mich. President 
A.S.M.E., 1928. 
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use. The only specializations were where sawdust, slabs, or cord- 
wood happened to be the available fuel. Oil fuel had come into 
the picture and was temporarily getting out again, excepting in re- 
fineries. Natural gas was used locally. The writer did not 
happen to have any gas, but he had all the other fuels, and things 
that were not fuels. 

Furnace efficiency was non-existent—waste of fuel was nor- 
mal. There were some voices crying in that wilderness of waste, 
but they found few listeners and fewer disciples. The writer's 
interest in furnace design was forced upon him by the necessity 
in certain plants of cutting down the coal bill. Simultaneously 
he was forced to learn what cylinder condensation might mean 
at short cut-offs, but that is another story. His first helpful 
discovery was that a furnace which was accidentally built some- 
what high was less wasteful of Middle West coals than a furnace 
which had the ordinary distance between the grates and the 
boiler shell or boiler tubes. His reaction to this discovery was 
an enactment that 24 in. should be added to the furnace height 
on every specification for a boiler setting which went through 
his office, regardless of what the initial provision of height might 
be. A little later this arbifrary addition was increased to 36 
in. And because of that enactment the writer can be credited 
with finding and following the path toward furnace efficiency 
some 12 years or so in advance of the term of 25 years which is 
set up in the first words of the author’s paper. 

Many of such later contributions as the writer has made to 
furnace efficiency are in the records of the Society—those which 
are not there are not worth fussing about. Perhaps early dis- 
covery or early acceptance of all the requirements of good com- 
bustion also could be shown, but these priorities are not worth 
fussing about either. 


I. E. Movutrrop.'** The writer feels that all will agree that 
the author’s paper contains data of inestimable value to the 
industry. The paper is especially valuable because the author 
has, by his activity in the past, established himself as one of the 
leaders in the science of combustion, and therefore the maximum 
confidence can be placed in the data presented and the conclu- 
sions contained in the summary. 

In the final analysis the advisability of using furnaces designed 
for high capacities is strictly one of “hard-headed”’ economics. 
We all know this in general, but many fail to apply the proper 
economics to the problems. 

The familiar curves of Figs. 31 and 32 present the problem 
in its broad aspect. Fig. 31 shows that during the past seven 
years our chase of the elusive B.t.u. has been successful, and it 
would appear at this time that we are approaching the maxi- 
mum possibilities of the steam cycle. The curves of Fig. 32 
show the fruits of our labor, and they also point out very plainly 
that we have not in general given proper consideration to the 
cost of construction. We should turn our attention from ther- 
mal efficiency to dollar efficiency. The fixed-charge item in 
the cost of generation, as shown by curve No. 4, is too high, 
and we can do much to reduce the total cost of generation by 
focusing our attention on the problem of reducing the cost of 
construction with the same enthusiasm that we have showa 
in the past seven or eight years in reducing the fuel costs. 

Roughly, the boiler house and its complete equipment repre- 
sents 40 per cent of the total cost of a steam-electric generating 
station. D. 8. Jacobus has told us that the capacity of a boiler 
1s practically determined by the capacity of the furnace beneath 
it. The cost of the furnace and its fuel-burning equipment is 
but a relatively small part of the cost of the complete boiler 
plant. From these two facts it would appear that we have a 


“ Chief Engineer, Construction Bureau, Edison Electric Illumi- 
nating Co., Boston, Mass. Mem. A.S.M.E. hed 
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wonderful chance to reduce the cost of our boiler plants by in- 
creasing the capacity of the furnace and fuel-burning equipment. 
As an average the writer believes that for over 70 per cent of 
the days during the year the daily system peaks are below 60 
per cent of the annual peak. This indicates that we can go 
to the high-capacity furnaces with very little sacrifice in annual 
boiler-room efficiency. In other words, we can retain the greater 
part of the increase in thermal efficiency that we have obtained 
in the last few years and still increase our dollar efficiency. 
Let us analyze from the standpoint of the purchaser the re- 
sult of the failure of a furnace and its fuel-burning equipment 
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to produce the guaranteed capacity. Let us take Mr. Bailey’s 
example of a furnace designed for 20,000 B.t.u. per cu. ft., which 
falls down to the extent of only being able to liberate 14,000 
B.t.u. per cu. ft. Let us suppose that this furnace was designed 
to generate 20,000 kw. and to cost, complete with the boiler, 
boiler house, and all other equipment that goes to make up a 
complete boiler plant, $1,000,000. If such a furnace would 
liberate but 14,000 B.t.u. per cu. ft., it would increase the cost 
per kilowatt of the boiler room and equipment 43 per cent and 
the cost of the entire station approximately 17 per cent. It 
would mean that that furnace and its fuel-burning equipment 
cost the purchaser $300,000 more than he expected to pay for 
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14,000 kw. of boiler room capacity. It would furthermore 
mean that a large amount of capital would be tied up in turbine- 
room and switching equipment for approximately one year. 
This is all obviously unfair to the purchaser. 

Such data as presented in Mr. Bailey’s paper should materially 
help the manufacturers and the designing engineers to avoid 
such mistakes as mentioned and which are entirely too common. 

The idea of using a whole flock of boilers to operate one tur- 
bine-generator unit appears wrong to the writer. He would 
not suggest at this stage of the game that it would be advisable 
to attempt to generate sufficient steam in one heat-absorbing 
unit to operate the 200,000-kw. unit to be installed in the State 
Line Station, but he can see no reason why one boiler unit should 
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not generate steam for a 75,000- or 80,000-kw. unit. In a few 
years we shall be looking back and wondering why we used three 
or four boilers for one such unit when it could have been done 
with one boiler to better advantage. It is up to the manufac- 
turers and designing engineers to take to heart what already has 
been accomplished by some and try to get a better balance be- 
tween the size of the boiler room and the turbine room. We 
are making progress, it is true, but we seem always to be behind 
the game in the boiler room. Let us catch up. 

Large steam-generating units will result in lower first cost, 
lower operating costs, and should result in lower maintenance 
costs. 

Some engineers seem to think that 75,000-kw. boiler units 


will result in placing “too many eggs in one basket.’’ The same 
argument applies in the turbine room. Let us build boiler units 
that will match the turbine-generator units in dependability 
and low outage, and the “too many eggs in one basket” argu- 
ment will be answered. 


W. J. Woutenserc.'"* The author emphasized the impor- 
tance of a hot furnace throughout the load range, but this con- 
dition may be realized at light loads only if the furnace wall 
is hot. The water-cooled refractory wall provides probably 
the best furnace lining if such conditions are to be maintained, 
even though its use results for the same conditions otherwise 
in a lower rate of heat transfer than would exist at the wall sur- 
face should this be composed of bare tubes. 

The influence of this difference in rate of heat transfer on the 
finally escaping gas temperature may in most cases be more 
than compensated for by adding to the convection zone an 
amount of surface equal in extent to that of the water-cooled re- 
fractory surface lining of the furnace. The cost of this additional 
convection surface is relatively small. 

The author takes the point of view that it should be practical 
to operate furnaces at an energy-release rate which will bring 
the mean refractory temperature up to the ash-fusion point. 
The © curves in Figs. 2 and 3 show the relation between mean 
refractory temperatures and energy-release rates. So, if an 
energy-release-rate value is taken from one of these curves for 
the ash-fusion temperature it is assumed that the whole of the 
interior refractory surface is maintained at just this temperature. 
This, then, shows the ultimate possibility in an ideal furnace 
containing a perfectly uniform flame. The discrepancies bhe- 
tween actual maintainable energy-release rates and the values 
taken from such curves thus indicate how far the furnace under 
consideration falls short of the ideal. It is of course assumed 
that the refractory-wall construction for the ideal is such as 
to be able to reach an equilibrium thickness, at ash-fusion tem- 
peratures, which still leaves the wall intact. Solid- or air-cooled- 
refractory walls may, in general, not be maintained under such 
conditions, but in water-cooled-refractory walls there is provided 
a much more definite barrier against wall failure by melting 
down. The equilibrium thickness is such as to leave a substan- 
tial structure. 

We may thus expect furnaces with solid or air-cooled walls 
to fall lower on such a rating-of-possible-performance scale than 
those with water-cooled-refractory walls. 

The uniformity and distribution of the flame also will have a 
considerable bearing on the possibility of the furnace in this 
respect. 

The author has suggested that a distance factor in addition 
to the © factor should be introduced in measuring furnace 
performance. For a given type of furnace wall and combus- 
tion conditions with uniform flame conditions, furnace volume 
and the value of © are sufficient to determine the ideal possi- 
bility, provided the furnace cavity is free of hot or cold pockets 
formed by ignition arches, etc. The smaller the furnace volume, 
the greater will be the permissible rate of energy release for given 
wall and flame temperatures. There should thus be provided 
a set of © curves for each of a number of furnace volumes." 
The influence of furnace volume, at least in part, explains the 
supposedly exceptional performance of the very small furnace 
shown in Fig. 8. 

A more complete analysis of this problem shows that a special 


13 Associate Professor of Mechanical Engineering, Sheffield Scien- 
tific School, Yale University, New Haven, Conn. Mem. A.S.M.E. 

14 ‘The Influence of Radiation in Coal-Fired Furnaces on Boiler- 
Surface Requirements, and a Simplified Method for Its Calculation, 
Trans. A.S.M.E., vol. 48, 1926, pp. 849-938. 
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set of ¥ curves should take into account the type of refractory temperature is 2100 degrees; i.e., 400 degrees below the ash- 
wall and also the type of fuel burned. Thus a furnace in which fusion point. 


the refractory walls are water cooled should not be gaged by the Let us consider next a furnace similar to that shown in Fig. 
same scale as one in which they are not water cooled, nor should —_18 of the paper in which the side walls are built of water-cooled- 
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Fie. 33.) FurNACE-FLAME ISOTHERMS 
(Furnace No. 2; coal No. 1 or No. 2, pulverized; excess air, 20 per cent; mean flame temperature Tv indicated on curves.) 
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an oil-fired furnace be gaged by the same scale as a coal-fired 50 
one. 

Curves showing the relation between mean flame as distin- 
guished from the mean refractory temperature W and energy A5 
release also are of use in analyzing furnace performance. Those 
shown in Fig. 33 are taken from Wohlenberg and Brooks. If 
the limiting furnace-performance values had been taken from the 
flame isotherms and the mean flame temperature had been limited 
to the ash-fusion point in each case, the practical operating 
results would be found, in most of the cases cited by the author, 
to be very close to the limit so set. This really means that 
because of imperfections in our furnace design it is in general 
necessary, particularly with solid- and air-cooled-refractory walls, 
to keep the ash from fusing while in the furnace. 

Referring now to the following curves for flame isotherms, 
we obtain the results shown: 

For the furnace shown in Fig. 4 with 20 per cent excess air 
at 500 deg. fahr., the limiting energy-release rate for 2400 deg. 
and ¥ = 0.15 is equal to 11,000 B.t.u., as against 9000 cited by 
the author. The mean refractory temperature under these con- 
ditions is 2000 deg.; i.e., 400 deg. below the ash-fusion point. 

For the furnace shown in Fig. 5 with 20 per cent excess air 
and mean flame temperature at the ash-fusion point of 2700 
deg. and ¥ = 0.084, the limiting energy-release rate is 13,000, 
which is the value reported by the author. The mean refractory 5 
temperature under these conditions is 2200 deg.; i.e., 500 deg. 

For the furnace shown in Fig. 6 with ash fusion at 2500 deg., 0 0 02 04 06 08 10 
Vv = 0.127, and excess air 20 per cent, the limiting rate of energy Fraction Cold y ; 
release is 15,000, which lies between the reported values of 14,000 
and 17,000, depending on burner type. The mean refractory Fie. 34 
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refractory blocks and the bottom is arranged to hold the molten 
slag. The fraction cold ¥ is approximately 0.17, based on bare 
cold surface at the top. Assuming good conditions of heat trans- 
fer between refractory block and metal, and refractory of 1 in. 
thickness with total net conductivity of 10, the refractory iso- 
therms from Wohlenberg and Brooks, shown in Fig. 34, indi- 
cate that even at ash-fusion as low as 2200 deg. it should be 
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(Furnace volume, 8000 cu. ft.; air, 120 per cent; air temperature, 70 
deg. fahr.; coal, No. 1, Illinois bituminous.) 


possible to operate up to energy-release rates as high as 50,000 
B.t.u. per cu. ft. per hr. The fact that these conditions are 
being approached shows in this case the excellence of the design. 

In his Fig. 30 the author shows curves of heat transfer through 
the. Bailey wall. In studying these it should be kept in mind 
that these rates will, for given furnace conditions otherwise, 
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vary with the extent of water-cooled surface (refractory-covered 
or bare) in the furnace envelope. 

And so, some of the higher rates of heat transfer reported 
for the different blocks in the latter part of the paper are no 
doubt realized only when such heat-absorbing water-cooled 
surface is small in extent. These figures thus represent the 
possibilities of the blocks for heat transfer, but not the rates 
of heat transfer that will result in actual operation if a consider- 
able part of the furnace envelope in large furnaces is occupied 
by walls composed of such blocks. 

Fig. 35 shows the relation of heat-transfer rate to fraction cold 
with bare exposed cold surface. Such curves indicate that for 
a fraction cold of 0.5 the average heat-absorption rate is about 
50,000 at 30,000 energy-release rate. When 0.8 of the envelope 
is occupied by cold surface the average heat-absorption rate is 
35,000, which agrees closely with data from Kreisinger and Pur- 
cell® for these conditions. The data for such curves is taken 
from Wohlenberg and Morrow, and it is gratifying to see that 
theory pretty well checks practice. 

Obviously, to cover the cold surface with refractory will de- 
crease the foregoing rates of heat absorption, although not neces- 
sarily very much. For the Buffalo boiler No. 14, Bailey reports 
an average wall heat-transfer rate of 44,000 when the energy 
release rate is 35,000. This furnace is roughly comparable in 
symmetry with that shown by Kreisinger and Purcell for the 
Fordson plant, except that the cold surface in the latter is not 
covered with refractory. The difference in heat-transfer rates 
in favor of the Fordson furnace is not large. 

Mr. Bailey’s explanation of this relatively small difference 
is not perfectly clear. 

Perhaps it is a little less confusing if we say that for a given 
total transfer to the walls, the natural radiation law operates 
so that only a small rise in the furnace temperature will com- 
pensate for a considerable increase in the wall-front tempera- 
ture, thus providing for a steep temperature gradient through 
a thin refractory surface with but a small increase in furnace 


15 Some Operating Data of Large Steam-Generating Units, by 
Henry Kreisinger and T. E. Purcell. Trans. A.S.M.E., Fuels and 
Steam Power Section. 
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temperature. If the furnace temperature is increased only a 
small amount, the total transfer to the walls is necessarily de- 
creased only a small amount and the steep temperature gradient 
through the thin refractory covering provides for a considerable 
rate of heat transfer through the walls to the water and steam. 

On page 12 of the Kreisinger and Purcell paper, previously 
mentioned, it is stated that the heat transfer is a function only 
of the extent of the radiating surface. This is not a complete 
statement of the problem if, as before shown, an increase in sur- 
face extent increases the fraction cold of the furnace envelope. 
The transfer then depends on the extent of both radiating and 
receiving surfaces. 

Further examination of the data in both papers shows that, 
in spite of the high boiler ratings, the furnaces reported by Kreis- 
inger and Purcell are operating at lower intensities than are 
one or two of those reported by Bailey. 

Limitations to high furnace ratings may of course be im- 
posed by natural circulation in the water walls. In neither 
paper are these conditions emphasized. To help in understand- 
ing this problem, let us examine the circulation process in a little 
more detail. 

Illustrative of such conditions are the curves shown in Fig. 


H 
36. The ordinate > represents the ratio of heat required to tube 


length if the tube is to clear itself by natural circulation for the 
conditions shown. The fractional numbers on the curve indi- 
cate the fractional part of the mixture which is water at the 
discharge end. The heat absorption rate is indicated as B.t.u. 
per square foot of projected tube surface. The rate per square 
foot total tube surface is thus approximately one-third of that 
indicated. 

In A of Fig. 36 the steam pressure is 200 !b.; in B, 400 lb.; 
and in C, 800 lb. per sq. in. It is to be noted as the pressure 


increases that a much lower ratio of : is required for the same 


conditions otherwise. This of course means that exposed water 
tubes may, so far as circulation is concerned, be designed for 
much higher heat-absorption rates at high steam pressures. 

It appears also, providing a mixture of 70 per cent steam and 
30 per cent water at the discharge end is a safe operating con- 
dition, that high rates of heat absorption may be utilized in the 
bare water tube. If the mixture must be 50 per cent water by 
volume, then in the case of tubes 20 to 30 ft. long of the size 
shown only low rates of heat absorption are safe with natural 
circulation at steam pressures of 400 lb. or lower. The solu- 
tion for such cases with high rates of heat release in the furnace 
is either forced circulation in the water walls or a means of damp- 
ening the heat absorption, such as refractory covering of the 
tubes in the water wall. 

More data from practice will be required to answer specifically 
such questions as these for particular cases, but in going to the 
higher intensities of the process in the furnace no doubt some 
such information will have to be obtained. 

In conclusion, the writer would say that this paper, as well 
as that by Kreisinger and Purcell, mentioned in the discussion, 
includes data which when properly analyzed will be of consider- 
able value to the designer of steam generators. 


W. A. SHoupy.'"* Mr. Bailey has placed the engineering pro- 
fession deeply in his debt by the presentation of this paper. 
His contribution is both the history of a distinct engineering 
achievement and a statement of the principles that must under- 
lie all furnace design. The rates_of combustion which he has 
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successfully accomplished are beyond the dreams of three years 
ago. His work, as well as the efforts of Mr. Kreisinger, has 
made it possible for steam-generating units to keep pace with 
the tremendous growth in size of turbo-generators. His state- 
ment of progress is new, but the underlying principles are old 
and, unfortunately, quite frequently forgotten. We cannot 
differ with him except as to the methods of application of those 
fundamental principles governing combustion. 

He has succeeded in designing furnaces of high capacity and 
has accomplished this in a most ingenious manner, but we must 
remember that he has not presented a universal solution of 
furnace problems except in laying down basic principles. The 
furnaces which he describes are for the larger central stations 
where saving of space results in large saving in building costs. 
The larger capacity units which he describes necessarily have 
an expensive type of furnace construction, but because of the 
saving in building costs this more expensive type is justified. 

The majority of plants cannot make use of large generating 
units because they do not have the steam demand. The area 
of the side wall of a small boiler is substantially, the same as for 
a large boiler, the sizes varying approximately with the depth. 
Consequently, a completely water-cooled furnace for a small 
boiler becomes a relatively large part of the cost and frequently 
cannot be justified. Most of us, therefore, must be content 
with refractory furnaces designed for smaller B.t.u. releases 
per cubic foot; e.g., the type used by the Columbia Power Com- 
pany, illustrated in Fig. 5, and the Avon Station at Cleveland. 
Those furnaces have been in successful operation with a mainte- 
nance cost so low that a more expensive type would not be justi- 
fied for their peculiar conditions. 

Many such furnaces are in satisfactory operation, and when 
properly designed the cost of maintenance is almost negligible. 
Mr. Bailey’s curves given in Figs. 2 and 3 form an excellent 
basis for determining such furnace designs. When it is impossible 
to obtain sufficient volume with a completely air-cooled furnace 
some water cooling can be installed, and having determined 
this percentage of water cooling, we can readily figure a new 
volume. It would seem to the writer, therefore, that for many 
years to come we shall find various combinations of air cooling 
and water cooling in furnace design, the smaller furnaces being 
air-cooled, the medium sized ones part air and part water, and 
the extremely large ones completely water-cooled. 

The modern boiler is generally equipped with either an air 
heater or an economizer or both. When it is necessary to op- 
erate with a refractory wall and higher excess air, with such 
combinations, a loss due to excess air is not so great as is gen- 
erally supposed. The actual temperature entering the stack 
in such combinations is but a few degrees lower with 13'/2 per 
cent CO, than with 15 per cent. There is a large weight of air 
entering the stack, and consequently an appreciable stack loss, 
although it is a very small percentage in the efficiency calcula- 
tion. Theoretically we would obtain a higher overall efficiency 
with extremely low excess air than with some increase, but ac- 
tually the difference is negligible. 

In the last N.E.L.A. Prime Movers Committee report on 
pulverized coal two companies reported that the average oper- 
ating efficiency was best at about 13'/, per cent CO, because 
with the reduction of excess air they experienced higher carbon 
losses. It would seem to the writer that these carbon losses 
were due to poor burner operations or bad furnace design. It 
would be interesting to know if Mr. Bailey has had any similar 
experiences with any of the installations which he describes. 


H. M. Cusutna.'7 Members of the A.S.M.E. have, for a 
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number of years, given a great deal of thought to the matter of 
obtaining a proper measuring stick for comparing the heat- 
absorbing surfaces of various boiler plants. 

Mr. Bailey furnishes such a measuring stick for furnaces, and 
his paper shows through concrete examples that the fusion tem- 
perature of the ash of the coal which is to be burned is probably 
the most important factor to be considered in designing a boiler 
furnace. The example shows that the hardest condition which 
the designer has to meet is to be able to burn coal with a low 
ash-fusion temperature. The powdered-coal furnaces operating 
in the Charles R. Huntley station in Buffalo were designed to 
burn any grade of bituminous coal, so that advantage could be 
taken of the market conditions to purchase any coal which would 
yield the highest B.t.u. figure per dollar. 

In the Buffalo market such a coal has usually been a low- 
fusion-ash coal ranging from 1900 to 2200 deg. fahr. fusion tem- 
perature. The series of tests which were made on the experi- 
mental furnace No. 13 of the Huntley station brought out very 
forcibly the statement made on the second page of Mr. Bailey’s 
paper, that “the only positive manner of resisting the molten 
slag permanently is to reduce the temperature of the wall by 
absorbing heat at such a rate that a film of solidified slag 
will be maintained on it.” 

As a result of the experience gained on the powdered-coal- 
fired boilers at the Charles R. Huntley station, it has been de- 
cided to install boilers and furnaees of the same design for the 
1928 extension of the station. The output per boiler will be 
increased 20 per cent and the heat liberation will be 40,000 B.t.u. 
per cu. ft. of furnace volume. The ash will be removed in liquid 
form. 


J.C. Breiu.'* General opinion agrees with the author that 
in the operation of boilers heated with powdered coal the float- 
ing particles of ash cause the greatest trouble. There is a poss:- 
bility that the ash does not fuse, i.e., it remains dry and the 
whole ash content floats through the boiler and stack, becom- 
ing a nuisance to the entire surroundings. Also, inside the 
boiler this ash finally covers parts of the heating surfaces. Most 
of the boilers operated with satisfactory results today are so de- 
signed that, should fusing of the ash occur, the CO, content 
and the temperature of the preheated air are lowered to avoid 
any liquid-slag troubles. 

On the other hand, we know that increased efficiency can be 
obtained by the use of high combustion temperatures. The 
air preheater and the increase of CO:, both conveniently at- 
tained with powdered-coal firing, are excellent means for the 
production of any desired initial temperature. With this pro- 
vision we surely will reach the fusion point and will find the ash 
converted into a liquid slag. 

The writer is pleased to learn that the problems of this kind 
of operation are already solved, but he is convinced that in many 
cases regarding the analyses of the ash, the removal of the slag 
in a liquid state is bound to encounter the greatest obstacles. 
Operation may be satisfactory at higher boiler loads when there 
is sufficient heat to keep the slag constantly in the liquid state, 
but at smaller loads the combustion temperature, lowered by 
the different heat losses, may cause the slag to be just on the 
edge between the liquid and solid state, thereby upsetting the 
design especially provided for the removal of liquid slag. A 
further danger is that the liquid-slag particles floating with the 
flue gases may become attached to boiler tubes and wall refrac- 
tories, thus resulting in insurmountable troubles with all parts 
of the boiler. 

In order to eliminate the sources of both of these troubles 
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(dry ash and liquid slag) the only remedy left, according to the 
writer’s observations, is to fuse the ash by increasing the CO, 
content and the temperature of the preheated air sufficiently 
and then to arrange enough radiation surface around the com- 
bustion chamber to extract sufficient heat to cool the liquid 
slag far below the fusion point. It is then possible to separate 
the solid granulated slag at the lower turning point of the gas 
stream with no difficulty whatsoever. This principle must be 
our aim in the general layout of the combustion chamber, and 
the writer is sure that the united effort of the engineers of the 
United States will overcome all obstacles encountered. He is 
also convinced that if this problem is not solved the task of oper- 
ating with powdered coal will cause too much dissatisfaction, 
or at least show no advantages, and the stoker will again be 
preferred. 


E. H. Tenney.'® Mr. Bailey’s paper is of particular value 
in that it summarizes for the first time the principal factors 
in a rational furnace design and correlates these factors with 
results obtained in regular operation. Facts obviously essential 
to intelligent furnace design are brought out, and the writer 
believes we are more than ever impressed with the fact that 
analyses of actual furnace performance must be the ultimate 
basis for design. 

Our experience with pulverized coal in the St. Louis plants 
during the past four years covers many of the factors discussed 
in the paper, and the emphasis Mr. Bailey has placed on the 
importance of the fusing tendency of the ash is particularly 
applicable to us. We strongly agree with him that a study 
of the ash characteristics, especially fusing tendencies, should 
be the starting point in furnace design, at least with pulverized 
fuel. 

The first Cahokia 1801-hp. boiler furnaces were of the refrac- 
tory type fired with vertical burners and rated at 6.50 cu. ft. 
combustion space per boiler horsepower. The ‘fraction cold’ 
was 0.395, and the refractory side walls were air-cooled. With 
this design and an ash fusing at 2010 deg. fahr., a heat liberation 
of 14,000 B.t.u. per cu. ft. per hour, with 33 per cent excess air, 
was the maximum obtained. The brick walls had a life of about 
4000 service hours, and the boiler had to be taken off ever) 
18 days for removing slag from the ashpit. The hottest zone 
of the furnace was immediately over the ashpit and a bare- 
tube water screen did not cool the ash sufficiently to prevent 
slagging. With fin-tube side walls added, increasing the “‘frac- 
tion cold” to 0.611, the heat liberation was increased from 14,000 
to 17,000 B.t.u., and side-wall erosion was of course eliminated. 
Slag accumulations in the ashpits, however, still continued. 

At about that time several 558-hp. boilers at Ashley Street 
Station were converted to direct firing with horizontal turbu- 
lent-type burners, and water-cooled, block-covered walls. The 
furnaces are slightly smaller per horsepower than the Cahokia 
furnaces and the “fraction cold” is 0.710. With this furnace 
arrangement the heat liberation has been increased to 23,000 
B.t.u., with 30 per cent excess air. Of special interest is the fact 
that the combined effect of a cooler furnace and horizontal 
burners removed the hot zone from the ashpit and entirely elimi- 
nated slag. On the basis of this experience, the three new boilers 
added to Cahokia station this year are designed with turbulent 
burners firing horizontally from unit mills. The “fraction cold” 
in these furnaces has been increased to 0.750 by the use of water- 
cooled refractory-faced blocks on the front, back, and bottom 
of the furnace, and by the use of bare tubes recessed into courses 
of refractory on the side walls. If the side-wall area is regarded 
as all water cooled (which in effect it is), the “fraction cold” 


'* Chief Engineer of Power Plants, Union Electric Light and 
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is 0.886. With this furnace and without preheated air a heat 
liberation of 22,000 B.t.u. is being obtained in preliminary oper- 
ation. With preheated air a liberation of 30,000 B.t.u. is indi- 
cated, and the furnace pit is free of slag. 

The steps in the development of furnace design during the 
past four years might be summarized as follows: 

An increased use of water-cooled walls, followed by greater 
flame turbulence; removal of hot zone from the ashpit; a re- 
finement in the control of furnace temperature by covering water 
tubes with blocks of the requisite temperature gradient, and the 
use of preheated air to hasten combustion. 

Each of these steps has led to greater furnace effectiveness 
in the manner outlined in Mr. Bailey's excellent paper. 


Guy B. Ranpatu.® Mr. Bailey’s paper bespeaks the serious 
and effective effort being made to rationalize furnace design 
and enable closer calculations of prospective performance to be 
made. But from the average furnace-user’s standpoint it ap- 
pears that a well-designed furnace will, in most cases, be one in 


Fic. 37) Errect or Tuse THicKness IN PROTECTING THE PORTION 
or A Tune NEXT To THE Fire WHEN INSULATED BY A STEAM BUBBLE 
Vote—The tube on the left is more liable to be overheated in the section 
which is ‘‘insulated’’ by the steam bubble.) 
which fuel carrying either 3000 deg. ash or 2000 deg. ash can be 
burned with impunity. The case he cites of a station changing 
its operating standards with a change of 100, 200, or 300 deg. 
in the ash fusion point suggests an atavistic tendency—a re- 
version to type. What we all need, it seems, is the furnace 
with a large fraction cold. This is best 
visualized at the present time as a furnace 
lined with five-dollar bills—6.2 standard 
units of currency per square foot. The 
dollar aspect of the water-cooied furnace 
becomes acute when the smaller sizes of 
boilers and ordinary load factors are con- 
sidered. The 500-hp. boiler and the 30 ae 
per cent annual load factor are still com- f 
mon in both central stations and industrial 
plants. So long as extra water-cooled 4 
surface over and above that inherent in P 

the boiler design costs 10 or 20 times as 
much as the corresponding radiant sur- 
face in the boiler, the writer does not see 
how we can regard the solution as having 
been reached for this more general case. 

The cost of the various special types 
of water cooling has perhaps been chiefly 
sanctioned by the widespread belief that 
boiler tubing would not stand up under 
the “punishment” received in the furnace. 
There doubtless have been cases where 
this is true. 
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Where satisfactory results have been ob- 
tained, particularly where heavy-gage 
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There are also other cases 
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tubes have been used. The limit on the weight of the tube used 
for water-cooling should not be the steam pressure. Other con- 
siderations may dictate the use of a tube two, four, or even eight 
gages heavier than the pressure standard. The extra cost is 
comparatively small. Fig. 37 may help to clarify this view. 
It is not inconceivable, either, that better heat-resisting ma- 
terials could be used for boiler tubes. 

As a case in point the water-cooled bottom of the furnace 
shown in Fig. 38 may be cited. This is an old bent-tube boiler 
with 6110 sq. ft. of heating surface, 30 tubes, or 15 ft. wide. 
It is a unit system fired by two burners from the position shown. 
When we worked out the essential features of this design about 
three years ago it was freely predicted the result would be a 
failure. When the design was detailed about two years ago, 
50 per cent of the companies asked to quote on the material for 
the water bottom said it was doubtful if it would work. How- 
ever, the bottom has been in use a year and a half under an 
average heat density of about 16,000 B.t.u. per cu. ft. of total 
furnace volume. For several months it operated with the flames 
impinging directly on it and running up along it into the bottom 
of the front bank of tubes. It was a really severe case of flame 
impingement, as all who saw it agreed. The result was a few 
small bags, but no tube failures. After we had developed a 
burner to fit this kind of a furnace, the bagged places in the 
tubes were heated with a welding torch and pounded back into 
place witha hammer. No further trouble has occurred, although 
the boiler averages 200 per cent of rating on a wall water which 
runs 20 to 25 grains of hardness per gallon before being treated. 
The flames no longer impinge on the bottom, but it has been 
demonstrated that the bottom will stand a lot of impingement 
in emergencies. So-called pure water would hardly appear 
necessary. The necessary thing, the writer believes, is to make 
a distinction between plants which operate water-softening 
systems and boiler controls and those which merely own them. 

Prompted no doubt by the daily mistakes in evidence, Mr. 
Bailey stresses the great importance of proper ash-removal facili- 
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ties. The diamond shape of the furnace shown in Fig. 38 pro- 
vides a “V” for ash collection. Most of the ashes collect in the 
“VY” without assistance, sliding down the fire-brick surface which 
lies just beneath the tubes covering the bottom. The brick are 
so close to the tubes that they retain their smoothness, even 
with flame impingement, as a runway for the ash particles. The 
remainder of the ashes are driven down by the No. 1 soot blower, 
which (though not shown) is in the usual position just above 
the lower drum and merely has its are of action increased to 
dust the bottom. Ashes are easily and confortably removed 
once each day to the ash car with a little 6-ft. hoe. It is a 10- 
minute job which does not interfere in the least with boiler oper- 
ation. The ashes might easily be mistaken for fire clay from 
their appearance. ‘There is also a spongelike ash that comes 
off the walls in pieces from the size of a walnut to the size of 
one’s two fists, but this does not represent the bulk. 

The water bottom installed complete with 3'/, in. No. 7 gage 
tubes (four gages heavier than standard) on 6-in. centers cost 
$8.30 per sq. ft. of furnace bottom, 14'/2 ft. by 15 ft. This is 
about $38 per horsepower of water bottom or per 10 sq. ft. of 
tube surface within the furnace. Even this figure is high be- 
cause the job was small. For comparison with other furnaces 
it may be noted that the fraction cold is 0.35. 

The design shown in Fig. 38 obviously was not derived by 
starting with a fresh sheet of paper and a vacant lot. It is a 
modification of an old Murphy stoker setting made with a view 
to getting increased capacity and efficiency and decreased attend- 
ance and maintenance at a minimum capital cost. It has oper- 
ated a year and a half without a cent of legitimate charge for 
furnace repairs and no prospect of any for an indefinite period 
of time to come. The coal used is about like that at Columbia 
Station—from Logan county, West Virginia, and Harlan, Ken- 
tucky, with an ash-fusion point of 2600 deg. fahr. Pittsburgh 
No. 8, with a 2200 deg. fahr. fusion point, has also been burned 
successfully. We find that about 14 per cent CO, (29 per cent 
excess air) makes the sum of the dry-gas loss and the unburned 
coal loss a minimum, although the curve of this sum plotted 
against CO, is by no means a pronounced “‘V” curve. This is 
at 200 per cent rating, with a coal fineness averaging about 70 
per cent through a 200-mesh Tyler screen. In the pulverized- 
coal furnace, C and CO, play the same game that CO and CO, 
play in the stoker. So far as the author’s own experience goes, 
when CO is formed in a pulverized-coal furnace conditions must 
be very bad indeed. The exact nature and extent of the un- 
burned coal loss—90 to 95 per cent of which usually goes up 
the stack—deserves comprehensive investigation. Other things 
being equal its magnitude appears to increase directly as the heat- 
liberation density. 

The air preheater is now accepted as being effective, within 
certain limits, in reducing the unburned-coal loss in any given 
installation. In the first part of Mr. Bailey’s paper the 
statement is made that the air preheater accelerates combus- 
tion and inevitably results in higher furnace temperature. The 
accelerating effect is well established, but the exact effect on 
furnace temperature would seem to deserve more careful investi- 
gation than it has received to date. Following the Stefan- 
Boltzmann law, if a given air preheater gave 417 deg. fahr. of 
air preheat or returned 10 per cent (an extreme figure) of the 
heat generated in a furnace to the furnace and this was entirely 
absorbed in the furnace by radiation at a higher temperature, 
the increase in the mean effective furnace temperature would 
appear to be only of the order of 2.3 per cent of the original 
absolute temperature or, say, 73 deg. fahr. (Assumed 40,000 

B.t.u. per cu. ft. per hr. with 2700 deg. fahr. mean effective 
furnace temperature, 400 deg. fahr. mean effective wall tempera- 
ture, 29 per cent excess air, then recirculation of 10 per cent of 


this heat as preheated air.) In this connection the writer won- 
ders if the mean effective furnace temperature can be deter- 


mined within 73 deg. fahr. with any degree of certainty. The 
increase in furnace temperature due to a given air preheat would 
be rather less as the fraction cold increased. So for high heat- 
liberation densities and for furnaces with a large fraction cold 
it would appear that the help to be obtained from preheated 
air in reducing the unburned coal loss through increase in tem- 
perature would be very limited. The effect of preheat on the 
speed with which the fuel reaches the kindling temperature, 
however, would appear to be marked. This is because linear 
rather than fourth-power relations chiefly hold at the stage pre- 
ceding combustion. That is, the rate at which the particles 
come to the kindling temperature is practically proportional to 
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time, and any increase in absolute temperature of the coal re- 
duces this time proportionately. The Stefan-Boltzmann law 
as applied to boiler furnaces is given as 


CF 
@ = Goo 
from which we get by factoring 
CF 
= — (Ti? + + + Ts?) 

4CFT;3 

(T, — T:) (where the difference — T:) is 
relatively small) 

ao (where. the difference (7, — T:) is relatively 

great). 


These simple relationships are useful to keep in mind when 
dealing with different ranges of temperature differences and es 
pecially in connection with preheated air applications and its 
final effects on boiler-heat absorption. 

In Fig. 39 the writer submits for comparison purposes the total 
annual steam load-duration curve for the company with which 
he is connected, which would be classed as a 50-hour week, light- 
metal manufacturing company. The curve was made from 
Bailey meters some years ago, but in spite of growth is, on 4 
percentage basis, representative of conditions today. It is for) 
comparison with the duration curve, Fig. 28, of Mr. Bailey® 
paper. It covers an entire year and was very carefully compiled 
Its 27 per cent annual load factor is in marked contrast to the 
paper company duration curve with its load factor of 75 pe 
cent as shown in Fig. 28. It helps to explain why, when take? 


21 See Broido’s paper, ‘Radiation in Boiler Furnaces,” Trad 


A.S.M.E., vol. 47, 1925. 
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in connection with the growing variation in cost of complete 
boiler plants—i.e., from $50 to $250 per nominal horsepower— 
the selection of a proper plant, or even of the proper furnace, 
is not the simple proposition it is reputed to be. 


GeorcGeE A. Orroxk.”? Mr. Bailey has given us a set of heat- 
transfer figures which are most interesting and which offer much 
food for thought. His maximum transfer, as shown by his Fig. 
30, is of the order of 120,000 B.t.u. per sq. ft. of surface per hour. 
This is along the lines of the figures reached by Callendar and 
Nicholson in their researches of the transfer of heat through the 
cylinder walls of a steam engine, and of course is much below 
that reached by Prof. Witz, who succeeded in evaporating 202 
lb. of water from a square foot of cast-iron surface. 

The writer gathers from the paper that the transfer rates 
shown in Fig. 30 were secured by sample plates provided with 
couples for measuring the temperature placed in various parts 
of the furnace, but no figures are given for the average heat 
transfer of the whole of the water-cooled furnace. It would be 
interesting if Mr. Bailey would give such figures for comparison 
with the other known cases. 


C. F. Hirsureip.** The writer feels certain that all will 
agree that the author is entitled to thanks for this effort to ration- 
alize to a certain extent the miscellaneous collection of boiler- 
furnace information now available. In view of the many varia- 
bles concerned and of the lack of exact definition of operating 
limitations as found in real plants, he appears to have obtained 
an extraordinarily simple form of analysis and prediction. It 
is to be hoped that future experience will be found to fit into 
some such scheme so that we shall have available for furnace 
design more exact methods than those now in vogue. 

The writer agrees with the author’s tentative suggestion to 
the effect that a distance factor must figure in the furnace char- 
acteristics. It would seem that this is almost obvious in the 
light of experience. 

It is particularly pleasing to the writer to note that an author 
with such wide experience in the application of water cooling 
to furnaces points out certain limitations both with respect to 
the extent of surface permissible under given conditions and the 
rate at which that surface may safely absorb heat. There has 
been apparent in the last two or three years a growing feeling 
that water-cooled furnace surface could be added to any extent 
desired, or possibly to any extent that could be paid for, and 
that one need not worry at all about the ability of a tube to 
safely care for all the heat that can be delivered to it nor about 
the effect of such surface upon furnace temperature. This 
paper, dealing with practical accomplishments, coming on top 
of the very thorough theoretical analyses of furnace performance 
that have been presented to the Society during the past two or 
three years, makes available a means of estimating limits which 
is timely and highly valuable. 

In connection with the cooling effect of water-cooled furnace 
Walls it is interesting to note certain results obtained by the 
Bureau of Mines for the Special Research Committee on Boiler 
Furnace Refractories. Temperature surveys made across the 
width of furnaces showed that with long-flame (i.e., luminous) 
types of combustion, the cooling effect of a water-cooled wall 
is predominantly local. That is, the temperature within the 
furnace rises from that of the wall to a value practically equal 
to that at the center of the furnace within a distance of 18 to 
24 in. from the wall. Therefore, solids carried in suspension 
in the furnace gases may be expected to be substantially cooled 

*? Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 


** Chief of Research Department, Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 


in a narrow region near the water-cooled surface only. Un- 
doubtedly the results would be quite different with methods 
of combustion in which the furnace is not filled with luminous 
flames, as under such conditions hot particles at the center of 
the furnace could radiate effectively to the cooled walls. 

The author of the paper has during the past few years developed 
a form of furnace wall which can be operated safely with an in- 
ternal temperature equal to that of the flowing temperature 
of the ash or of the slag formed by that ash and the refractory 
material used on the inner surface of the furnace wall. He 
has also had a hand in the development of the well-type construc- 
tion in which the furnace side of the hearth also is composed of 
material at or above that temperature. It has recently occurred 
to the writer that he has followed in principle, but with radically 
different equipment, a successful development made in a very 
different field a long time ago. He refers to electrolytic cells 
in which the material decomposed by electrolysis is a molten 
salt or mineral. The problem of a non-contaminating and satis- 
factory container for such fused salts was not at first so obvious 
as one might think. However, the solution when found was 
quite simple. The fused bath may be held within an unfused 
container of the same material by merely providing sufficient 
and properly placed cooling for the external surfaces. The re- 
sult, in the words of the author, with slight paraphrasing, is 
“temperature reduction in the wall to the point where a film is 
frozen and remains frozen at a safe point in the wall construc- 
tion.” It is exceedingly interesting to note the evolution of 
exactly similar solutions for analogous problems in such widely 
different equipments as boiler furnaces and electrolytic cells. 

The writer must confess that not very long ago he was quite 
skeptical about the possibilities of intentionally fusing ash or 
slag in furnace bottoms as a means of removal from powdered- 
coal-fired furnaces, but he has lived to change his mind. The 
method can be made to work satisfactorily, as has been demon- 
strated by operating experience. It has the obvious advantages 
of cleanliness and convenience. It has the added advantage 
of yielding refuse in a readily handled form and with a possible 
market value. One of the great problems facing the pulverized- 
fuel plant is the satisfactory disposal of refuse which is not slagged 
or clinkered. It is difficult to handle dry, difficult to transport, 
and has little, if any, market value at the present time. 


V. E. Aupen.* The writer wishes to express appreciation 
for the new and effective tools for power-station design work 
given to us by the author. This development toward the use 
of large steam-generating units is cutting deeply into what still 
constitutes the largest single component cost for steam-generated 
power on the station bus bars—namely, fixed charges on the 
investment. Single steam-generating units now in service have 
carried loads as high as 50,000 kw. We know today how to 
build boiler and furnace units which will develop capacities as 
high as 75,000 kw. This is possible, though not easy, and the 
design of such larger units merits the most careful attention to 
detail. It is indicated that these large units may be made at 
least as reliable and probably less temperamental than turbine- 
generator units of equal capacity. Turbine units of 50,000 to 
75,000 kw. and larger cannot be justified except for systems 
having large loads. A cold-blooded engineering analysis will 
indicate that where the use of 50,000- to 75,000-kw. turbines 
can be justified it is equally easy to justify the use of steam- 
generating units of the same capacity. The writer suggests 
that those who are operating large boiler units make intensive 
studies of the natures of the outages of these units, analyzing 
the operation of these units in the same way that we have anal- 

24 Mechanical Division, Stone & Webster, Inc., Boston, Mass. 
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yzed the performances of our large turbine units. Particularly, 
studies of ways of avoiding outages by preventive maintenance 
work, which may be done at convenient times, should be made. 
This procedure will show the way to keep these large steam- 
generating units available for service an even larger percentage 
of the time than is now possible. The writer suggests as profita- 
ble a study of the following: 

1 More effective ways of reducing slag accumulations on the 
lower row of boiler tubes, when burning coals with low-tempera- 
ture-fusing ash. 

2 More effective ways of keeping all solids, both scale forming 
and soluble, out of the boiler. 

3 More effective ways of keeping down to a minimum the 
moisture carry-over from the boiler to the superheater. 

4 Effective ways of equalizing the temperature throughout 
the furnace and avoidance of hot spots. 

5 Features of design which will, corresponding to the develop- 
ment of high capacities, equalize and limit heat absorption in 
all parts of the boiler, superheater, and furnace walls to values 
which will avoid unsafe metal temperatures. 

6 The design of draft fans, fan drives, and their controls along 
lines which will insure ease of control and reliability of operation 
at least equal to that of turbine and condenser auxiliaries. 

7 The design of fuel-feeding equipment which may be depended 
upon for fairly constant rates of feed regardless of grade of coal, 
moisture content, or age in months of feeding equipment. 

8 More effective and reliable methods of ash removal. 

9 The cleaning up of all minor troubles which result in occa- 
sional outages of the steam-generating units. 

The writer believes we can do nothing which will contribute 
more to the art of power-station design than to intensively study 
these problems and present the results of our studies in the form 
of a symposium a year from now. 


Epwin LunpGREN.* As engineers, we often do not arrange 
our views, particularly on natural principles, with the care of 
the physicist. We write a paper or discuss a subject, not hav- 
ing the fundamentals clearly established. Consequently, our 
conclusions, while based on our views, may be fundamentally 
wrong. 

The writer has noticed in several places in Mr. Bailey’s paper— 
which at best is difficult to discuss, due to the many contradictory 
statements given, some of which have already been called to 
attention through previous discussion, particularly Professor 
Wohlenberg’s discussion—statements such as “high combustion 
rate requires temperature,” “high temperature facilitates rapid 
combustion,” ‘excessive cooling of the furnace by either excess 
air or water circulation interferes with the control of rate of 
combustion,” “keeping the furnace as hot as possible,” and, 
finally, in the summary, “combustion requires temperature,”’ 
and, again, “high-temperatures are conducive to rapid and 
efficient combustion.” The writer believes that Mr. Bailey has 
the cart in front of the horse. 

The phenomenon of combustion is one of the most frequent 
chemical reactions which takes place and is usually a term ap- 
plied to the combination of an element with oxygen, the com- 
bination being accompanied by the evolution of heat and light. 
In its widest sense, however, the term may be applied to many 
reactions between two or more elements, with the evolution of 
heat and light; for example, hydrogen will burn in chlorine, 
forming hydrochloric acid. 

Now, chemical reactions exhibit striking differences in the 
time they require for their completion. For instance, a mixture 
of proper proportions of hydrogen and oxygen will explode and 


2% Vice-President and General Sales Manager, Combustion Engi- 
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the reaction is completed practically instantaneously; on the 
other hand, the combination of carbon and oxygen, to form carbon 
dioxide, requires a considerable length of time for completion. 

It is true that the velocities of reaction can be increased by 
two different methods; rise of temperature, by supplying heat 
from an external source, for instance, through air preheating, 
and by the use of a catalyst. In this case we are not interested 
in the latter method. 

Every combustion process yields a finite quantity of heat. 
If this heat does nothing else than heat up the products of com- 
bustion, it will raise their temperature to a certain degree which 
can be definitely calculated. This temperature is known as 
the maximum combustion temperature and is purely a theoretical 
temperature, never attained in actual practice. 

The reason for this is that the heat evolved in the combustion 
process has to heat up the surroundings in addition to the prod- 
ucts of combustion. Thus when coal or any other fuel is burned 
in a furnace, a certain amount of heat is absorbed by the furnace 
walls and other furnace parts, a portion is radiated away, and 
another portion is used for heating the excess air. It is not pos- 
sible to assure complete combustion with the theoretical quantity 
of air in our present furnaces. The actual temperature is there- 
fore always lower than the theoretical temperature. 

By increasing the velocity of the reaction, by turbulence and 
decrease of excess air otherwise needed, the temperature of the 
system under combustion can be raised. 

Forced-draft burners in a pulverized-fuel application raise 
the temperature of the furnace by increasing the velocity of 
reaction between the fuel and the oxygen and thus increase the 
quantity of fuel which can be burned in the furnace. 

At this point it may be well to inject a word of caution regard- 
ing the loose use of the term “temperature of the furnace.” It 
is usually understood as the “flame temperature,’’ but most 
flames are composed of thin films of varying quality and there 
is a considerable variation in temperature in various parts of the 
furnace. 

Under the heading of ‘“‘Rates of Heat Transfer,” a remarkable 
paragraph is given, which reads: ‘Fig. 30 shows the rates of 
heat transfer through two different kinds of block-covered tubes,” 
ete., and continues: “How can such high rates of heat transfer 
be obtained through a refractory-block-covered wall when fur- 
naces with bare tubes do not show much higher rates?’ The 
explanation is that a higher furnace temperature is maintained 
with the block-covered wall, and as the rate of heat transfer 
by radiation varies as the difference of the fourth powers of the 
absolute temperatures, it is obvious that with a covering on the 
tube the furnace temperature increases until the equilibrium 
point is reached. 

Evidently Mr. Bailey has again fallen into the pitfall of tem- 
peratures. Assume two identical furnaces, one block-covered 
and the other with bare tubes. Assume further that the identi- 
cal fuel is used, same fineness, same burners, same excess aif, 
same combustion rate; in other words, no other factor changed 
but the two kinds of tube surface. 

We already have seen that a fuel burned under such conditions 
yields a certain amount of heat and that the furnace temperature 
in both cases would be equal, if the heat losses to the two types 
of tube surfaces are identical. Let us further assume that heat 
is transferred by radiation only to the two types of tube surfaces; 
then if a higher temperature is reached in the block-covered 
tube furnace it can only be accomplished by a decreased heat- 
transfer rate as compared with the bare-tube wall, and if the 
heat transfer rate is equal, then the furnace temperature must 
be equal. 

Assuming that radiation does vary as the fourth powers of 
the absolute temperatures—the temperatures involved, howeve!, 
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are the temperatures of the flame and the refractory face of the 
block-covered tubes—the great difference in heat transfer be- 
tween a bare-tube surface of relatively low temperature closely 
approaching a black-body condition or the block-covered tube 
surface with its relatively high temperature of the refractory 
surface is self-evident. 

Fig. 29 of the paper confirms this. Block C, having a transfer 
rate of 70,000, corresponds to the lowest temperature of the face 
of the block covering, 1120 deg. fahr. Block B, with a face tem- 
perature of 2300 deg. fahr., has a transfer rate of only 18,000. 

The last paragraph under the heading of ‘Safety’ refers to 
limitation of heat absorption to vertical, bare-water-cooled tubes, 
and suggests that such absorption be limited to not higher rates 
than the front row of tubes in the boiler itself. The average 
heat-transfer rates of bare-tube walls, as built today, are from 
30,000 to 40,000 B.t.u. per sq. ft., whereas the B.t.u. transfer 
in the two first rows of tubes in the first pass of a boiler is well 
above 100,000 B.t.u., due to both radiation and convection. 

Mr. Bailey speaks of the experience at Buffalo with the well- 
type furnace, blister and burns forming with water free from 
The writer would suggest that such experience indicates 
difficulties in the circulation system and proper distribution of 
water supply to the tubes. 


scale. 


Louis Exuiorr.** Starting with the more or less theoretical 
considerations discussed by Messrs. Wohlenberg and Brooks 
in their paper before the Tri-Cities meeting of the A.S.M.E. at 
Erie, Pa., in June, 1927, and bringing in the results of his own 
investigations as to heat transfer and temperature drop through 
various forms of metal and refractory furnace walls, the author 
has developed suggestive applications of these data in the at- 
tempt to formulate a rational basis for furnace design and per- 
formance. 

Until quite recently furnaces to a large extent have been de- 
signed on the empirical or on the cut-and-dry method; however, 
because there has been such an abundance of money to spend 
as well as of ingenuity, it usually has been possible to carry these 
trials through to successful operation. The application of re- 
search data and of principles to the problem should make it 
more nearly possible in the future to develop furnace designs 
with predictable performance. 

The writer for some years has been interested in the intro- 
duction of units of boiler capacity and output, more simple and 
more rational than the older customary units, and therefore has 
been pleased to observe that the careful consideration of the 
technical features of modern boiler and furnace design and oper- 
ation have made it almost necessary to have recourse to funda: 
mental units; such units—e.g., of heat transfer in B.t.u. per 
unit of surface and of heat liberation in B.t.u. of furnace volume— 
are used in Mr. Bailey’s paper. While, as the author brings 
out, these units are by no means perfect in their application 
to the complicated boiler and furnace problems, it seems neces- 
Sary at least to begin with the fundamental considerations of 
heat transferred through a unit of area or liberated in a unit 
of volume during the conventional time period (one hour). As 
the technique of furnace design becomes more fully developed, 
additional factors doubtless will be brought in. 


Henry Krersincer.”” The author has mentioned the work 
of the writer, Augustine, and Ovitz as reported in Bulletin 135 
of the United States Bureau of Mines, in support of argument 
that the rate of chemical combination between carbon and oxy- 
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gen increases with the temperature. The author cited particu- 
larly the statement on page 132 of this Bulletin, “that the ve- 
locity of the chemical combination is doubled for every 10 deg. 
cent. temperature rise.” As far as we know this statement is 
correct, provided that the carbon is in contact with enough oxygen 
molecules ready for the chemical combinations. However, if 
this statement is cited alone without specifying the condition 
under which it holds true, such citation may give incorrect im- 
pressions. In commercial furnaces the velocity of the chemi- 
cal combination is so high that oxygen cannot be brought in 
contact with the carbon fast enough to keep up with the velocity 
of chemical combination. Therefore, the rate of chemical com- 
bination is limited to the rate at which oxygen molecules are 
brought in contact with the carbon. This fact is brought out 
in several statements in the same Bulletin which Mr. Bailey 
cited. Thus, on page 128 it is stated: “The mass, or concen- 
tration, of the solid carbon or the tar globule is very large com- 
pared with that of gaseous oxygen, so that the velocity of reac- 
tion depends on the rate with which the oxygen comes in con- 
tact with the surface of hot particles of carbon or tar globules. 
The faster oxygen is supplied to the surface, the higher is the 
velocity of the reaction.” A similar statement is given on page 
133, “In most furnaces that are in use the time required for 
complete combustion is not determined by the velocity of chemi- 
cal reaction, but by the rate of mixing.” 

On page 134 the theoretical discussion of the factors influencing 
the rate of combustion is concluded with the statement: ‘‘Mix- 
ing is probably the most important single factor and the one most 
frequently responsible for poor combustion. A large excess of 
air and high temperature will do no good unless the air is mixed 
with the furnace gases and the oxygen and combustible gas 
brought into contact.” 

The Bulletin from which all these citations are taken is de- 
voted to the study of combustion of combustible gases, tars, 
and soot rising from the fuel bed of a hand- or stoker-fired fur- 
nace, but most of the statements contained therein apply equally 
well to combustion of powdered coal. The Bulletin was pre- 
pared for publication many years before powdered coal came 
into use as fuel for power-plant boilers. 

Above the ignition temperature the rate of chemical combi- 
nation is so high that the rate of combustion of powdered coal 
depends entirely on the rate with which oxygen is brought into 
contact with the particles of coal. The reason for this is that 
the concentration of carbon in the coal particles is very high 
and the particles of coal are very large compared to the size of 
the oxygen molecules. Therefore a very large number of the 
oxygen molecules is required to completely burn each particle 
of coal. Bringing this large number of oxygen molecules in 
contact with the coal particles requires time. The average size 
of the particles of pulverized coal is about '/40 in. The size of 
the oxygen molecule is about '/100,000,000 in. If both the coal 
particle and the oxygen are magnified a million times, the car- 
bon particle would become the size of a balloon about 200 ft. 
in diameter. The oxygen molecule would then be about */,o0in. 
in diameter, or about the size of a poppy seed. This comparison 
of sizes gives an idea of the number of molecules required for the 
complete combustion of the coal particle. It also explains why 
at the ordinary furnace temperatures the rate of combustion is 
determined by the rate at which the oxygen molecules are brought 
in contact with the carbon particle. 

Wherever high rates of combustion of powdered coal were ob- 
tained they were made possible by intensive mixing, or stated 
in other words, by a very rapid rate of bringing oxygen in con- 
tact with the carbon particles. This fact is generally known, 
and all furnace and burner designers strive for intensive mixing 
or the so-called turbulent combustion. High rates of combus- 
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tion produce high rate of heat liberation and high temperatures. 
High temperatures are the results rather than the cause of high 
rates of combustion. 

The fact that above ignition temperature oxygen will combine 
with carbon as fast as it is brought in contact with it was shown 
by a series of experiments made by the Bureau of Mines and 
reported in Technical Papers 137 and 139. These experiments 
consisted of passing air at various rates through a bed of burn- 
ing coal and analyzing the gases within the bed and at the top 
of it. By the passage of the air through the bed the coal was 
partly burned and partly reduced to gas. The rate of burning 
or gasification of the coal was proportional to the rate of flow 
of air through the bed. The composition of gases within the 
fuel bed and at the top of it remained practically the same re- 
gardless of the rate of flow of air, which was varied to give a 
rate of combustion or gasification from 3 lb. per square foot to 
180 lb. per square foot of grate per hour. That is, in its passage 
through the coal bed the oxygen disappeared completely and the 
gases leaving the bed contained only nitrogen, carbon dioxide, 
and 20 to 30 per cent combustible gases. At all these rates the 
oxygen combined as fast as it came in contact with the carbon. 
The experiments were not carried beyond the rate of combus- 
tion or gasification of 180 lb. per square foot of grate because 
the high velocity of gases through the bed made it impossible 
to keep the coal on the grate. The temperature within the fuel 
bed varied with the rate of combustion and gasification from 
2100 to 2800 deg. fahr., but it was the effect and not the cause 
of the rate of combustion. It rose as soon as more air was passed 
through the fuel bed. 

The term “ignition temperature” is frequently used in dis- 
cussions on combustion. Various definitions have been given 
for the temperature of ignition. It may be defined also as the 
temperature at which the rate of chemical combination of oxygen 
and the combustible material is equal to the rate at which oxygen 
comes in contact with it. That is, the substance burns as fast 
as oxygen is supplied to its surface. In atmospheric air the 
ignition temperature of the various coal seems to be between 
950 and 1200 deg. fahr. 

If a metallic plate is heated to these temperatures and pow- 
dered coal sprinkled on the surface of this plate, the particles 
will ignite and burn with a bright glow. Lignite will ignite at 
a temperature of about 930 deg. fahr. and Pocahontas coal at 
about 1200 deg. fahr. 

It is a matter of common observation that gases and small 
particles of carbon from a boiler furnace will keep on burning 
or ignite after the gases have passed the first pass of a three- 
pass cross-flow boiler. At times they keep on burning even 
through the second pass. They burn because on their passage 
among the boiler tubes they have become mixed with sufficient 
oxygen to support combustion. Such observation can be made 
often with stoker-fired furnaces. A stream of combustible gas 
with no free oxygen rising from the front part of the fuel bed 
flows through the boiler near the first baffle. A stream of air 
entering the furnace through or around the rear end of the stoker 
flows through the boiler along the rear header. Where the 
streams of combustible gas and air come together combustion 
takes place. Particles of burning carbon are also seen as bright, 
hot sparks flowing with the gases. The gases and the ¢oal parti- 
cles burn because oxygen has been brought in contact with them. 
In such cases the temperature in the first and in the second 
pass seems to be high enough so that the rate of chemical com- 
bination is always equal or higher than the rate at which oxygen 
is supplied to the gas or carbon particle. The temperature in 
the second and the first pass is between 900 and 1400 deg. fahr. 
and appears to be high enough to keep the combustible gases 
burning or to ignite them. These observations and the experi- 


ments of sprinkling powdered coal on a heated metallic plate 
seem to indicate that the ignition temperature of the combustible 
furnace gases and particles of coal is lower than is commonly 
supposed. 

The author calls attention to the high rates of heat liberation 
in the limited space near the burner, or near the place where 
the mixture of coal and air enters the furnace. This is nothing 
unusual with a good mixing burner. The concentration of free 
oxygen and fuel is high, the surface of the coal particles is large, 
and with a good burner the mixing near the burner is very in- 
tensive. The free oxygen is brought in contact with the sur- 
face of the coal particle rapidly and the rate of combustion is 
high. It is easy to liberate the first 70 or 80 per cent of the heat 
in the coal; in fact, it seems to be much easier to liberate the first 
70 per cent of the heat than the last 2 or 3 per cent. It is the 
liberation of the last few per cent of heat that requires time and 
furnace volume. Of what use to a furnace designer is the rate 
of heat liberation of a million B.t.u. in a small part of a furnace, if 
after all he must provide sufficient furnace volume that reduces 
the average rate of heat liberation to 30,000 or even 20,000 B.t.u. 
if he wishes to obtain combustion complete within 2 or 3 per 
cent? The average rate of heat liberation is a far more useful 
factor in furnace design than the very high rate in a small and in- 
definable part of the furnace. 

Figuring the rate of heat liberation below a certain line drawn 
arbitrarily through the furnace is misleading and is sure to lead 
to confusion. All one would need to do is to draw this line to 
suit his own judgment and he could obtain any rate of heat 
liberation. Even if we should specify that such line must be 
drawn above the burners, such line is indefinite, and at times 
greatly misleading results would be obtained. Thus, on one of 
the boilers at the Narragansett Electric Lighting Company's 
plant a Couch burner was placed in the bottom of the furnace. 
A line just above the burner would be of little value in determining 
the performance of such a furnace. The average rate of heat 
liberation for the entire furnace is by far the most reliable and 
useful factor in furnace design, although such average rates that 
are practical today may appear too moderate and too conserva- 
tive. What these conservative average rates of combustion are 
is very clearly shown by the author in his Fig. 28. In this dia- 
gram two of the latest installations are shown to operate about 
25 per cent of the operating time at the average rate of heat 
liberation of 20,000 and 25,000 B.t.u. The remainder of the 
operating time the average rate of heat liberation is much lower. 


AUTHOR’s CLOSURE 


. Mr. Dow’s interesting discussion has carried the picture of 
furnace design back 37 years, thereby making the various steps 
in its development very interesting. 

Mr. Moultrop has presented a most admirable summation of 
our immediate power-plant problem. He rightly focuses at- 
tention upon the need for boiler units of greater steam-generating 
capacity and greater reliability. The furnace and the fuel- 
burning equipment have lagged behind the boiler proper. The 
newer furnace designs described in this paper give evidence of 
accomplishing a great deal toward meeting Mr. Moultrop’s speci- 
fications. The author predicts that the economic answer is going 
to be obtained in the slag-tap furnace burning pulverized coal. 

Mr. Wohlenberg’s discussion contains much valuable informa- 
tion, and the author is glad to have his data so well supplemented 
and confirmed by one who has done so much good work in this 
field. 

Mr. Wohlenberg brings out the non-uniformity of furnace 
temperatures, which is a problem of great importance in furnace 
design. We will probably always have localized hot portions in 
the furnace due to the proximity of fuel beds in the case of stokers 
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and flame from burners for oil, gas, and pulverized coal. These 
localized conditions call for a difference in the furnace wall con- 
struction in these immediate zones, while a different wall con- 
struction should be used in other parts of the furnace, the con- 
struction being varied so as to approach a uniform rate of heat 
absorption per square foot of wall area. 

The problem of water circulation in furnace walls is a bit more 
involved than is indicated by Mr. Wohlenberg. The critical 
feature of design is a safe working stress in the tubes which in- 
volves both pressure and temperature. The temperature factor 
is quite complicated as it depends upon saturation temperature 
within the tube, percentage of steam and water present, thick- 
ness of wall tube, the rate of heat transfer through it, and the dis- 
tribution of this heat. 

To answer Mr. Shoudy’s question about carbon loss from some 
of these furnaces, the following data now is available: 


Carbon loss 


B.t.u. per Excess air, heat in fuel, 
Furnace cu. ft. per hr. per cent per cent 
oe 18,000 39 0.5 
30,000 36 0.6 
Fig. 9 25,000 25 0.6 
Se 28,000 20 1.0 


Mr. Breinl emphasizes a very important problem, and the 
author believes that the first important step has been taken 
toward the solution of it by means of a hot furnace with liquid-ash 
removal. As more experience is gained and further steps made 
toward our obvious goal, a greater and greater percentage of the 
ash in the coal will be recovered in the furnace, thereby eliminat- 
ing troubles from slagging of boiler tubes, deposit on economizers 
and air-heater surfaces, and emission to the atmosphere. 

The problems of operating such furnaces at low rating and the 
use of high-fusing-temperature ash coal are not at all serious, and 
it is with the cooperation of engineers like Mr. Cushing and the 
operating organization of Charles R. Huntley station that dis- 
tinctive progress can be made. 

Mr. Randall’s contribution is very interesting and valuable to 
those operating smaller boilers and who are fortunate enough to 
have available good coal with high fusing temperature and are 
not required to operate at high ratings. Similar coal has been 
burned at Columbia Power (Fig. 5) at higher rates of liberation in 
a furnace with a lower fraction cold than the furnace designed by 
Mr. Randall. The same kind of coal can be burned successfully 
in other designs of furnaces, such as Fig. 9 and Fig. 18, at even 
higher ratings with no operating difficulties. The author has 
grave doubts about Mr. Randall burning coal with a 2000 deg. 
ash at 16,000 B.t.u. per cu. ft. per hr. in the furnace he has shown 
in Fig. 38 and still remove all the ash in 10 minutes without any of 
the wall coming with it. : 

The use of thicker wall tubes than boiler code standard is very 
good for low pressures, providing it is not carried to the extreme. 
Mr. Wohlenberg said that large areas are needed for circulation in 
long tubes at low pressure. A tube as thick as Mr. Randall il- 
lustrates results in excessive temperature differentials within the 
tube wall, and this introduces additional stresses in a tube where 
the creep point may be approached. Mr. Randall might have 
avoided any blistering of tubes, even with flame impingement, 
had he obviated the horizontal portion near the entrance to the 
boiler mud drum. 

Replying to Mr. Orrok’s question, the rates of heat transfer 
through the refractory-faced “BA” blocks shown to the left in 
Fig. 30 represent averages of all such blocks in each of the respec- 
tive furnaces as illustrated throughout the paper, except as noted 
on the curve “Buffalo No. 14, well only.”” The rates of heat 
transfer through the bare iron “69C”’ blocks represent relatively 
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small portions of the walls near the bottom of the furnaces in the 
case of Aurora, Saxton, Richmond, and Calumet. In the South- 
ern California Edison furnaces only a few bare iron blocks were 
installed, and all other portions of the walls were either refrac- 
tory or refractory-faced blocks. 

The rates of heat transfer vary so widely in different parts of 
a furnace that one cannot feel sure of average results obtained by 
the thermocouple method; hence the data given here are approxi- 
mate, and are given to show relative results with changes in rating. 

Mr. Hirshfeld speaks of the relatively narrow zone of furnace 
gases cooled by contact with a cooled furnace wall with luminous 
flame. The progress in burner design is toward a transparent fur- 
nace in which the distance factor or the furnace size, as Mr. 
Wohlenberg chooses to term it, is modified from some of our 
present comceptions. 

Mr. Hirshfeld’s favorable comments on the slag-tap furnace 
after much first-hand contact with it are very much appreciated. 

Mr. Alden very aptly sums up the important points in furnaces 
and steam-generating units which need study from the stand- 
points of manufacturers’ design, engineers’ selection and ar- 
rangements, and method of operation. 

Mr. Lundgren’s statement regarding rates of heat transfer 
through the first two rows of boiler tubes and furnace-wall tubes 
should be supported by detailed operating conditions before it is 
taken as representing the relative rates of heat absorption in what 
is in reality two walls of a furnace. Side-wall tubes in certain 
locations absorb heat at higher rates of exposed area than is ab- 
sorbed per unit area of the first row of boiler tubes. 

As to the circulation provided for in the bare-wall tubes on 
boiler No. 13 at Buffalo, it evidently was not ample for the rates 
of heat absorption encountered. With blocks on these tubes this 
boiler was operated at high ratings over long periods of time 
both before and after the bare-tube experiment, and no tubes were 
lost or overheated. It is therefore evident that the blocks give a 
slightly lower rate of heat transfer and better distribution of heat 
to a larger area of the tube than if it were exposed directly to the 
impingement of the flame. It is evidently the practice of all 
water-wall manufacturers to protect the tubes with blocks or 
bricks in the fuel-bed zone, when applying them to stokers. 

Mr. Kreisinger calls attention to the misconception which 
might be obtained from stating rate of liberation below the tops 
of horizontal burners or any other arbitrary portion of the fur- 
nace. This calculation was made as an approximate measure of 
heat intensity as related to furnace punishment within this zone, 
and it is a valuable unit of comparison for this purpose. 

Messrs. Lundgren and Kreisinger both say a great deal about 
furnace temperatures increasing with rates of combustion. 
Every one agrees on this point, and it does not seem that this 
fact nor any other statement made by either of these gentlemen 
disproves or changes in the least the author’s statement, “High 
temperatures are conducive to rapid and efficient combustion.” 

Mr. Kreisinger speaks of gases and sparks still burning in the 
first and second pass of a boiler, but he does not state whether 
this burning is completed. The author believes that combustion 
takes place at a much slower rate in a cool zone of this kind than 
if the same amount of oxygen and mixing were present in a hot 
furnace. 

The crux of this problem of furnace design, as stated by the 
author, seems to be “complete combustion with a minimum of 
excess air,’’ and nothing has been added by either Mr. Lundgren 
or Mr. Kreisinger to show that this is accomplished more readily 
in a cooler furnace than it is in a hot one. 

What is primarily needed is a furnace that will give a minimum 
of carbon loss over the normal rates of operation, and also a fur- 
nace which will permit operating over as wide a range of output 
as needed. 
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An Accurate Method for Measuring Steam 


By AXEL HARLIN, STOCKHOLM, SWEDEN 


In this paper the author shows that when measuring the quantity 
of steam flowing through a pipe by means of a diaphragm, the method 
deduced and theoretically established by Odqvist is in regard to 
accuracy far superior to any other method. 

However, as Odqvist’s method requires that the pressure be taken 
out in a manner that makes the method difficult to use and jeopard- 
izes the desired accuracy, a simple modification is indicated which, 
without appreciably affecting the accuracy, allows a convenient 
and reliable arrangement for the pressure connections. Wéith this 
modified method a mean error of only about | per cent has to be 
reckoned with. 

The relatively complicated formulas for steam flow are trans- 
formed by means of a diagram into a number of factors which, 
multiplied by each other, give the steam quantity. An approximate 
diagram is also given which, without further calculation, can be used 
in making rough estimates. 

The paper concludes with a few instructions for carrying out the 
measurements, 


HEN the orifice method is used for measuring steam, 

the problem is, as is well known, to calculate the 

quantity of steam G passing through the pipe per 
unit of time from the readings of the steam pressure p, the 
temperature ¢, the pressure difference h caused by the dia- 
phragm, the diameter of the pipe D, and the diameter of the 
orifice d. 

The formulas available for this purpose all contain a coefficient, 
usually k, which among other things is a function of the con- 
traction coefficient u. This latter is defined as the relation 
the smallest cross-sectional area of the contracted 
steam jet just beyond the diaphragm and the area of the orifice. 
As it is evidently impossible to measure the minimum area 
directly, « has to be determined empirically. 

Experiments have shown that u varies chiefly with the ratio 
d/D- of the diameters, and with this one used to be content. 
The need of greater accuracy has, however, led to further in- 
vestigations which have shown that other factors also affect 
the value of u. 

A particularly valuable investigation in this fiel¢ has been 
carried out in Sweden by F. Odqvist.' Starting from the law 
of uniformity and from his own as well as other investigations, 
he deduces for « a rather complicated formula in which besides 
d/D, p, t, D, and h also enter. In order to calculate k, certain 
of these quantities are used over again and no new ones are 
introduced. 

Expressed graphically the equation presents no difficulties in 
the application of the method. Odqvist, however, considers it 
advisable to direct that one pressure connection be placed at 
least 1.5D ahead of the diaphragm, which in practice ren<‘ezs it 
rather difficult to use. This arrangement differs specifically from 
that proposed by Brandis, which employs annular grooves on 
each side of the diaphragm, an arrangement which facilitates 
the measurement of pressure in practice. 

Almost simultaneously with Odqvist’s work, however, a 
pamphlet was published by the Wéarmestelle, Diisseldorf,? 


between 


1 F. K. G. Odqvist: Das Aehnlichkeitsgesetz bei Dampfstrémungen 
und dessen Anwendung auf die Theorie der Dampfmessung mit 
Drosselscheibe (IVA’S Papers no. 43), Stockholm, 1925. 

: H. Jordan: Die Mengenmessung von Gasen, Dampf und Fliissig- 
keiten auf Hiittenwerken. Mitteilungen der Wiéirmestelle des 
Vereins deutscher Eisenhiittenleute, no. 76. Disseldorf, 1925. 
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dealing, among other things, with the measurement of steam 
flow, in which Brandis’ arrangement was highly commended as 
“die einzige zuverlissig wiederholbare”’ (the only reliable one). 
Here & is a function of d/D, p, and h. 

In view of this difference of opinion the first object of this 
study has been to investigate whether Odqvist’s method of 
calculation is more correct than the Wirmestelle and other 
methods. This can in detail be proved to be the case in regard 
to some of Odqvist’s experiments in which pressure connections 
of the Brandis type have been used. As Odqvist has based his 
formula not only on these experiments but also on several 
additional investigations made by himself and others which 
together cover the range in question, an equal uniformity can 
be expected for this whole range. 

After the superiority of Odqvist’s method of calculation has 
been proved a study will be made to see whether this method 


Index O 


~ 


ScHEME OF ORIFICE STEAM-METER Set-Ups 


Fic. 1 


(Left, Odqvist'’s arrangement; 


right, Brandis’ arrangement.) 


without any appreciable loss of accuracy can be combined with 
Brandis’ practical arrangement of the pressure connection. A 
few of Odqvist’s tests and certain other practical ones indicate 
that such a combination is possible. 

As the formulas deduced and employed by Odqvist are rather 
complicated, an effort will be made to determine whether they 
can be graphically presented in a convenient and accurate form. 

Finally a few suggestions will be made as to the manner of 
carrying out the measurements. 


CoMPARISON BETWEEN ACTUAL VALUES AND VALUES CALCU- 
LATED ACCORDING TO DIFFERENT METHODS 


Such a comparison is made possible since Odqvist for a great 
number of experiments carried out under his supervision in the 
steam laboratory of the Technical University of Stockholm 
states not only the real steam quantity (measured condensate) 
and the readings necessary according to his method, but also 
readings of the pressure difference with an arrangement of the 
Brandis type. The present investigation is based mainly on 
this circumstance. 
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Fie. 3 CoMmMPpARISON BETWEEN THE WAERMESTELLE METHOD AND 
CONDENSATE MEASUREMENTS 
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Fic. 4 Comparison BETWEEN THE KRETZSCHMER-JAKOB METHOD 
AND CONDENSATE MEASUREMENTS 


The portion of Odqvist’s investigations which can be used for 
this comparison, comprises 8 series of tests with altogether about 
150 values. Characteristic data for the different series have 
been grouped together in Table 1, and the meaning of the 
different designations may be seen by referring to Fig. 1. 

For each value the steam quantity G is calculated according 
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Fie. 5 Comparison BETWEEN THE BAcKsTROM METHOD AND 
CONDENSATE MEASUREMENTS 
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Fic. 6 ComparRIsOoN BETWEEN KRETZSCHMER’S METHOD AND 
CoNDENSATE MEASUREMENTS 


to the formula and compared with the condensate-measured 
steam quantity Ge. The value G:/G thus becomes a sort vo! 
correcting coefficient and will serve as a control on the accuracy 
of the method of calculation. 

(a) Odgvist’s Method. The procedure is first applied to 
Odqvist’s own method, developed graphically in a manner later 
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TABLE 1 ODQVIST’S TEST RESULTS 
——— - —Series ———-— —-— 
1 2 3 4 5 6 7 8 
D,mm..... 50 50 50 50 25 25 25 
d,mm...... 20.15 20.15 29.85 39.85 39.85 20.05 20.05 20.05 
d/D....... 0.403 0.403 0.597 0.797 0.797 0.802 0.802 0.802 
po, atmos... 1.93 4.96 195 1.95 4.97 2.02! 5.09! 7.92) 
fo max., deg. 
cent...... 210 236 194 256 267 287 267 267 
fo mean, deg. 
cent...... 190 220 170 222 241 158 235 251 
fo min., deg. 
cent...... 160 181 154 181 213 123 169 229 
ho max 
or 327 372 250 80 32 313 314 259 
mm...... 220.7 193.7 171.1 54.8 25.5 152.3 155.4 150.8 
ho min.,mm,. 105 34 101 24 19 26 1 32 
hy; mean, 
mm...... 2231.9 104.6 177.2 61.5 27.9 165.6 171.0 166.0 
Figure of 
merit.... 13 10 9 18 10 33 34 23 
1 2.02-2.05; 5.09-5.10; 7.92-7.93. 
to be explained. The values of Gi/G obtained are plotted 


in Fig. 2 as functions of h. It is impossible to discern any in- 
fluence exerted by A, and the values in the different series are 
seen to be almost evenly distributed above and below the 1.00- 
line regardless of any influence of p, D, or d/D. 

It is to be noted that the different values in this as well as in 
the other diagrams are calculated on the slide rule, for which 
reason the third decimal is questionable. Further, in some 
cases the points are moved sideways for the sake of clearness. 

(b) The Wédrmestelle Method. Fig. 3 shows the result when 
this method is employed. The spreading is considerably greater 
than by Odqvist’s method, and further, the value Gi/G@ is 
strongly influenced by h. Consequently it is proper to conclude 
than an essentially greater accuracy is attained with Odqvist's 
than with the Wirmestelle formula. 

(c) Kretzschmer and Jakob’s Method. This is an improved 
method subsequently advanced by Warmestelle. In their 


formula G = kd? V/ hin, v1 is the specific weight of the steam, 
and k a coefficient which varies with d/D and D in accordance 
with a special diagram. 

The k-D diagram covers for D the range 100-600 mm., but as 
all the lines for constant d/D are straight, they have been ex- 
trapolated down to 25 mm., whereupon a comparison as above 
has been made. The result when this method is used is shown 
in Fig. 4. Here the spreading is less than with the former 
method, though G;/G@ decreases as h increases. 

(d) Béackstrém’s Method. A method often used in Sweden is 
that suggested by Bickstrém.* This method is also valid for 
the Brandis arrangement and may in consequence be adopted 
for comparison in this connection. As in this case, k varies only 
with d/D, special accuracy is hardly to be expected, and Fig. 5 
also shows great spreading and the strong influence of h. 

(e) Kretzschmer’s Method. Kretzschmer has recently put 
forward a method‘ which varies with d/D,-h, and p, but not 
in the same way as in the Warmestelle method. The result 
(see Fig. 6), however, much resembles that of the latter. 

If now Figs. 2-6 are compared, the superiority of Odqvist’s 
method is apparent—which was to be expected, considering the 
many factors to which regard was paid in the calculation of k. 
The only objection that might be raised is that the foregoing 
experiments refer only to very small pipe diameters and rather 
low pressures; in fact, the expression Z; X 10~, which is one of 
Odqvist’s fundamental variables and is chiefly proportional to 
the product of pressure and pipe diameter, attains for these 
experiments a maximum value of about 33, whereas Odqvist as 


Bickstrém: Angmiitningar. Strypfliinsmetoden (Steam- 
with Diaphragm). Teknisk Tidskrift (Mekanik), 
uy, 1920. 


‘F. Kretzschmer: Die Ausflussformel von de Saint-Venant und 
Wantzel, Z.V.D.I., 1926, no. 29. 
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an upper limit puts the value at 400, corresponding to (at 350 
deg. cent., for instance) 20 atmos. and 250-mm. pipe or 10 
atmos. and 450-mm. pipe. Odqvist has, however, in the con- 
struction of his formula used experiments of his own with Z:- 
values up to 280 and those of others with values near the maxi- 
mum limit, for which reason it may be expected that it will be 
equally valid for the whole range even though sufficient material 
may be lacking for proving this in the same convincing manner 
as for low values of Zx. 


MopiIFICATION OF Op@vist’s METHOD 


If, from what has gone before, it can be considered proved that 
Odqvist’s method in itself is decidedly superior to the others, 
the serious inconvenience in its practical use which was men- 
tioned at the beginning still remains. According to a state- 
ment from the steam laboratory of the Technical University at 
Stockholm, where the method has been regularly used, it is 
necessary that the edges of the hole for the outtake of the pres- 
sure shall be perfectly smooth inside the main pipe; therefore in 
most cases it will probably be necessary to remove a length of 
this pipe in order to make a satisfactory installation. In plants 
somewhat older and with corroded pipes, it may on the whole 
be difficult to obtain a satisfactory result. Further, welding is 
practically necessary for the attachment of the tube for the 
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pressure outtake. Considering also that orifice measurements 
are chiefly employed for occasional readings, it is evidently to 
be feared that Odqvist’s method of calculation will not be as 
extensively used as it deserves by reason of its accuracy. 

The question arises, then, whether it will not be possible, 
by sacrificing eventually somewhat as regards accuracy, to com- 
bine Odqvist’s method of calculation with Brandis’ arrangement 
of the pressure connection; that is, combine the greatest possible 
convenience in use with an accuracy which in every case ought 
considerably to exceed what has hitherto been obtainable. 

Consequently p; and h; should be read instead of po and ho 
(see Fig. 1; the reading of the temperatures may in this con- 
nection be eliminated), and then adjusted in order to fit into 
Odqvist’s formula. It is to be noted that the resistance which 
the diaphragm creates causes a damming up of the steam, 
resulting in increased pressure. p, becomes thus slightly greater 
than po and in consequence A, greater than ho. It will easily 
be understood that the percentage increase of h must be con- 
siderably greater than the increase of p. 

The pressure differences ho and h; are in each case caused by 
a certain total resistance between the measurement points. 
It is easy to conceive that if for some reason, for instance in- 
creased speed, ho were doubled, h; would also become twice as 
great; in other words, that ho/h, would remain constant for a 
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certain arrangement. This manner of reasoning is not contra- 
dicted by the common formulas for pressure losses. 

How this appears in reality is shown in Fig. 7, where for the 
previously mentioned 150 tests ho/h; has been plotted against 
h, (for point notation see Fig. 2). What strikes one first is 
the unmistakable dependence of d/D, while h is entirely without 
influence. The spreading around mean values is hardly notice- 
able for d/D = 0.4 and 0.6, but fairly great for d/D = 0.8. 

However, no law governing the grouping can be detected; 
for D = 50 mm., ho/h; certainly increases rather evidently with 
p, while for D = 25 mm. the contrary appears to be the case. 
And it is just this circumstance which seems to have inspired 
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Fic. VaLues oF FoR Various VaLues or d/ D 
Odqvist with doubt as to the practicability of the Brandis 
arrangement. 

The mean error at d/D = 0.8 may be estimated to be +1 
per cent, and as A in the formula for the quantity of steam 
appears under the square-root sign, one has to risk an average 
increase of the error of '/2 per cent by reading A; and using the 
mean value of ho/h; found here for the calculation of Ao. Such 
an increase does not appear alarming for practical use, consider- 
ing what the other methods have shown themselves capable of. 

In Fig. 8, the mean values of ho/h; found above have been 
plotted with respect to d/D; d/D = 0 corresponds to a complete 
shutting off, i.e., to a stationary condition on both sides of the 
diaphragm, in which case ho/h; = 1. For the other extreme 
ease where d/D = 1, or that of a common pipe without any 
resistance, no corresponding value of ho/h; can be deduced; 
a positive value > 1 would naturally be expected, but one is 
evidently confronted here by a discontinuous curve. In any 
case, Odqvist limits the validity of his formula for the range 
0.4 < d/D < 0.85. 

If the absolute pressures are considered, it is obvious that p» 
can be determined from p; as soon as it is known how hy varies 
with h;. However, it is more convenient to use po in place of 
po and to make the necessary corrections on the graphical sheets. 

The values of G,» obtained according to this modified method 
have now been compared to the real ones, and as is shown in 
Fig. 9, the results, according to Fig. 2, hardly differ from those 
obtained by the original method. 


ATTEMPTS AT CONTROL 


Some attempts at control under fundamentally different 
conditions have been carried out by the author, and chiefly 
through the courtesy of the Mekaniska Prévningsanstalten (the 
Mechanical Testing Institution). Table 2 gives data from these 
tests; the different series are grouped according to increasing 
values of Z:, and the values within each series according to 
increasing values of h;. The percentages given in the 4) column 
indicate moisture in the steam. 


TABLE 2 


Ay pr 
mm. atmos. 


Test No.1 (D = 75.0 mm.; 


35 7.11 4 
150 6.69 4 
179 7.03 4 
236 6.89 4 
313 6.75 4 
395 6.81 5 


to 


Gm 
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CONTROL TESTS WITH 


MODIFIED 


Gk 


deg. cent. kg. per hr. kg. per hr. 


7 per cent 
3 per cent 
7 per cent 
9 per cent 
9 per cent 
3 per cent 


Test No. 2 (D = 90.0 mm.; d 


7 
10.8 18.6 
15.8 18.8 
31.4 18.5 
46.7 18.6 
71.9 17.9 


165.1 


Test 36 (D = 90.0 mm; 


24.9 17.2 5 


Test No.4 (D = 125.0mm.; d = 85.16 mm.; 


459.7 17 
112.4 1 


Test No.5 (D = 250.0mm.; 


44.4 12.2 
45.9 12.6 
67.5 12.2 
85.9 12.2 
143.0 12.2 
152.0 12.2 
433.0 11.9 


Test No. 3a (D = 90.0 mm.; 


306 
298 
328 
297 
298 
299 


340 
d= 


5 per cent 
Total 


d = 38.14 mm.; 


85 approx.) 


155 


464 467 1. 007 
930 956 1.028 
1.043 1.072 1.028 
1.188 1.198 1.008 
1.345 1.403 1.043 Mean = 
1.519 1.450 0.955 1.012 
55.0 mm.; d/D = 0.611; Zk XK 10°5 = 
approx.) 
617 606 0.982 
761 727 0.955 
SOS 1.052 
1.295 1.301 1.005 
1.577 1 609 1.020 Mean = 
1.920 2.010 1.053 1.011 


135 approx.) 
2743 
50.00 mm.; 
200 approx.) 


1 
3 


032 


190 approx.) 


329 4.145 
331 5.650 

305 approx.) 
297 6.340 
295 6.550 
295 7.820 
302 8.795 
305 11.270 
299 11.700 
300 19. 360 


Test No. 6a (D = 180.4 mm.; 


d = 98.00 mm.; 


d/D = 0.55 


3.845 


4.105 
5.650 


6.430 
6.370 
7.880 
8.700 
11.380 
11.820 
19.500 


390 approx.) 


METI 


Gk/Gm 


d/D = 0.509; Zk X 105 = 


55.0 mm.; d/D = 0.611; Ze XK 10°5 


5; Ze X 


1.019 


d/D = 0.681; Zk X 10-5 = 


0.990 
1.000 


25mm.; d/D = 0.509; Ze X 10 


1.014 
0.972 
1.008 
0.989 
1.010 
1.010 
1.007 


d/D = 0.543; Zk X 10-5 = 


10°53 = 


Mean 
0.995 


Mean = 
1.001 


Gu Gi 
(35.9) 25.0 290 4.985 110 (leakage) 
174.7 23.7 303 10.515 155 
286.1 23.8 308 13.390 180 
383.7 23.9 311 15.500 200 
Test No. 66 (D = 225.0mm.; d = 126.00 mm.; d/D = 0.560; Z% K 10 * 
= 210 approx.) 
GL Gu-Gt 
40.1 7.27 250 4.860 4.875 0.997 =_GL_ 
199.1 6.45 212 10. 500 10. 360 1.014 Gu— 
293 .2 6.386 203 13.260 13.210 1.004 Mean = 
388.7 7.05 198 15.480 15.300 1.012 1.007 
706 
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DENSATE MEASUREMENTS 


Test No. 1 was checked by means of measurement of the 
feedwater, tests Nos. 2-5 by measurement of the condensate, 
whereby in test No. 3 the total condensate from two different 
steam connections was measured. Test No. 6 is from a non- 
condensing back-pressure turbine, where the steam was measured 
before entering as well as after leaving the turbine, and the 
steam leakage from the shaft packings was separately measured. 
The checking is accordingly indirect; as the accuracy with Z:- 
values about 200 appears to be satisfactory according to tests 
Nos. 2-4, the entire difference in the results obtained being 
chargeable to the readings of the high-pressure steam. 
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If the separate values of G:/G, within the different series are 
considered, no systematic variation can be traced, large and 
small positive and negative deviations being mixed, in spite of 
the fact that A,, the only value varying in any degree within 
each series, determined the order within the series. The spread- 
ing of the deviation can consequently not be charged to the 
method of measurement, but must be caused by misreadings or 
accidents, for which reason the most correct procedure is to 
employ the mean values of Gi/Gn. These mean values are 
plotted against d/D and Zx in Fig. 10, and the mean values 
from Odgqvist’s previously discussed tests are also included. 
No definite tendency whatever can be noticed, and thus it may 
be considered proved that the modified method within the 
whole field provides such accuracy as can be legitimately de- 
manded, considering the unavoidable misreadings. The mean 
error for the 14 values in Fig. 10 is 0.9 per cent, and the same 
figure is obtained when taking Odqvist’s eight series by them- 
selves and the six control series separately.° 

FurTHER CoMPARISONS 

The modified method having been shown to be quite accurate, 
it is in order now to consider the problem from a number of other 
points of view. 

(a) Control Tests With Odqvist’s Original Method. In connec- 
tion with the already discussed control tests, there were also 
a few opportunities to check Odqvist’s original method. The 
back-pressure turbine employed in test No. 6 (see Table 2) 
was tested according to Odqvist’s own method in the shop of 
the builder before being shipped, and in the same manner as 
in test No. 6 (see test No. 7, Table 3). It has to be taken into 
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account that the pipes were corroded. In the final test at the 
place of installation (test No. 6) a pressure connection was also 
made in the high-pressure pipe, which was new, according to 
Odqvist’s method (test No. 8), and two readings were conse- 
quently made simultaneously on two steam gages. 

Test No. 7 thus gave a mean error of 4.4 per cent as against 
0.7 per cent in the corresponding test made according to the 
modified method. This strikingly illustrates the difficulty of 
correctly inserting Odqvist’s pressure connection. Test No. 8 
indicates, however, that under favorable circumstances this 
can be done; the difference between the values from this test 
and those from Test No. 6 is insignificant, being only 0.2 per cent. 

(b) Odqvist’s Method Combined With Bédckstrém’s. In the 
previous checking of Odqvist’s original method (Fig. 2) that 
investigator's formulas have been used throughout. For prac- 
tical purposes, however, he recommends Biickstrém’s method 
with k determined according to Odqvist. As the formulas are 
hot identical, a comparison has been made in Fig. 11, and if the 
results according to that figure are compared with those of Figs. 

* See “Addendum” on a later page. 


2 and 5, it will be found that the k-substitution much improves 
Bickstrém’s method, though a certain marked difference from 
Odqvist’s ‘‘complete”’ method will still be noted. 

(c) Mean Values of “k.’’ It has already been mentioned 
that Odavist’s u-formula is rather complicated and that the 
calculation of k therefrom further complicates the matter. 
Even if graphically determined it takes some time. In many 
cases where the greatest possible accuracy is not required, it 
may be sufficient to obtain a mean value for k for the whole 
series from the mean values of p, t, and h. Compared to the 
older methods with k constant under all circumstances, the 
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advantage gained is that, though a fixed mean value of k is used, 
this value is at the correct mean level. 

If this is applied to Odqvist’s experiments, Table 1 shows 
with its very considerable variations of ¢ and A that the result 
will probably be less accurate than what can as a rule be ex- 
pected in practice. However, Fig. 12 shows a fairly satisfactory 
picture. 

(d) Frequency Curves. Fig. 13 is a more concentrated repre- 
sentation of all the comparisons than has been shown by the 
preceding “‘starry maps.”’ These latter have been divided into 
strips parallel with the 1.00-line of 1 per cent width, one em- 
bracing the field Gi/G = 0.995 — 1.005, the next 1.005 — 1.015, 
and so on. The observations plotted on every strip have been 
counted and the number has been set off as a function of G:/G. 

Referring to Fig. 13, a good method must consequently 


TABLE 3 CONTROL TESTS WITH ODQVIST'S ORIGINAL 
METHOD 
ho 0 lo Ge 
mm. atmos deg. cent kg. per hr. 


Test No. 7a (D = 118.0 mm; d = 85.0 mm.; = 0.720; Ze X 1075 


= 185 approx.) 


GH Gi 
48.3 19.8 348 4.150 105 (leakage) 
250 4 20.3 362 9.430 155 
393.1 20 4 378 11.690 175 
425.1 20.4 375 12.140 (180) (estimated) 


Test No. 7) (D = 149.5 mm.; d = 110. 0mm.; d/D = 0.736; Zé X 


= 105 approx.) 


GL Gu-Gi 
44.1 7.02 292 4.235 4.045 1.047 = GL 
233.0 6.63 262 9.630 9.275 1.038 GH-Gi 
350.1 6 78 264 11.800 11.515 1.025 Mean = 
640 44 234 12.750 11.960 1.064 1.044 
(ap- (ap- 
prox.) prox.) 
Test No.8 (D = 180.4mm.; d = 98.0 mm.; d/D = 0.543; Zt KX 10 = 
390 approx.) 
Gm (Test No. 6a) 
35.1 25.0 290 4.985 4.985 1.000 = Go/Gm 
171.3 23.7 303 10.540 10.515 1.002 
279.7 23.8 308 13.400 13.390 1.001 
376.8 23.9 311 15.540 15.500 


1.003 Mean = 
1.002 
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appear as a curve which throughout lies fairly close to the 1.00- 
ordinate and has small extreme values. It is seen how the older 
methods with constant k—here represented by the Biickstr6m— 
give a flattened, spent-out curve, and how the different correc- 
tions of k according to the Wirmestelle and other methods to a 
certain extent improve matters though without being able even 
approximately to produce such distinct curves as characterize 
Odgqvist’s original method or its modification. In both of these 
not less than 40 per cent of all values are correct within '/; 
per cent, and for 70 per cent the error is less than 1'/; per cent 
results, by the bye, which are repeated in Fig. 10. Further it 
is evident that a combination of Odqvist’s and Bickstrém’s 
methods and the use of mean values for k somewhat reduces 
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Backstrom Warmestelle Kretaschmer- Jakob Eretzxchmer 


| 100 190 | 100 110 | Q90 100 110 


Qs 100 1% 


Fic. 13 Dirrerent Metuops Comparep WITH CONDENSATE 
MEASUREMENTS (FREQUENCY CURVES) 
(urspr. = original; modif. = modified; kmed = mean.) 


the accuracy, but it is nevertheless greatly superior to that 
obtained by the first four of the methods shown. 

(e) Comparison Over a Wider Range. It has been shown 
how the modified method over a limited range is superior to 
the other methods and how it gives correct results over a wide 
range. In order to justify this superiority, however, it is neces- 
sary to investigate whether or not possibly other methods may 
give for this wider range an essentially better result than for 
the smaller and, in practice, relatively insignificant range. It 
might suffice to recalculate the above-mentioned tests according 
to the different methods, but a more general comprehension 
may be obtained by identifying, on the basis of the correspon- 
dence indicated, the actual steam quantities with those obtained 
by means of the modified method and to base a comparison on 
these arbitrary assumptions. 


The assumptions as well as the corresponding Z,-values are 
as follows: 


75 75 75 75 300 300 300 300 
5 56 15 15 5 5 15 15 
hi, deg. cent............. 200 400 200 400 200 400 (200) 400 
Zk X 10-5 (about)....... 55-330) 150) 210s: 120 (600) 340 


For all cases d/D = 0.4 and 0.8, and h = 100, 250, and 400 
mm. are assumed, the comparison including in all 42 values. 

The deviations are represented by the expression Gm/G, i.e., 
the relation between the calculated steam quantity according 
to the modified method and that obtained by the proper method 
of comparison—see Fig. 14, where they are plotted against 
Ze. 

It is possible to establish for the smallest Z:-values in Fig. 14 
the correspondence with Fig. 13 which one has the right to 
expect. Biickstrém’s values are seen to be uniformly distributed, 
while the Wirmestelle’s and Kretzschmer’s are grouped some- 
what closer to the 1.00-line, as are Kretzschmer-Jakob’s also, 
though below the 1.00-line, and finally Odqvist-Biickstrém’s are 
fairly well collected above the 1.00-line. 

Except for the last-mentioned method the values for high 
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Zx lie much below the 1.00-line, and the deviation is as a rule 
greater than the opposite deviation at low Z:. 

On the whole, the diagrams give the impression that the funda- 
mental tests employed in the various methods have been carried 
out at moderate Zi-values, which as a matter of fact is quite 
probable. 

The most closely grouped diagram after the Odqvist-Biick- 
strém is that of the Kretzschmer-Jakob method; the considera- 
tion in regard to D in the determination of k has in this cas: 
substantially done away with the strong dependence on Z 
found in the three remaining methods. 

A comparison between Figs. 10 and 14 clearly shows that s 
considerably better result can’ be obtained with the modified 
method than with the other methods. 


Opevist’s MetHop GRAPHICALLY EXPRESSED 


It has been shown that Odqvist’s method of calculation is * 
considerable improvement over other methods, also that * 
modification of it to permit using Brandis’ arrangement © 
pressure connections does not result in any appreciably reduce: 
accuracy. 

The u-formula deduced by Odqvist is as follows: 
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1 — 0.3975 — 1.073 (d/D)4 
= am k = 
( V 1 — (4/D)*u*(pm/ 
10’ng 


The appearance of these formulas indicates that it is not only 
The parenthesis below the line, which apart from the fact desirable but necessary to express them graphically if they are 
that it does not contain the“same power of 10 is identical with the to be used in practice. This has been done by Odqvist in three 
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'. ) Previously mentioned expression Z:, comprises the critical velocity diagrams, each consisting of two groups of curves. From the 


*—s of the steam, the specific weight, and internal friction, all of first Z: is obtained, from the second, u, and from the third, k. 
them rather complex functions of po and to. Two intermediate readings are thus needed, and this is the more 
From u the value of k is obtained: inconvenient in that the scales as a rule are not uniform. 


| 
y 
~ 
Chit 
| 
‘ 
re 
Be, 


292 


If it is observed in the above formulas that pn/po is a fune- 


tion of ho/po, it is evident that k can be expressed by a formula 
which besides known factors, includes only po, to, ho, D, and d, 
namely, the five read or measured quantities. This & should be 
graphically determined from four connecting curve groups 


without any intermediate readings. Such a diagram is shown 
in Fig. 15; in this case one starts from ¢) and proceeds successively 
to po, D, d/D, and ho/po until k is reached (see broken line with 
arrows).° Uniform scales and as much linear 
interpolation as possible facilitate its use. 

It is found that for constant d/D widely 
different values for k are obtained; for instance, 
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lated with a slide rule, as the steam quantity G kg. per hr. be- 
comes a product of six factors and is equal to— 


d?, where d = diameter of the orifice of the diaphragm in 


millimeters 
X p» or the pressure measured at a distance of 1.5D ahead of 


the diaphragm, in atmos. abs. 


ho/po, where ho = pressure difference in millimeters 


for d/D = 0.4, values between 0.596 and 
0.706 or for d/D = 0.8, between 0.763 and 
0.878; i.e., variations of +7 to 8.5 per cent 
from the mean value. In methods employing 
a constant value of k, one runs the risk of 
getting errors of this magnitude (Fig. 14). 
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Instead of Bickstrém’s formulas, the use 


of which later according to Figs. 13 and 14 
gives an unnecessary error, we prefer to use the 


formula used by Odqvist for G: 


G = V Vo 


in which 


Ym = 


26 
\ [ 1:3 — (pm/po)?-* 


f is the area of the orifice, and vp the specific 


volume of the steam. 
Rearranging and employing ordinary units 


this becomes: 


| 


0.2827 Af 
G = [kd?] | ‘| | vi Po’ 100 


(A) (B) (C) 


Fez | kg. per hr. 


V ho/po 


The expression (B) is a function of pressure 
and temperature. A correcting factor Af has Lon 


been introduced to care for the expansion of 


the area of the orifice from ordinary tempera- i 


ture to t. The expression can naturally be 
represented by a system of curves with t) and pp 


as variables, though very much is gained in 


accuracy by excluding po, and letting the re- Po ougoo + 
maining part of the expression be included in P, 
the diagram (Fig. 16-a). t 

(C), which is a function of pressure and —_ — — | — 


pressure difference and equal to Wm, is for the ¥ 
Fic. 16 Cuart ror Use CALCULATING THE FLOW oF Steam Oriricts 


same purpose transformed to a product of 
V ho/po and a function of ho/po, shown in the 
diagram (Fig. 16-b) by the line farthest to the right and marked 


d/D = 0.4. 
In this manner Odqvist’s original method can easily be calcu- 


6 On account of the construction of the formulas the result is not 
mathematically correct, and too small a value of k& is as a rule ob- 
tained; the error varies between 0 (for hi/p = 0 and Z,.10-5 = 
400) and 0.4 per cent (for ho/po = 200, d/D = 0.85, and Z,;.10~°5 
as low as 25), and considering those in the readings, need not be taken 
into account. 
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(Hg — H.O) between the pressure connection for 
po, and the pressure connection close after the 
diaphragm. 
x k from Fig. 15 
0.2827 af 
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x hs/ po from Fig. 16-b. 


from Fig. 16-a 
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ExampLe (Opqvist’s Or1GINAL METHOD) 


D = 149.5 mm.; d = 110.00 mm. d/D = 0.736 
hy = 640 mm.; po = 4.40 atmos. ho/po = 145.5 
to = 234 deg. cent. 
k = 0.763 (Fig. 15) 


0.2827 af 


V 


m 
V hopo 


whence 


= 0.1856 (Fig. 16-a) 


= 0.1398 (Fig. 16-b, the right-hand curve) 


G = 110? X 4.4 X 0145.5 X 0.763 X 0.1856 X 0.1398 = 
12,750 kg. per hr. 


Passing on to Brandis’ arrangement of pressure connection 
and reading h, instead of ho mm. pressure difference, it is, as 
previously shown, possible to be content with a recalculation 
of 


Values of o/h; have already been shown in Fig. 8, but are re- 
peated in Fig. 16-c for the sake of continuity and accuracy. 

po is put down equal to the read pressure p,. When d/D and 
ho/p, have high values, fairly large errors are possible, conse- 
quently a correction has to be made. This does not apply to 
the values in Figs. 15 and 16-a. In Fig. 16-b, however, the 
factors po X Vho/po X vm/ V ho/ po must be considered in such 
a manner that for the different values of d/D the expression 


— X —= = will be shown as a function of ho/p,, thus insuring 


V ho 


a correct final result. 


Examp.e (Mopiriep Metuop) 


D = 149.5 mm.; d = 110.00 mm. d/D = 0.736 
ho/h, = 0.933 (Fig. 16-c); A; = 686 mm. hy = 0.933 X 
686 = 640 mm. 
Pp: = 4.46 atmos. ho/po ™ hi/p, = 148.5 
ty = 234 deg. cent. 
k = 0.763 (Fig. 15) 
0.2827 A 
a = 0.1856 (Fig. 16-a) 
V Povo 
—- —— = 0.1391 (Fig. 16-b) 
Pr V ho 
whence 


G = 110% X 4.46 X V/ 143.5 X 0.763 X 0.1856 X 0.1391 = 
12,750 kg. per hr. . 

It should be observed that the readings in both examples cor- 
respond to each other, and therefore the results ought to be 
identical. 

To carry through this calculation strictly for every value in a 
series of readings is hardly worth while except for important 
measurements as, for instance, delivery tests or the like. In 
general investigations it may be sufficient to use a more or less 
simplified procedure, in which one or several of the factors in- 
volved are considered constant and equal to the mean value of 
the different readings. 

For example, the variations in temperature can, in most cases, 
with good approximation, be eliminated. If the mean value of 
‘1s employed, a special diagram can be computed without much 
loss of time which for differe: t pressures will give the steam 
quantity as a function of hy. 

In another case both p and t may be practically constant. 
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It will then be possible to obtain from the mean values of these 
as well as from h a mean value both for k and for the expression 


0.2827 af 


V 


whereby the steam quantity becomes 


Pi V ho/ pr 


If still less accuracy is permissible also for the last two factors 
in this formula, a mean value may be used and the whole formula 
is reduced to G = const. X V ho. 

By changing the constant, ho can be substituted for h; in both 
of these formulas. 


G = const. X 


Various Oririces Pressure CONNECTIONS ACCORD- 
ING TO BRANDIS 
gasg. = '/¢in. gas pipe thread.) 


Whatever simplifications are made, the average result will be 
correct and the mean magnitude of the error may be easily 
determined by comparison with the exact formula. 

Should the variations become so great that the mean error 
becomes more than is permissible, the data can be divided into 
two or several groups and within each of these groups mean 
values can be calculated with results as above stated. 

Odqvist had dealt only with measurements of superheated 
steam. In Fig. 16, however, a few lines have been inserted for 
wet steam. When determining k from Fig. 15 the limit curve 
may be used without fear of serious error. 

Neither this measurement nor the extension of the pressure 
range to 25 atmos. is contradicted by the control tests carried 
out. 

It should be mentioned that the steam quantity can be ap- 
proximately determined without calculation from the diagram in 
Fig. 18, which was plotted for other purposes. However, the 
small scale to which it is drawn and the not always linear 
interpolations which are necessary in using it, considerably affect 
the accuracy of the result. 

In certain cases it may be convenient to use a simplified 
formula which clearly emphasizes the importance of the different 
quantities and shows how the result is influenced by alteration 
of any of them. Approximately 
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G = constant X d? X ¥ ph/T 


where T is the absolute temperature. Of this formula it may 
be stated that a small error in accuracy in measurement of the 
diameter of the diaphragm appears doubled in the final result, 
while an error in p or h is reduced by half, and a wrong determina- 
tion of the temperature is of still less importance. 


MEASUREMENT 
Finally a few suggestions will be made in regard to the practical 


side of this question, especially in regard to the Brandis pressure 
connection which has been recommended. 


Tue DIAPHRAGM 


In regard to the diaphragm and its attachment the following 
demands and specifications must be met: 

1 It must be easily and securely attached. By arranging the 
pressure connections according to Brandis these will be close to 
the diaphragm and the work of installing it will be limited to 
loosening of a pipe joint, fitting in the diaphragm with gaskets, 
and then tightening the joint. A fairly thin diaphragm is 
evidently of importance, a thickness of more than 20 mm. 
being hardly needed. Centering is facilitated by making the 
outer diameter of the diaphragm and the gaskets just large 
enough to clear the bolts in the pipe flange (see Fig. 17). 

2 Leakage must not be caused by the insertion of the dia- 
phragm, therefore the annular grooves in its faces must not 
encroach too much upon the size of the gaskets. Further, 
reliable valves (preferably of the “heavy type’’) should be 
placed close to the diaphragm. A few different forms are shown 
in Fig. 17,the two pressure connections being placed diametrically 
opposite each other. 

3 As the exact pipe diameter is seldom known in advance 
and often differs considerably from the nominal diameter, the 
construction should be independent of such variations. This is 
accomplished by making the inner diameter of the annular groove 
larger than the nominal pipe diameter. Some disturbance in 
the flow is to be feared when using the constructions c and d of 
Fig. 17, if the inner surfaces of the flanges are cylindrical and the 
inside diameter of these flanges should happen to be smaller than 
the pipe diameter. For this reason these surfaces have been 
shown conical. 

4 In order to obtain the best possible equalization, ample 
annular grooves should be provided. This frequently leads 
to compromise in regard to paragraphs 2 and 3. 

5 When it is not a question of a very special case, it may be 
desirable to make the diaphragm such that it can be used under 
various circumstances, viz., for different diameters of orifice for 
the same pipe diameter. Arrangement a of Fig. 17 permits 
only an increase of the diameter of the orifice. In 6 the dia- 
phragm itself is an exchangeable plate, as also, though differently 
made, are those in c and d. The latter arrangement may be 
necessary to use for large d/D and small D, otherwise the b-type 
appears to be preferable with its wider annular grooves and 
fewer gaskets. 

6 The bevel at the opening of the diaphragm ought to be 
about 45 deg.; the edge must not be sharp, but finish parallel 
to the axis of the pipe to a thickness of about 0.2mm. A more 

exact circular opening is thereby obtained, which can be accu- 
rately measured and which further offers greater resistance to 
wear. 
7 It is desirable to have a fairly long and straight pipe ahead 
of the diaphragm and preferably the same behind it. 

8 The diaphragm is always placed with both connecting 
gages on the same level, and with the sharp edge against the 
flow of the steam. 
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DETERMINATION OF THE DIAMETER OF THE DIAPHRAGM 


With the assistance of the diagram Fig. 18, and estimated 
values of G, p, and ¢, it is in most cases easy to obtain a sufficiently 
accurate value of d/D. Should greater accuracy be desired, ( 
may be calculated by means of the “exact” diagrams for some 
of the d/D values close to the one first determined, and interpo- 
lation employed afterward. 

However, it is often impossible to estimate even approxi- 
mately G beforehand; in which case it may be convenient or 
even necessary to alter the diameter of the orifice, and here the 
above-mentioned interchangeable diaphragm will come in useful. 
The new value of the diameter of the diaphragm may be easily 
obtained from Fig. 18. The previously mentioned approximate 
formula may also be used, which with no change in the steam 


quantity gives 
Vhy = dy? V ha, or 


the subscripts 1 and 2 indicating respectively values before and 
after the alteration. 

The values 0.4 and 0.85 are commonly advanced as limits for 
d/D. The centering of the diaphragm in relation to the pipe 
is, however, of greater importance the greater the value of d/D, 
and if there is any opportunity to choose, it is better to work 
with low than with high values. 


Tue PressuRE DIFFERENCE 


The measurement of the pressure difference is as a rule made 
by means of a differential manometer (steam meter) consisting 
of a glass U-tube filled to half its height with mercury. Close 
to each of the legs is a valve, preferably a needle valve (cocks 
are less suitable), and beyond a controlling cock for the attach- 
ment of a control manometer. 

The scale is conveniently graduated from the bottom upward, 
and so that it can be read on both sides, thus giving a valuable 
control, the sum of the readings being constant. 

In the connecting pipes between the diaphragm and the steam 
meter condensate is automatically collected which completely 
fills them. 

If, as directed above, both pressure connections have been 
placed at equal heights, the proper pressure difference is obtained 
by calculating with a specific weight of (Hg — H.O) = 13.6--1 
= 12.6, which also has been done in the formulas. In order to 
have the upper levels of the water columns on practically the 
same level at varying heights of the mercury columns, an ex- 
tension of the surface of the water column is arranged on the 
level of the outtakes, which for incidental purposes is most 
easily attained by arranging connecting tubes at least one 
meter in length exactly horizontal and close to the pressure out- 
takes. 

The connections are conveniently made of copper tubes with 
an inner diameter of 6 to 8 mm., a wall thickness of 1 to 1.5 mm., 
and in lengths of about 2 meters with soldered-on screw joints at 
both ends. With care these tubes can be bent by hand. 

The connecting tubes are blown clean before the U-tube is 
attached. After the U-tube is fitted the cleaning can be done 
through the controlling cocks, and by means of these the air 
that may have remained above the water in the U-tube is re 
moved. 

According to experience of the Mekaniska Prévningsanstalteo 
in Stockholm, air may in spite of this precaution remain in the 
tubes and affect the accuracy of the measurement. In order te 
ascertain that this is not the case, a tight drain cock may be fitted 
on each of the connection tubes close to the valves near the dis- 
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phragm. If the tubes are filled with water and the valves 
closed, the mercury must stand equally high in both legs of the 
U-tube when the drain cocks are opened. Any air remaining 
may be removed by these. 


MEASURING THE PRESSURE 


The absolute pressure ahead of the diaphragm is included in 
the formula, for which reason the pressure gage has to be con- 
nected to the corresponding control cock. 

Besides the steam pressure there also acts on the gage the 
pressure of a column of water of a height equal to the vertical 
distance between the gage center and the pressure connection 
of the diaphragm. If this height is H meters, 0.1 H atmos. 
must be deducted from the pressure as indicated by the gage. 
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the case in regard to the measurement of the temperature. An 
error in the determination of the temperature, however, affects 
the result less than an equal error in the measurement of the 
pressure or pressure difference. From the previously mentioned 
approximate formula it may be concluded that, when in other 
respects equivalent conditions prevail, the steam quantity G 
varies as 1/ ph/T. 

An error of 1 per cent in p or A results in an error of about 0.5 
per cent in G, while an equal error in ¢ only gives an error of 
about !/, per cent in G, on the assumption that ¢ is in the neigh- 
borhood of 273 deg. cent. 

Where great accuracy is required, every possible precaution 
should be taken in order to reduce the error to a minimum. 
What always can and ought to be done is to provide ample 
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CHART FoR USE IN DETERMINING THE Ratio d/D oF THE OriFICE DIAMETER TO THE Pipe DIAMETER 


(Flinsdiameter = orifice diameter: Rérdiameter = pipe diameter; Fukt = moisture; ton/tim = metric tons per hour; ata = atmospheres abs.; eller = or.) 


The gage pressure must be recalculated to absolute pressure 
and this is done by adding b/735 atmos., where b is the height 
of the barometer in millimeters of mercury. Finally the possible 
correction of the pressure gage must be taken into account. If 
the read gage pressure is p, the correct absolute pressure ahead 
of the diaphragm is 


b 
= — —0.1H 
Pa = Py + corr. + 735 
TEMPERATURE MEASUREMENT 


While the determination of the pressure and the pressure 
difference does not in itself offer any great difficulties, this is not 


insulation in the vicinity of the point where the measurement is 
made, whereby the very cause of radiation as well as conduc- 
tion is reduced, viz.: the temperature difference between the 
steam and the wall of the pipe. 

The most common way is to measure the temperature with a 
mercury thermometer fitted into a pocket placed in the pipe. 
It is of advantage to have the pocket made as long as possible, 
and located in a bend of the steam pipe and directed against 
the flow of the steam. 

However, such an arrangement is often impossible or difficult 
to carry out, and it is much more common to place the pocket 
in the straight pipe ahead of and parallel with the dia- 


phragm. 
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It has been shown’ that the conduction, which compared to 
the radiation in this connection is of decisive importance, is 
very much reduced by making the heat resistance of the pocket 
as great as possible, i.e., by using a very thin non-conductive 
material, for example, alpaca. It has also been proved that the 
error may be decreased by providing the pocket with flanges 
parallel with the steam flow, and thus increasing the heat-absorb- 
ing surface. 

Still better results appear to be obtainable by a more extensive 
application of above-mentioned procedure. The pocket can, 
for instance, be divided in two parts. The lower one, which is 
made of copper and equipped with fins, has to absorb the heat 
from the steam and transfer it to the thermometer bulb. The 
upper part serves exclusively as a “handle” for the heat-sensi- 
tive lower part and is made of alpaca with thin walls. In order 
to counteract the convective currents in the air in this part of 
the pocket, the thermometer is provided with a thin winding of 
asbestos thread to fill up the space between it and the side 
walls of the pocket.® 

Beside the correction coefficient for the thermometer a cor- 
rection has to be added as soon as the whole length of the mer- 
cury column is not in the temperature zone to be measured. 
Close to the projecting part a special thermometer is placed the 
readings of which may be called ¢,, those of the main thermometer 
being indicated by t&. If the projecting part of the mercury 
column shows n degrees, the correction will be approximately 
n(t. — t-)/6300. and the final actual steam temperature will be 
n(ta — t-) 


t=i, + 


+ corr. 


The last term is then the correction of the thermometer itself 
at the temperature 

A conceivable method, which under certain circumstances 
would be more convenient than a mercury thermometer in a 
pocket, is that of using a thermocouple. The thin element 
wires may be squeezed in between the double gasket packings close 
behind the diaphragm in such a manner that the soldered joint 
will be located at the center of the steam jet. 

No matter how carefully the readings are taken, the result 
will, because of radiation and conduction, be slightly too low, in 
which case a somewhat too great steam quantity may be ob- 
tained. It has been stated earlier that k according to the dia- 
gram becomes too small. Therefore those two errors work to 
neutralize each other. 


ADDENDUM 


After the completion of the foregoing paper the author, 
through the courtesy of Mr. B. Eric Lindblad, was given the 
opportunity of making still another test. This test, carried out 
at the Electric Power Station at Vartan, Stockholm, on a 300- 
mm. steam pipe with steam quantities up to 40 tons per hour, 
had for its object, besides confirmation of the accuracy of the 
modified method, the investigation of the feasibility of using a 
thermocouple for temperature measurement. 

The first question was to find out how close it was possible to 
approach the actual temperature. In view of this the tem- 
perature was measured with a mercury thermometer fitted 
into a pocket constructed as indicated above and attached 
to the insulated pipe about 6 m. ahead of the diaphragm. 
The temperature was further measured by means of a nickel- 
chrome-nickel thermocouple 0.5 mm. in diameter which could 


7 See, for instance, Knoblauch and Hencky: ‘‘Anleitung zu 


genauen technischen Temperaturmessungen.’’ Munich and Berlin, 
1926, in which work all factors influencing the temperature measure- 
ments are thoroughly discussed. 

8 See also section headed *“‘Addendum.” 


not in this case be squeezed in, in the proposed manner, on 
account of the construction of the flange, but had to be inserted 
through special openings in the diaphragm. The whole flange 
was uninsulated. The temperature difference determined in 
this manner amounted to 3 to 7 deg. cent., depending on the 
steam-quantity values, which, however, many times exceeded 
the calculated cooling of the steam due to radiation between the 
points where the measurements were made or the error due to 
conduction through the thermocouple wires. On principle the 
higher temperature values should be considered as the more 
accurate, and therefore used in the calculation of the steam 
quantity; however, the difference is so insignificant (corre- 
sponding to 0.5 per cent of the steam quantity) that this con- 
venient method of measuring the temperature may without fear 
be recommended. It should be pointed out that the ther- 
mometer pocket used in this test may be considered as practi- 
cally free from conduction, and therefore, compared with a 
pocket of ordinary construction, the measurement with thermo- 
couples may surely be considered equal or superior to those 
obtained when an ordinary pocket is used. 

A few indications as to the use of the thermocouples may here 
not be out of place. 

Nickel-chrome-nickel couples are very suitable on account of 
their low heat conduction, copper being from this point of view 
much inferior. However, the electrical resistance, particularly 
of chrome-nickel, is considerable (about 1 ohm per m. per sq. 
mm.), for which reason the readings of the voltmeter have to 
be corrected, i.e., be multiplied by (R + r)/R, where R is the 
resistance of the instrument and r that of the thermocouple 
Finally the temperature of the cold soldered joint, i.e., the free 
ends of the couple, must be added to the temperature difference 
obtained from the instrument readings. This outside tempera- 
ture can be determined by a thermometer placed close to the 
free ends, but is better obtained if a water-filled “thermos jar’ 
is used. Through the stopper of this are inserted the thermom- 
eter and a couple of test tubes in which the joints between the 
thermocouple and the connecting wires to the instruments are 
fastened. A simple insulation of the joints (e.g., asbestos 
board) might be provided to advantage. If the thermocouples 
can be considered as generally giving sufficiently accurate values 
from the point of view of purely temperature measurement, there 
yet remains the question whether, if the element is fitted close to 
the diaphragm it might influence the steam flow and consequently 
affect the readings in such a manner that the result would be 
different from what it would be without thermocouples. In the 
test under consideration this was investigated by making parallel 
tests in such a manner that almost the same load points were 
measured with and without the thermocouple. As shown below, 
the result will practically be the same in both instances. 

The condensate was measured in a permanent tank having a 
volume of more than 20 cu. m. and provided with a graduated 
water gage. 

The test results are given in Table 4. As the readings vary 
considerably and time did not permit many readings (8 to ¥ 
for each load point, the steam quantity per hour has been calcu- 
lated separately for each reading and has been multiplied by 
the time corresponding thereto. The sum of the values thus 
obtained (after recalculation in kg. per hr. called G») should 
correspond more accurately to the actual steam quantity, than 
if all the readings were accorded the same importance. 

In this case, where the medium for comparison in one instance 
is measured as steam by a few intermittent readings and in the 
other instance as condensate by measuring the total quantity 
during a period which is independent of the times at which the 
intermittent readings were taken, the above-described method 
of calculation may be considered correct. In practice, however, 


; 300 
( 
( 
( 
d 
t 
th 
G 
es 
gt 
er 
ru 


FUELS AND STEAM POWER 


the conditions will often be different. Take, for instance, a 
turbine test where the steam quantity is measured by a dia- 
phragm and the output by a wattmeter. Both measurements 
are made point by point, and, if at equal intervals between 
the readings, the mean value will give a correct result. Then the 
question arises, however, whether the steam quantity shall be 
calculated for each individual reading or if it may simply be 
calculated from the mean values of p, t, and h. Mathematically 
this latter and more convenient method is, of course, incorrect, 
though the magnitude of the error in relation to other involved 
errors should evidently be decisive. The present test is in regard 
to the steam measurement similar to a turbine test, and for this 
reason it may be of interest to investigate the above-mentioned 
question—and this so much the more as parallel tests were made 
and the conditions in regard to the variations in the load and the 
number of readings taken were relatively unfavorable. 


TABLE 4 TEST READINGS WITH THE MODIFIED METHOD 


(D = 300 mm.; d = 194.89 mm.; d/D = 0.650; Z% K 10-5 = 400, approx.) 
I— With thermocouples 11—Without thermocouples 
back of the diaphragm back of diaphre 


An, per cent. 
fi, atmos.. 
Api, per cent. 
to, deg. cent.... 
Alo, per cent. 
Steam calculated from above mean v 
G’, kg. per hr. 23400 31106 37770 23360 30670 38170 
3 the steam quantity is hated for each reading, the mean values are: 
.kg.perhr. 23270 31080 37800 23430 30680 38100 
percent +4—4 +3-—4 2-2 +5-—2 +4-—4 
in per 

cent of G +0.6 +0.1 —0.1 -0.3 
If at each reading the time is taken into account, then 
Gm, kg. per 

hr 23230 
G’’ —Gm in per 

cent of Gm +0.2 +0 —-0.7 
The measured condensate quantity corresponds to 
Gk, kg. per hr. 23280 31190 37860 =23660 
Gm—Gekin per 

centofGe.. —0.2 
G"’ —Gein per 

cent of Gk... 


+8-—4 


-0.0 +0.2 


31220 37800 =. 23600 30480 38140 


+0.7 —0.1 


30460 38430 


+0.1 —0.2 —-0.3 +0.1 —0.8 


—0.0 -0.2 -10 +07 -09 

Besides the mean values the greatest deviations in both 
directions expressed in percentage have been included in the 
table (Ah, Ap, ete.). 

Table 4 shows the steam quantities—as for instance for a 
turbine test—calculated according to the two different methods. 
G’ is obtained direct from the mean values of the readings 
while G” is the mean value of the steam quantity calculated for 
each individual reading. Their difference, in spite of relatively 
great variations and few readings, is insignificant. However, an 
error in the reading of a diagram or a miscalculation on the slide 


rule affects the results much more for G’ than for G”. 
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The next values of the steam quantity shown in the table 
(Gm) are those which should check most closely with the con- 
densate quantity G, in regard to what has been stated above. 
These values are therefore those which indicate the accuracy of 
this method of calculation. The errors expressed in per cent 
and shown in the next to the last line in the table are on the whole 
very small, the mean being about 0.2 per cent. The last line in 
the table shows that somewhat less accuracy is obtained (mean 
error 0.3 per cent) if regard is not had to the time for each reading. 
In this connection may be observed that a slight amount of steam 
leakage from the shaft seals is included in the steam quantity 
Gm, but not in the condensate G;. During the test this steam 
leakage was, however, kept as low as possible. The calculated 
steam quantity G,, is somewhat smaller than the actual because 
“the mercury temperature,” which undoubtedly was somewhat 
higher than the temperature of the diaphragm, is used as basis 
for the calculations. Besides the temperature of the condensate 
was slightly higher than that of the water used in calibrating 
the meter tank (9 to 16 deg. cent. as against 7 deg. in the cali- 
bration), whereby the condensate quantity Gz becomes a little 
higher than the actual. Thus both these circumstances contri- 
bute to compensate for the quantity of steam leakage. It may 
with certainty be said that the accuracy at this test quite equals 
that of the check tests in Table 2. 

Finally the effect of the thermocouple back of the diaphragm 
remains to be considered. We then return to the next to the 
last line in Table 4, which may be expected to give more uniform 
results than the last line where the deviations are chiefly in- 
cidental. If tests I(a) and II(a), ete., are compared, the devia- 
tions undeniably tend to be uniform, and the differences are not 
so great but what the parallel results may be considered equally 
good. If any trace of the effect of the thermocouple were to 
be found, then, as the area has been calculated to be equal in 
both the parallel tests, the steam quantity in test I ought to 
be slightly greater in relation to II. Such a tendency can be 
shown, but it may just as well depend on other causes. 

From this last test it may be concluded that the previously 
established accuracy of the modified method holds good also for 
large pipe diameters and steam quantities, and that with the 
proposed temperature measurement with thermocouples back 
of the diaphragm one may count upon obtaining at least as 
high an accuracy as with the ordinary thermometer pockets. 
If the aim, however, is to obtain the highest accuracy, the sug- 
gested improved thermometer pocket appears to be superior. 
Finally it can be established that when the steam quantity is 
tolerably constant, there is little danger from calculating the 
mean steam quantity from the mean values of the readings of 
pressure, temperature, and pressure difference. 
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A Graphical Method of Computing Boiler 


Heat Balance 


Charts Which Make It Possible, Where Any Type of Solid or Liquid Fuel Is Used, to 
Compute a Short-Form Boiler Heat Balance Quickly and Without 
Resort to Numerical Calculations 
By ERIC PICK,! NEW YORK, N. Y. 


tables, the author has developed charts which make it 
possible to compute a boiler heat balance of the so-called 
short form quickly and without resorting to calculations. 
These charts, which are presented herewith, may be used 
where any type of solid or liquid fuel is burned, but are not suit- 
able for gaseous fuels. They are of what might be termed the 
“follow-up” type. In using them one follows alternately ver- 
tical and horizontal lines from one variable to the next. 


[ ORDER to avoid tedious calculations and the use of 


EXPLANATION OF SYMBOLS 
Fuel Analysis 


= moisture, per cent 
c = carbon, per cent 


h = hydrogen, per cent 

o = oxygen, per cent 

s = sulphur, per cent 

cp = actually burned carbon, per cent 

H = heating value, B.t.u. per lb. 
Refuse 


refuse, per cent of fuel 
unconsumed combustible in refuse, per cent. 


rol 
= 

Flue-Gas Analysis 
CO2max) = theoretical maximum CO, content, per cent 
COxor) = CO; reading of Orsat apparatus, per cent 
CO (ors) = CO reading of Orsat apparatus, per cent 
COxcs) = CO, reading of Orsat apparatus corrected for 

error due to absorption of SO:, per cent 
CO, content of dry flue gases, per cent 
CO content of dry flue gases, per cent. 


CO, 
CO 


Temperatures 


= temperature of combustion air, deg. fahr. 
temperature of fuel, deg. fahr. 


~ 


‘, = temperature of flue gases leaving economizer (boiler), 
deg. fahr. 

‘2 = temperature of dry-bulb psychrometer thermometer, 
deg. fahr. 

‘.e = temperature of wet-bulb psychrometer thermometer, 
deg. fahr. 

Pressures 

b = barometric pressure, in. mercury 

Pp = partial pressure of water vapor in air, in. mercury 

Pwo = pressure of saturated water vapor at temperature 


tw, in. mercury 
pressure of saturated water vapor at temperature 
of Orsat apparatus, in. mercury. 
Misce llaneous 
W. = minimum theoretical air supply for complete com- 
bustion, lb. per lb. fuel 


* Ranarex Department, The Permutit Company. 
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Va = same, cu. ft. per lb. fuel 
W, = flue gas produced by minimum theoretical air supply 
and complete combustion, Ib. per Ib. fuel 


V; = same, cu. ft. per lb. fuel 

e = excess of air, per cent 

A = actual evaporation, lb. per lb. fuel 

I» = heat content of feedwater, B.t.u. per lb. 

I, = heat content of steam, B.t.u. per Ib. 

Sw» = weight of water vapor, lb. per cu. ft. 

Sa = weight of dry air, lb. per cu. ft. 

M = weight of water vapor in air, lb. per 100 lb. air. 

Boiler Heat Balance 

E = boiler efficiency, per cent 

Lm = heat loss due to moisture in fuel, per cent 

Li, = heat loss due to water from combustion of hydrogen, 
per cent 

La = heat loss due to moisture in air, per cent 

L, = heat loss due to dry chimney gases, per cent 

L. = heat loss due to incomplete combustion of carbon, 
per cent 

L, = heat loss due to unconsumed combustible in refuse, 
per cent. 


HEATING VALUE AND ULTIMATE ANALYSIS OF FUEL 


The heating value of the fuel is usually determined by means 
of a bomb calorimeter. It may, however, also be computed 
with Dulong’s equation: 


H = 145.4c + 620(h — 0.1260) + 40.58........ {1] 


which gives results accurate within about 2 per cent. It may 
therefore be used as an approximate check of the heating value 
as determined by the calorimeter. Fig. 1 is based on Equation 
{1]. In using the chart, go from the sulphur content of the fuel 
up to its oxygen content, then to the right to its hydrogen con- 
tent, then down to its carbon content, and, on the left, read 
the heating value. 

In the computation of some of the heat losses the ultimate 
fuel analysis will have to be used. However, in order to obtain 
accurate results, only that portion of combustible matter should 
be considered which is actually burned, and not the portion 
which is found unconsumed in the refuse. It is customary to 
consider all combustible matter in the refuse as carbon, and 
the actually burned carbon in per cent of fuel can therefore 
be determined with the following equation: 


on which Fig. 2 is based. When using this chart, go from the 
percentage of refuse up to the percentage of combustible in the 
refuse, then to the right to the carbon content of the fuel, and 
read on the scale below the actually burned carbon in per cent 
of the fuel. 
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Heating value, fuel analysis, and the actual evaporation may 
be used on the “dry’’ or ‘‘as fired’’ basis, but which ever basis 
is chosen must be followed throughout. The percentage results 
in the heat balance will be the same in either case. 


Fivue-Gas ANALYSIS 


The theoretical maximum CO, content of the flue gases 
which would be obtained if complete combustion would take 


PerCent Hydrogen 


content, then down to the carbon burned in per cent of the fuel, 
and, on the left, read the result. 

Two different opinions prevail regarding the effect of the 
sulphur in the fuel on the CO, determination by means of an 
Orsat apparatus. Some assume that all the sulphur is burned 
to SO. and absorbed together with the CO.; based on this 
assumption a correction is then made in the attempt to obtain 
the true CO, content of the flue gases. Others again take the 

stand that no SO, gets as far as 
the caustic potash pipette. As 


\ i5 20 
NUNS in so many cases, the truth seems 
* these two opposed opinions. An 
+ : in the refuse. An investigation 
ES 21 different kinds of coal 
| =a TSK showed tha 1e incombustible 
5 TTT | IT] | refuse contained from 1 to 20 
Per Cent Sulphu ex per cent of the sulphur in the 
Ht 70 sumed combustible is very likely) 
EEO 2 Not all the sulphur is 
180 +t al 5 burned to SOs, but a part forms 
7000 5 analyzing furnace gases, found 
vanes an average ratio of about 2 to 
DIVA LAL «that burned to SOs, which means 
15000 that about 30 per cent of the 
+ sulphur in the coal was burned 
© 14900 <4 co to SO . Before the gas sample 
c 11,000 - - the form of minute suspended 
drops in the gas. In this form 
19000 its volume is so small that ther: 
9,000 CO, determination, whether or 
not it is absorbed by the caustic 
4 
‘= 
000 reaches the Orsat it is usuall) 
cooled to a temperature below 
6,000 its dewpoint. Thereby water 
ry condenses and absorbs SO,. 
5000 Zz li of 
cording to an investigation o! 


Fie. 1 CHartT ror DETERMINING HEATING VALUE oF From ANALYSIS 


place with the theoretically required amount of air can be 
calculated with the following equation: 


100 
11.2h — 1.40 + 1.88 


COxmax) = [3] 


4.78 + 


Fig. 3 was made according to this equation. In order to find 
the maximum CO, content, go from the sulphur content of the 
fuel up to its oxygen content, then to the right to its hydrogen 


Ramsin,‘ however, not more 
than about 2 per cent of the 
total SO, present can be absorbed by the condensed water 
vapor. 

4 The water seal of an Orsat apparatus should be saturated 
with flue gas before an analysis is made. As far as CO, CV, 
O., and N, are concerned this can be accomplished by bubbling 
flue gas through the water seal for about 1 or 2 minutes. 50: 


2? Trans. A.S.M.E., vol. 50, no. 8, January-April, 1928, p. 3. 

% Mechanical Engineering, vol. 48, no. 11, November, 1924, | 
1118. 

4 Die Warme, vol. 51, no. 8, February 25, 1928, p. 134. 
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Percentage of Combustible Carbon Content of Fuel the scale below, read the cor- 


450 ALE Hit dry basis. In the Orsat ap- 


case: 

=a 
= 


+H cent by volume on a dry basis 
10 s 0 20 30 40 50 6 7 80 9 100 
Refuse in Per Cent of Fuel Carbon Burned in Per Cent of Fuel When making this compensa- 
Fic. 2 Cuart ror DeTrerMInING CARBON BuRNED PER PouND oF FUEL tion graphically with Fig. 5, go 
however, is so much more solu- PerCent tydrogen 
ble in water than the other con- a 0 5 10 15 20 
stituents that in the neighbor- SSS 
have to be passed through the = 
water seal of a 100 cc. Orsat © 39 SSNS ESS aS, 
obtained. This would — SSS 
quire at least about 15 minutes TIN ENENINEN EN IN TN 
bottle is in contact with atmos- 0 5 2! | 
pheric air, and since the solu- Per Cent Sulphur — | | | | | | | at | 
bility of SO, depends on the | || | 
partial pressure of SO, in the gas mixture resting on u | | HT] | HT i | 
the water, some SO. will be liberated. Therefore, the 
water seal always absorbs SO, from the gas sample and WS SSN. | | || 
gives it up to the air in the leveling bottle. The + 18 | 
amount of SO, removed in this manner from the gas BARS SS 3S iT} | 
sample can hardly be estimated since it depends on | 
many factors, including the method of operating the Orsat. = AR ARAB ARASH 
Yet this action exists and should be taken into account. AGARS | 
All this goes to prove that certainly not all the sul- + 6 
phur of the fuel is present as SO, in the gas sample ARN t 
before it is passed into the absorption pipettes. The AS 
few data available on the subject show that probably 65 > 
about one-half of the sulphur of the fuel is absorbed AGIAN 
as together with the CO,. This assumption, which \ NUN IN NTN ING 
for the time being seems the most reasonable, leads to E = 
the following correction formula: MIN Ku 
12s = Tt AG ast 
CO2(c0) = COxors) 1— 0.5 [4] N 
on which Fig. 4 is based. In using this chart, go from the “ 
sulphur content of the fuel up to its carbon content, Carton Sursed wm SurCont of Past 
then to the right to the Orsat CO, reading, and, on Fic. 3 Cart ror Derermintinc Maxmwcm CO; Conrent 
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Per Cent Carbon 


in Fuel PerCent by Volume Absorbed by Caustic Potash Solution 
20 30 AO | 2 3 4 5 © 7 & ! 
0 5 WN 5 © 7 10 e 4 I7 18 19 20 2 
Per _ eer CO, Content, Corrected for Sulphur, in Per Cent 
in ve 
Fie. 4 ror Correcting Orsat CO; ReEapING For Error Dve To 
Barometric Pressure 
| in Inches of Mercury Orsat Reading in Per Cent 
20 25303 4 5 6 7 3 9 10 13 14 15 16 I7 
30 50 70 90 110 © 5 6 7 8 9 k& 46 6 FT B 2 
. Orsat Temperature Corrected Orsat Reading in Per Cent 


n Deg. Fahr. 


CHART FOR DETERMINING PER CENT By VoLUME oN Dry Basis From OrsatT READINGS 


Fic. 5 


Per Cent Hydragen to its hydrogen content, then down to the carbon burned, and, 
Ra on the left, read the minimum air supply. 
5 40 = The volume of the minimum air supply in cubic feet at standard 
By conditions is obtained by multiplying its weight by 13.06: 
20 Va = + 0.342(h — 0.1260) + 0.0438] 13.06... 
50 SEER RS BR and the formula for the flue-gas volume produced by complete 
2(h — 0.12 0.791 + 0.0438] 13.06. . [9] 
V, = [0.115e, + 0.342( 0.1260) X 0. + 0. ] 13.06. . [9) 
os 06 3 Equation [3] for the maximum CO; content can also be written 
—:: 60% in the following form: 
followi ion tak f incomplete combustio 
The following equation takes care of incomplete combustion 
3" “Ff with excess of air: 
© 
= 
9 
Fie. 6 ror Minimum Arr Q 
a oO 
o 
from the Orsat temperature up to the barometric pressure, $ 
then to the right to the Orsat reading, and, on the scale below, * 
read the percentage on a dry basis. + 0 
» 
Arr Suppty anp Excess AIR g 
. 
The minimum weight of air which is theoretically required — 
for complete combustion may be calculated with the following = 
uation: 


Maximum CO, Content in PerCent 


We = 0.115e, + 0.342(h — 0.1260) + 0.0438..... [7] 


p Fic. 7 Ratio or Votume or Dry Five Gas To VOLUME OF 
on which Fig. 6 is based. In using the chart, go from the sulphur ; Messun Asm Susete 
content of the fuel up to its oxygen content, then to the right (Equation: x = 0.0116 CO: + 0.757.) 
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This equation can of course also be used when insufficient air is 
being supplied, in which event e becomes negative. By com- 
bining Equations [10] and [11] the following equation for the 
excess of air is obtained: 


— 0.5 CO) 
CO, + CO 


In Fig. 7 the ratio V;/Va has been plotted over the maximum 
CO, content for various fuels, including coal, coke, peat, wood, 
fuel oil, kerosene, and benzol. This diagram clearly shows a 
linear function for which the following equation can be written: 


7 


= 0.0116 COxmaxy + 0.757 


From Equations [12] and [13] the final equation for the excess 
of air is obtained: 


(Couns (100 — 0.5 CO) 


Co, + CO 
which is shown graphically in Fig. 8. When using this diagram, 
go from the CO, content up to the CO content, then to the right 
to the maximum CO, content, and, below, read the excess of air. 
When the combustion is complete, i.e., no CO present in the 
flue gases, Equation [14] can be simplified as follows: 


COxmax) Co, 
= 100 
Co, 
This equation is plotted in Fig. 9. 


10) (0.0116 COxmax) + 0.757) 


(0.0116 COx(max) + 0.757). . [15] 


Tue Motsture ConTEeNT OF AIR 


The water-vapor pressure in the air can be determined from 
psychrometer readings by means of the following equation: 


’ This is a modification of the equation given in Landolt-Bérn- 
stein, Phys.-Chem. Tab., 5th edition, 1923, p. 1324: a = ¢ — 
4 (t — f) b/755, in which a is the vapor pressure in millimeters of 
mercury, ¢ the temperature of the dry-bulb thermometer in degrees 
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Fic. 9 CuartT FoR DETERMINING Excess AIR WHEN COMBUSTION 
Is COMPLETE 


centigrade, f the temperature of the wet-bulb thermometer in de- 
grees centigrade, ey the pressure of saturated water vapor at the 
temperature f in millimeters of mercury, and b the barometric pres- 
sure in millimeters of mercury. 


Maximum C@>2 Content in Per Cent 
15 
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Fic. 8 CHART FoR DeTeRMINING Excess Aik WHEN ComaBvusTION Is INCOMPLETF 


: 
2 3 4 ant 
375) LA a7 vase se 
100 —...... [12] 4 
eae. 
va 
OLA NSIS OS CN 7700 
afl LU 
act: 


P = Pw — 0.00037 (ta — tw)b............. [16] 


The weight of 1 cu. ft. of water vapor is: 


The weight of 1 cu. ft. of dry air is: 


1.336 


Ss = ——............ 
460 + ta 


If the air contains moisture the weight of the dry air in 1 cu. ft. 
of the mixture_is: 

_ 1.338 — p) 


Se = ——.................. [19 
460 + ta [19] 


The weight of water vapor per 100 lb. of dry air is obtained by 


Barometric Pressure 
in Inches of Mercury 
2022 24 26 28 30 
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content or temperature of the steam, respectively, then to the 
right to the feedwater temperature (at this point the factor of 
evaporation may be read on the scale above the chart), then 
down to the actual evaporation (by going from this point to 
the right the B.t.u. absorbed and the equivalent evaporation 
may be read), then to the left to the heating value, and, below, 
read the efficiency. 

Fig. 11 permits an analysis of the efficiency in the following 
manner: 

a If the feedwater temperature at the economizer inlet and 
the steam temperature and pressure at the superheater outlet 
are used, the combined efficiency of boiler, superheater, and 
economizer is obtained. 

b If the feedwater temperature at the boiler inlet and the 
temperature and pressure of the steam leaving the superheater 
are used, the combined efficiency of boiler and superheater is 
found. 


Difference between 
Temperature of Dry-and Wet- 
Bulb Thermometer, Deg. Fahr- 
50 40 30 30 0 


pas TZ 


30 3 40 45 5S 55 6 6 70 75 8 & WM % 00 0 05 1 15 2 25 3 35 
Wet-Bulb Temperature in Deg. Fahr: Pounds of Moisture per 100 Lb. of 
Dry Air 


dividing Equation [17] by Equation [19], inserting the value 
for p according to Equation [16], and multiplying by 100. In 
a simplified form the equation then reads: 
1 
M =- " [20] 
— 0.0162 


62 = — 0.023 (ta — te) 
Fig. 10 permits the graphical determination of the moisture 
content according to this equation. Go from the wet-bulb 
temperature up to the barometric pressure, then to the right to 
the difference between the dry- and wet-bulb thermometers, and, 
below, read the weight of water vapor per 100 lb. of dry air. 


Borer Heat BALANCE 


The boiler efficiency can be determined with the following 

equation: 
A Ud, T~)100 

E 21 

[21] 

on which Fig. 11 is based. The latest values for the heat con- 

tent of steam as published by J. H. Keenan* were used in this 

chart. In using it, go from the steam pressure up to the moisture 


© Mechanical Engineering, vol. 48, no. 2, February, 1926, p. 144. 


Fic. 10 CHART FoR DETERMINING WEIGHT OF MOISTURE IN AIR 


ec If the feedwater temperature at the boiler inlet and the 
steam quality at the outlet of the boiler drum are used, the 
efficiency of the boiler alone is determined. 

d Item (a) minus item (b) gives the heat absorbed by the 
economizer. 

e By subtracting item (c) from item (6) the heat absorbed 
by the superheater is obtained. 

Either item (a), or (b) and (d), or (c), (d), and (e) may be 
entered in the heat balance. 

The heat loss due to the moisture in the fuel is determined 
with the equation: 


m(212 — ty + 970.4 + 0.46(t, — 212)) = 
L, = [22] 


on which Fig. 12 is based. Go from the temperature of the fuel 
up to the flue-gas temperature, then to the right to the moisture 
content of the fuel (above this point the loss in B.t.u. may be 
read), then down to the heating value, and, on the left, find the 
percentage heat loss due to moisture in the fuel. 

The equation for the heat loss due to water formed by com- 
bustion of the hydrogen reads: 


7.95h (212 — ty + 970.4 + 0.46 (t, —212)) (23) 
A= 


H 
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This equation was used as basis for Fig. 13. Go from the tem- The heat loss due to moisture in the air is: 
perature of the fuel up to the flue-gas temperature, then to MV.(1 —0.01e) 0.46(t, —t 
the right to the hydrogen content of the fuel (read above this la = 
point the loss in B.t.u.), then down to the heating value, and, 
on the left, read the percentage loss due to water formed by This equation served as basis for Fig. 14. Go from the minimum 
combustion of hydrogen. air supply up to the excess air, then to the right to the difference 
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between the temperature of flue gas and combustion air, then 
down to the moisture content of the air (read on the right the 
heat loss in B.t.u.), then to the left to the heating value, and, 
below, read the percentage heat loss due to moisture in the air. 

The equation for the heat loss due to the dry chimney gases 
can be written as follows: 


content up to the excess air, then to the right to the minimum 
air supply, then down to the difference between the temperature 
of flue gas and combustion air (read on the right the heat loss 
in B.t.u.), then to the left to the heating value, and, below, 
read the percentage heat loss due to dry chimney gases. 

The heat loss due to incomplete combustion of carbon is: 


(100W; + eW,) 0.24(t, — ta) co 10,160 
[25] CO, + H [28] 
Loss in Btu. per Lb. of Fuel 
0 100 200 300 400 500 600 700 800 
Moisture Content of Fuel in PerCent 
c 0 20 30 40 590 
800 
700 60 
rast 
© 600 
5 500 = 
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2 200 I 
lil 
Lilt 
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Heating Value of Fuel in Btu. per Lb. 


Fic. 12 ror Loss Due To Moisture IN FUEL 


In Fig. 15 the ratio W;/W. is plotted over the maximum CO, 
content and it is seen that the resulting curve is again a straight 
line—similar to that for the ratio of volumes, Fig. 7—which can 
be expressea by the equation: 


= 0.0182 COrmaz) + 0.707............ [26] 


By combining Equations [25] and [26] the following equation 
is obtained, which was used as basis for Fig. 16: 


H ee 
In order to find the loss graphically, go from the maximum CO, 


[27] 


Fig. 17 is based on this equation. In using it, go from the 
CO, content up to the CO content, then to the right to the carbon 
burned in per cent of the fuel (above this point, read the heat 
loss in B.t.u.), then down to the heating value and, on the left, 
read the percentage heat loss due to incomplete combustion of 
carbon. 

The heat loss due to unconsumed combustible in the refuse 
is computed with the equation: 


r 145.4 re 


which is plotted in Fig. 18. Go from the percentage of refuse 
up to the percentage of combustible in the refuse (on the left, 


Wa(1.82 COs(mac) + 70.7 + €) 0.24(t, — te) 
*, 4 
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read the heat loss in B.t.u.), then to the right to the heating 
value, and, below, read the percentage heat loss due to un- 
consumed combustible in the refuse. 

By subtracting the sum of efficiency plus all determined heat 
losses in per cent from 100 per cent, the percentage heat loss 
due to unconsumed hydrogen and hydrocarbons, radiation, and 
unaccounted for is finally obtained in the usual manner. 

There are certain restrictions as to the form of an equation 
in order to make it suitable to serve as basis for a follow-up 
chart. For this reason, modifications of the formulas ordinarily 


Heating value of coal as fired. 
Refuse in per cent of coal...... 


Unconsumed combustible in refuse.............. 
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12,610 B.t.u. per lb. 


....12.7 per cent 
....13.2 per cent 


Orsat CO: reading at economizer outlet............. 12.7 per cent 
Orsat O2 reading at economizer outlet................. 6.2 per cent 
Orsat CO reading at economizer outlet....... . 0.6 per cent 


Gage pressure of steam leaving boiler drum... 
Gage pressure of steam leaving superheater.. 
Temperature of combustion air...............-. 
Temperature of coal..... 
Temperature of flue gases leavit ing ‘economiser. 


Loss in Btu. per Lb. of Fuel 
0 500 1000 1500 2000 2500 


ae 
oplieaen Content of Fuel in PerCent 


29.2 in. mercury 


.318 lb. per sq. in. 
.. 281 lb. per sq. in. 
72 deg. fahr. 


76 deg. fahr. 


..375 deg. fahr. 


901234567 89 13 14 15 16 17 18 19 20 
£ 800 T T Ty 
: 
} 
— 
40 60 80 00 120 
in Deg. Fahr. 
+4 
c 4 
O 
‘= 
£ 
10 
» 
& 20,000 
5000 10,000 


Heating Value of Fuel in Btu. per Lb. 


Fie. 13. ror DETERMINING Loss To WaTEeR ForMED spy CoMBUSTION OF HYDROGEN 


used became necessary. The constants have been inserted so 
as to be intelligible to the reader. In some instances the equa- 
tions could be simplified for use by combining several constants 
into one. 

EXAMPLE FOR THE Use OF THE CHARTS 


In order to demonstrate the use of the charts by means of 
an example it will be assumed that the following data have been 
determined in the course of a boiler test: 


Ultimate analysis of coal as fired: 


Temperature of psychrometer, dry bulb...............73 deg. fahr. 
Temperature of psychrometer, wet bulb...............65 deg. fahr 
Temperature of Orsat apparatus..................... 78 deg. fahr. 
Temperature of feedwater entering economizer....... . 192 deg. fahr. 
Temperature of feedwater entering boiler........... . .286 deg. fahr 
Temperature of steam leaving superheater............ 703 deg. fahr. 
Moisture in steam leaving boiler drum................0.8 per cent 
Actual evaporation per pound of coal as fired.............. 8.68 Ib. 


Fig. 1 gives for 2.4 per cent sulphur, 5.4 per cent oxygen, 4.7 
per cent hydrogen, and 69.6 per cent carbon a heating value of 
12,650 B.t.u. per lb., which checks the calorimetric determination 
of 12,610 B.t.u. per lb. within 0.3 per cent. 

Fig. 2 gives for 12.7 per cent refuse, 13.2 per cent unconsumed 
combustible in the refuse, and 69.6 per cent carbon in the fuel 
an actually burned carbon content of 68.0 per cent. 

Fig. 3 gives for 2.4 per cent sulphur, 5.4 per cent oxygen, 4.7 
per cent hydrogen, and 68 per cent actually burned carbon a 
maximum CO, content of 18.1 per cent. 


a 

4, 

| 
is = 
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Temperature Difference in Deg. Fahr, 


Fic. 14 CHart For DETERMINING Loss DvE To MoisTurE IN AIR 


Fig. 4 gives for 2.4 per cent sulphur, 68 per cent carbon actually 
burned, and 12.7 per cent CO, by Orsat a CO, content of 12.6 
per cent corrected for the error due to sulphur. 

With Fig. 5 this value of 12.6 per cent is, furthermore, corrected 
to 13.0 per cent on a dry basis by using an Orsat temperature 
of 78 deg. fahr. and a barometric pressure of 29.2 in. mercury. 
Likewise the Orsat CO reading of 0.6 per cent is corrected to 
0.62 per cent on a dry basis. 

With Fig. 6 a minimum air supply of 9.3 Ib. is found by using 
the same values as in Fig. 3. 

Fig. 8 gives for 13.0 per cent CO:, 0.62 per cent CO, and a 
maximum CO, content of 18.1 per cent an excess of air of 33 
per cent. Fig. 9 is not used, since the combustion is incomplete. 

Fig. 10 gives for a wet-bulb temperature of 65 deg. fahr., a 
barometric pressure of 29.2 in. mercury, and a temperature differ- 
ence of 73 — 65 = 8 deg. fahr. a moisture content of 1.2 lb. 
per 100 Ib. of dry air. 

The efficiency is analyzed by means of Fig. 11 as follows: 

a By using a steam pressure of 281 + 15 = 296 lb. per 
sq. in. abs., a steam temperature of 703 deg. fahr., a feedwater 
temperature of 192 deg. fahr. (above, read the factor of evapora- 
tion of 1.242 lb.), an actual evaporation of 8.68 lb. (on the right, 
read 10,500 B.t.u. absorbed and an equivalent evaporation of 
10.8 lb.), and a heating value of 12,610 B.t.u. per lb., the com- 
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bined efficiency of boiler, superheater, and economizer is found 
to be 83.0 per cent. 

b By using a feedwater temperature of 286 instead of 192 
deg. fahr. the readings are 9700 B.t.u. absorbed and a combined 
efficiency of 76.4 per cent for boiler and superheater. 
ce Furthermore, by using a steam pressure of 318 + 15 = 333 


Ratio of Volume of Flue Gas to Air 


> 
> 


14 5 6 7 18 is 20. 
Maximum CO, Content in Per Cent 


Fic. 15 Ratio or Weicut or Dry Five Gas To WEIGHT oF 
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(Equation: y = 0.0182 CO: + 0.707.) 
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instead of 296 lb. per sq. in. abs. and 0.8 per cent moisture per cent carbon actually burned, and a heating value of 12,610 
instead of a steam temperature of 703 deg. fahr. the readings  B.t.u. per lb., a heat loss due to incomplete combustion of carbon 
are 8200 B.t.u. absorbed and an efficiency of 65.0 per cent for of 330 B.t.u., or 2.7 per cent. 


the boiler alone. Fig. 18 gives for 12.7 per cent refuse, 13.2 per cent unconsumed 
d The heat absorbed by the economizer is 10,500— 9700 = combustible in the refuse, and a heating value of 12,610 B.t.u. 

800 B.t.u., or 83.0 — 76.4 = 6.6 per cent. per lb., a heat loss due to unconsumed combustible in the refuse 
e The heat absorbed by the superheater alone is 9700 — 8200= of 240 B.t.u., or 1.8 per cent. 

1500 B.t.u., or 76.4 — 65.0 = 11.4 per cent. The graphically found percentages as well as the calculated 


Fig. 12 gives for a coal temperature of 76 deg. fahr. a flue-gas values are entered in the following heat balance: 
temperature of 375 deg. fahr., a moisture content of the coal 
of 4.6 per cent, and a heating value of 12,610 B.t.u. per lb., a —— wore Differ- 
heat loss due to moisture in the fuel of 55 B.t.u., or 0.4 per cent. per cent percent per cont 


Fig. 13 gives for the same temperatures, a hydrogen content ayant absorbed re 65.0 65.2 02 
of the fuel of 4.7 per cent, and the same heating value, a heat Heat absorbed by superheater........ 11.4 11.5 0.1 
loss due to water formed by combustion of hydrogen of 475 Heat absorbed by economizer......... 6.6 6.5 0.1 

B.t.u., or 3.8 per cent. Heat loss due to moisture in coal..... . 0.4 0.4 0 

Fig. 14 gives for a minimum air supply of 9.3 lb., an excess —— yo ena formed by com- g 6 02 
of air of 33 per cent, a temperature difference between flue ga8 loss due to moisture in air... OO 
and combustion air of 375 — 72 = 303 deg. fahr., a moisture Heat loss due to dry chimney gases... 7.2 73 0 

£ 
content of the air of 1.2 lb. per 100 lb., and a heating value of | Heat loss due to incomplete combustion 
: 2.7 2.5 2 
12,610 B.t.u. per lb., a heat loss due to moisture in the air of 20 of carbon...........-+-+---+++.-+: ; = 0 
és ; Heat loss due to unconsumed combus- 
B.t.u., or 0.2 per cent. 1.8 19 

Fig. 16 gives for a maximum CO, content of 18.1 per cent, Heat loss due to unconsumed hydrogen 

an excess of air of 33 per cent, a minimum air supply of 9.3 lb., and hydrocarbons, radiation and un- , . 
2 9 
a temperature difference of 303 deg. fahr., and a heating value accounted for..... 0.1 
of 12,610 B.t.u. per lb., a heat loss due to dry chimney gases of eet | 100.0 100.0 
950 B.t.u., or 7.2 per cent. 
Fig. 17 gives for 13.0 per cent CO,, 0.62 per cent CO, 68 In this example, the differences between graphically deter- 
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mined and calculated values do not exceed 0.2 per cent. These 
differences are due to slight inaccuracies in drawing the chart 
as well as in reading them. If care is exercised in using the 
diagrams they will be found approximately as accurate as a 
standard-length slide rule, and the results will check those 
obtained by exact calculation within less than one-half of 1 


CHART FoR DETERMINING Loss Due To INCOMPLETE COMBUSTION OF CARBON 


5000 


Heating Value of Fuel in Btu. per Lb. 


per cent. Since the limits of accuracy of a boiler test may very 
reasonably be taken to be within plus or minus 3 per cent,’ 
the charts will be adequate for most purposes. 


7 See A.S.M.E. Test Code for Stationary Steam Boilers, Series 
1923, p. 3. 
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Refractories Service Conditions in Furnaces 
Burning Fuel Oil 


Progress Report of the A.S.M.E. Special Research Committee on Boiler-Furnace Refractories 
By R. A. SHERMAN,? EDMUND TAYLOR,’ ano H. 8. KARCH,* PITTSBURGH, PA. 


HIS report presents data which pertain to furnace con- 
ditions that affect the life of refractories in boiler furnaces 
burning fuel oil with mechanical-atomizing burners. The 
investigation, which was conducted at Station No. 1 of the Black- 
stone Valley Gas & Electric Co. at Pawtucket, R. I., was part of 
a study of boiler-furnace service conditions that govern the life 


\\ 


NAAN 


of refractories being conducted by the U. 8. Bureau of Mines in 
cooperation with the Special Research Committee on Boiler- 
Furnace Refractories of The American Society of Mechanical 
Engineers. The study of the properties of the refractories 
which affect their life is being conducted concurrently under the 
same cooperation by the U. S. Bureau 6f Standards and the 
University of Illinois. 

The two principal causes of the failure of refractories in boiler 
furnaces fired with fuel oil are spalling and slagging. Spalling is 
often considered as only the breakage of bricks due to thermal 
shock, and because it is the major cause of failure in oil-fired 
furnaces, the opinion has been advanced that the temperature in 
these furnaces may be subject to frequent, abrupt, and wide 
fluetuations. However, spalling is considered here, as in the 
tentative definition of the term by The American Society of 
Testing Materials,‘ as any breaking or cracking of bricks to ex- 
pose fresh surface, whether it be due to thermal shock, to pinching 


| Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

* Fuel Engineer, Pittsburgh Experiment Station. 

* Assistant Fuel Engineer, Pittsburgh Experiment Station. 
* Proc. A.S.T.M., vol. 30 (1927), part 1, p. 839. 
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because of expansion, to changes in the structure of the brick 
because of absorption of slag, or to forces from the fireman’s tools. 

Because the temperatures attained in oil-fired furnaces are 
reputed to be high, and because the ash content of oil is very 
low, the apparent slagging of bricks is sometimes attributed to 
fusion of bricks by temperature only. 


OBJECT AND SCOPE OF INVESTIGATION 


The object of this investigation was to obtain data on the 


Fig. 1 O-Firep Furnace, BorLer No. 11, Pawtucket, R. I. 


A—Bridge wall showing location of brick containing thermocouples. 

B—Front wall showing location of brick containing thermocouples. 

C—Section of furnace showing location of gas-sampler openings and 
bricks containing thermocouples. 
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general conditions of service of the refractories in fuel-oil furnaces, 
and, in particular, to obtain data which would show the true 


nature of the spalling and slagging. 
The conditions of service which were investigated were: 


Samples of new and used refractories and slags and dusts from 


GIN. FROM SIDE WALL 36 1N FROM S!IDE WALL 


PROPERTIES AND COMPOSITION OF OIL 
Composite sample 
No. 1 No. 2 


TABLE 1 


Physical Properties 


Specific gravity, at 60 deg.. tbs 0.958 0.961 
Viscosity, Saybolt Furol at 122 dcg., sec..... 125 160 
Flash point, Martens, 288 212 
Sediment, per cent. 0.04 0.03 
Water, per cent.. 3.1 0.0 


Composition, Per Cent 


3 Temperatures of refractories 
4 Composition of furnace slags and deposits on the boiler aa. BETIS ce 85.0 85 3 
tubes. Sulphur. . 1.9 1.8 
Ash. 0.06 0.07 
0 ,680 


Calorific value, B.t.u. "per 
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Fie. Furnace-Gas TEMPERATURE AND ComposiTion, O1rt-FrrED Furnace, Pawtucket, R. I. 
(Boiler load, 150 per cent of rating; rate of heat liberation, 32,400 B.t.u. per cu. ft. per hr.) 


the furnace were collected for examination in connection with 
the ceramic-laboratory phase of the problem being conducted cu. ft. of furnace volume, and the remaining four had 6000 sq. ft. 


by the Bureau of Standards. 


DESCRIPTION OF FURNACE 


© 


Oistance from Front Wall, Feet 


boilers, of which 10 had 5200 sq. ft. of heating surface and 700 


of heating surface and 1100 cu. ft. of furnace volume. The data 
presented were obtained in one of the larger units, known in the 
station as boiler No. 11. Fig. 1 shows side, front, and rear sec- 


The steam required at Station No. 1 was supplied by 14 tional elevations of the furnace. The circles on the side wall 
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mark the holes through which thermocouples were inserted to 
measure the temperature and sampling tubes to collect samples 
of the furnace gases. The rectangles on the side, front, and bridge 
walls mark the position of the bricks in which temperatures were 
measured. The front elevation shows the arrangement of 
the four forced-draft, mechanical-atomizing burners. The oil 
was supplied to these burners at a temperature of 240 to 250 
deg.® and at a pressure ranging from 60 lb. per sq. in. at 150 per 
cent of rating, to 120 lb. per sq. 
in. at 250 per cent of rating. 

The furnace walls were solid, 


GIN FROM SIDE WALL 
Position Number 


315 


load were not exactly the same—which would be expected, as 
the observations were made on separate days—and although the 
boiler output was approximately the same, the relative distri- 
bution of the oil and the air to the four burners varied. How- 
ever, a study of the curves of Figs. 3, 4, and 5 shows that, 
with few exceptions, similar values were obtained. 

The temperature at 6 in. from the wall varied from a minimum 
of about 2100 deg. at position 7 (in the upper part of the furnace) 


36 IN FROM SIDE WALL 
Position Number 
6 7 6 


with no air or water cooling. 
The bridge wall was entirely of 


firebrick, 30 in. in thickness. .The 


common wall between the fur- —— lemperature 


2000}__ 
naces, which were set in batteries a 


of two, was also entirely of fire- Hat 
brick. The outer side wall and | 


the front wall above the wind box 
were 22'/; in. in thickness, of which 


9 in. was of first-quality firebrick 
and the remainder of second- 


quality firebrick. 
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| 0 


OIL BURNED Position Num 
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Table 1 gives the physical 2800 


characteristics, ultimate analysis, = 


and calorific value of twocomposite = 2400 
samples representing twolotsofoil & 


burned during the period of the 2000 


investigation. 


Deg 


PRESENTATION OF RESULTS 


Data were taken at three boiler 


loads and are arranged in the 
curves and tables following ac- 


= 


cording to the load expressed in 


percentage of boiler rating, or ac- 
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Tem perature 


cording to the rate of heat liber- 


ation per unit volume of combus- é 


Position Number 


Position Number 
3 1 2 3 


2800 


tion space. As a comparison of 


Gas Composition, Percent by Volume 


conditions on the basis of rate of 
heat liberation per square foot of 


2400 


radiant heating surface may be 2000 


desired, Fig. 2 has been drawn to 


show the relation of the boiler 
load in percentage of rating to 


this rate, and also to the rate of 


t 


heat liberation per cubic foot of 
combustion space. 


Front Wa// of | Furnace 


t 
-- Back Wall of Furnace 


of furnace 


Furnace-Gas TEMPERATURE AND 


Froh? Wail of, Furhace 


CoMPOSITION 


Figs. 3, 4, and 5 show, for the 
three boiler loads of 150, 200, and 
250 per cent of rating, respectively, 
the temperature and composition 
of the gases at 6 and 36 in. from the side wall of the furnace 
at the seven positions indicated by the numbered circles in Fig. 
1-C. 

From one to four determinations of temperature and two 
determinations of gas composition were made at each position 
and for each rating. Each determination is plotted in the 
figures. The several values obtained for a given position and 

* Fahrenheit scale used throughout this paper. 
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Fic. 4 Furnace-Gas TEMPERATURE AND Composition, O1L-Firep Furnace, Pawtucket, R. I. 
(Boiler load, 200 per cent of rating; rate of heat liberation, 


7,800 B.t.u. per cu. ft. per hr.) 


at 150 per cent of rating, to a maximum of approximately 2800 
deg. at position 2 (about half-way between the front and rear 
walls on the level of the lower pair of burners) at 250 per cent of 
rating. 

There was not as sharp a maximum at position 2 at 36 in. as 
there was at 6 in. from the wall, but otherwise the temperatures 
at the two distances from the wall were generally similar. 

The CO, content of the gas at 6 in. from the wali at 150 per 
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cent of rating was higher at position 2 than at positions 1 or 3. Position 2 was in the center of the area of flame impingement 
About 2 per cent of CO was found at position 2 at 150 per cent from the outer burner upon the side wall. This impingement 
of rating, and this amount increased to as much as 8 per cent of | probably caused a turbulence in this area, with consequent 
CO and 4 per cent of Hy + CH, at both 200 and 250 per cent of | rapid combustion, high temperatures, high content of CO, Hb, 


rating. Some CO, He, and CH, were found at all ratings at 6 in. | CH4,, and also free carbon, for it was observed during the sampling 
from the wall at positions 4 and 5, just above the level of the up- — of gases that the maximum deposition of soot within the gas- 
per pair of burners; the content increased with the rating. sampling tubes occurred at this position. 


Small amounts of combustible gases were found at position 6 in Fig. 6 shows the temperature of the furnace gases at position 


GIN.FROM SIDE WALL 36 IN. FROM SIDE WALL 
Position Number Position Number 


6 7 a: 


i 
> Position Number Position Number a 
5 4 5 4 E 
* 2800 1 2 
> 
7 
2400 
+ 
* 2000;-— —— 
@ 
5 
> 16 
a 
8 
=z 
2400 bs ts 
8 
q 8 
2000 Naa 3 
5 —+——+ 1G 
> 3 > 
SHi2 
2 4 é & 2 4 6 


Distance from Front Wall, Feet 


Fic. 5 Furnace-Gas TEMPERATURE AND Composition, O1-Frrep Furnace, Pawtucket, R. I. 
(Boiler load, 250 per cent of rating; rate of heat liberation, 62,700 B.t.u. per cu. ft. per hr.) 


the upper part of the furnace, and none was found at position 1, 12 in. from the front wall, and at position 4, 25 in. from the 
7 on the same level at the rear of the furnace. At 36in.fromthe front wall, for distances of 1 to 60 in. from the side wall at each 
wall on the lowest level of sampling, the maximum content of | of the three boiler loads. The lower part of the figure shows 
combustible gases occurred at position 1, whereas it occurred at __ the relation of the burners to the positions of sampling. Marked 
position 2 at 6 in. from the wall. The amount increased withthe stratification of the gases at these distances from the burners 
rating. A higher content of combustible gases was also found is shown by the variations in temperature across the furnace. 
at positions 4 and 5 at 36 in. than at 6 in. from the wall. The The large decrease in temperature at 48 in. from the side wall at 
content at positions 6 and 7 was similar at the two distances. _ position 4 was probably due to an air stream between the burners. 
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Fic. 6 Gas Temperatures Across Furnace NEAR Front O1t-Frrep Furnace, Borter No. 11, Pawtucket, R. LI. 
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At position 4 the average of all observations at 200 per cent of 
rating was greater than at 150 or 250 per cent of rating. The 
increase in temperature at 200 per cent and subsequent decrease 
at 250 per cent of rating was probably due to a change in the 
position of the flame as the velocity of the oil varied with the 
rating. 

Content oF FurNAcE Gas 


The sulphur content of the gas, calculated to SO, was deter- 
mined at 6 in. from the side wall at positions 2, 4, and 6 for each 
of the three boiler loads. A total of 24 determinations was 
made. The results varied from 0.042 to 0.081 gram per cu. ft., 
or from 0.06 to 0.11 per cent by volume, with no apparent relation 
to the position or rating. 

The ratio of SO, to total carbon in the gas as computed from 
its analysis varied from 0.023 to 0.047, and the average ratio 
for all 24 samples was 0.031. The theoretical ratio of SO, to 
carbon, if all the sulphur of the oil were present in the gas, would 
be 0.045. Hence, 69 per cent of the sulphur of the oil was found 
in the gas at the points of measurement. 


TEMPERATURES OF REFRACTORIES 


The temperatures of the refractories were measured by means 
of thermocouples placed in bricks in various parts of the walls. 
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Fic. 9 Time-TEMPERATURE CURVES IN FRONT AND BripGE WALLs, 
O1-Firep Furnace, Pawtucket, R. I. 


The numbered rectangles in Fig. 1 show the positions of the 
bricks, of which there were six in the side wall, and one each 
in the front and bridge walls. 

Figs. 7, 8, and 9 show the temperatures measured in six of the 
bricks; hourly readings are plotted. The full-line curves in 
the upper part of the figures show the boiler load in percentage of 
rating, as read on the scale at the left, and also the rate of heat 
liberation in B.t.u. per cu. ft. of combustion space per hour, as 
read on the scale at the right; the dotted curve gives the air 
flow. The values for both of these curves were taken from the 
boiler meters; when the air flow was the same as the steam 
flow, the CO, in the last pass was that for which the meter was 


set, which was 12.5 per cent for these boilers; when the air 
flow was above or below the steam flow, the percentage of CO, was 
lower or higher, respectively, than that amount. 

The boiler was brought onto the line within three hours after 
lighting the fires. During the five-day period for which tempera- 
tures were recorded, the boiler steamed about 13 hours and was 
banked 11 hours of each 24; this was normal operation for a 
boiler at this station, which carried mainly a daytime power 
load. During three of the periods of steaming the boiler was 


operated at 200 per cent of rating, which was the normal load 


for the boiler; during one period of 8 hours it was operated at 


2400-- - 


Temperature, Deg Fahr. 


1200 


5 6 


2 3 “a 
Distance from Hot Face of Brick, Inches 
Fic. 10 TremMperRaTURE GRADIENT THROUGH Bricks IN WALLS oF 

O1-Firep Furnace aT Pawtucket, R. I. 

(11 hours after lighting; boiler load, 210 per cent of rating; rate of heat 
liberation, 51,000 B.t.u. per cu. ft. of combustion space per hour.) 
150 per cent of rating; and for a period of 7 hours it was operated 
at 250 per cent of rating. 

The highest temperature measured was in brick No. 2, shown 
in Fig. 7, half-way between the front and bridge walls on the 
level of the lower pair of burners. The temperature measured 
at '/. in. from the hot face, indicated by the 2A thermocouple, 
varied from 2400 to 2560 deg. when the boiler was operating at 
150 per cent of rating; it varied from 2600 to 2700 deg. at 200 
per cent of rating, and reached a maximum of 2840 deg. short!) 
after the boiler began operating at 250 per cent of rating. 

The extent and frequency of variations of temperature near the 
surface of brick No. 2 and the other bricks were somewhat greater 
than might be expected with the relatively uniform load carried 
on the boiler. However, although the output of the boiler and 
the rate of heat liberation for the entire furnace were constant, 
there were undoubtedly frequent changes in the rate of com- 
bustion of oil by each burner, which would cause variations in 
the temperature of the walls. Such a variation must have caused 
the rise in the temperature measured by thermocouple 2A to its 
maximum for the period after the rate of combustion for the 
furnace as a whole had been decreased. 

The temperatures measured in the front wall were higher than 
those in the bridge wall; the maximum temperatures measure: 
at '/, in. from the face of the bricks, in the front and bridge walls, 
respectively, were 2500 and 2400 deg. 


TEMPERATURE GRADIENTS THROUGH Bricks 


Fig. 10 shows the temperature gradients through five of the 
bricks 11 hours after lighting the fire when the boiler was opera'- 
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ing at 210.per cent of rating, or at a rate of heat liberation of 
51,000 B.t.u. per cu. ft. of combustion space per hour. The 
temperature at the face of the bricks was determined by extrapo- 
lation of the curves, as indicated by the dotted lines. At this 
time the temperatures at the face of brick No. 6 in the upper 
side wall and that of brick No. 7 in the front wall were about 
2500 deg.; the temperatures at the face of bricks 1 and 3, at 
the front and rear, respectively, of the lower part of the side 
wall, were about 2650 deg.; the temperature at the face of 
brick No. 2, which was between No. 1 and No. 3, was approxi- 
mately 2900 deg. 

It has been shown that the highest temperature measured in 
the furnace gases was but 2800 deg.; this temperature was also 
found at position 2, 6 in. from the wall. The temperature at the 
face of the wall could be higher than that of the furnace gas 
because of radiation from incandescent carbon in the flame which 
might have been at a higher temperature than the gas, or because 
of surface combustion of the oil or gases on the wall in this area. 
Surface combustion is more probably the correct explanation 
because it has been shown that position 2 was in the center of 
the area of flame impingement on the walls, and that the 
greatest amounts of CO, H:, CH,, and solid unburned 
carbon were found here. It is probable, therefore, that 
the oil, carbon, and the gases released at the face of the 
wall actually burned in direct contact with the bricks in 
a type of surface combustion which resulted in a surface 
temperature higher than that of the gas inside the furnace. 
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CoMPARISON OF REFRACTORIES TEMPERATURES IN 
PowpERED-CoaL AND O1r-FirED FuRNACES 


Furnaces fired with powdered coal and those fired with 
oil are comparable in that both fuels are burned in sus- 
pension, and hence no heat is stored in the furnace except 
in the walls, in contrast to furnaces fired by stokers in 
which a source of heat remains in the fuel bed. There- 
fore, a comparison of the temperature cycles in a furnace 
fired with oil, in which spalling was a major factor in the 
failure of the refractories, with a furnace fired with 
powdered coal, in which spalling was a minor factor, should 
be useful to determine the validity of the belief, pre- 
viously mentioned, that temperatures in furnaces fired 
with oil are subject to frequent and wide variations. 

Fig. 11, in which readings at 15-min. intervals are 
plotted, presents a comparison of the temperatures at '/2 
in. from the hot face of bricks in an oil-fired furnace and 
in a powdered-coal furnace. The curves in the upper 
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REFRACTORIES TEMPERATURES AND RaTE OF Heat LIBERATION 


The temperatures shown in Fig. 11 were the highest measured 
in the two furnaces. From 10 to 11 a.m. the temperatures in 
the two bricks were practically the same, 2700 deg., and during 
this time, as shown by the upper curves, the rate of heat libera- 
tion per cubic foot of combustion space per hour in the powdered- 
coal furnace was 12,000 B.t.u. and in the oil-fired furnace, 63,000 
B.t.u. The rates of heat liberation per square foot of radiant 
heating surface at this time were 250,000 and 650,000 B.t.u. 
per hour, respectively. 

The maximum temperatures measured in the gases of the two 
furnaces were also practically the same, 2800 deg., at similarly 
widely different rates of heat liberation. 

The apparent lack of relation between the furnace or wall 
temperatures and the rate of heat liberation illustrates the 
difficulty of calculation or estimation of such temperatures for 
different types of furnaces. Many factors govern the tem- 
peratures other than that of the average rate of heat libera- 
tion per cubic foot of combustion space or per square foot of 
radiant heating surface. Among these governing factors are 
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part of the figure show the rates of heat liberation in B.t.u. 
per cu. ft. of combustion space per hour. 

If the walls in the powdered-coal furnace had been 
covered with an appreciable thickness of.slag, as they 
frequently are in coal-fired furnaces, the temperatures 
could not properly be compared, for the slag would in- 
sulate the bricks. However, the slag on the tested sec- 
tion of the wall of the powdered-coal furnace was of 
practically negligible thickness and was thus comparable to the 
wall of the oil-fired furnace. 

Over the period represented by the curves the rate of change 
of temperature of the brick in the oil-fired furnace was no greater 
than that in the powdered-coal furnace during starting up and 
steaming; and the rate of decrease of temperature on banking 
was less in the oil-fired furnace, as would be expected, because 
it had walls of greater thickness than the powdered-coal fur- 
nace. It does not appear, therefore, that the greater failure of 
the refractories in the oil-fired furnace by spalling can be ac- 
counted for by more frequent or greater variations in tempera- 
ture. 
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luminosity of the flame, relative contents of CO, and water vapor, 
and the size and shape of the flame and the furnace. If it were 
possible to estimate accurately the true effective volume of the 
furnace and the effective area of the radiant heating surface, a 
closer relation would probably be found between the temper- 
ature and the corrected rate of heat liberation. 


REFRACTORIES SERVICE AND SLAG CoMPOSITION 


In Fig. 12 views A, D, and G show the left side wall, the right 
side of the front wall, and the right side of the bridge wall, re- 
spectively, of the furnace before the tests were started. The 
furnace had been in service 36 months; in this period neither 
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the side nor the front wall had been entirely rebuilt, but the 
lower half of each had been rebuilt or had had major repairs at 
intervals of from 16 to 5'. months. The average time between 
repairs was 10 months. The bridge wall had been rebuilt once, 
4 months before the date of the photograph. 

The wews, especially those of the side and front wall, 
show clearly that spalling is the most serious cause of failure of 
The accumulation of spalled 
pieces of bricks can be seen in the bottom of the furnace. 
Numerous 
patches on both the side and front wall present a rough texture 
rather than a glassy coating; these sections had either spalled 
boiler came out of service or shortly before, so that a 


the refractones in these furnaces 


Slag can be seen on the walls as shiny, glassv areas 


after the 
further deposit of slag had not accumulated. On the lower part 
of the side wall, to the left and below the door, is an area in which 
slag had accumulated over the spalled face of the bricks. The 
greatest depth of loss was in this area. 

Fig. 12, G, shows that spalling had not proceeded to any 
great depth in the four months since the bridge wall was rebuilt, 
except in the row of large tile in the upper part of the wall 
There was a Slag coating over the wall which was not as glassv 
the mde and front walls. Considerable spalling in 
thin sections, hke a peeling, had occurred 

Views B, E, and H in Fig. 12 show the side, front, and bridge 
walls, respectively, after the bricks with thermocouples had 
been placed in the walls. The bricks are numbered as in Fig. 1 
The holes through which gas temperatures were measured and 
samples taken can also be seen in the side wall. 

Views C and F show the front and side wall, and view I shows a 
near View of the section of the bridge wall in which temperatures 
weeks of service; during that time the 
oiler steamed for 315 hours at an average rating during steaming 


as that on 


re measured alter ive 


{ 200 per cent, was banked 379 hours, and was down for insnec- 
122 } The photographs show that the new areas had 
neither spalled nor slagged severely during this period. 
tion by tapping showed that some breakage had taken plac« 
The area around position 2 was again costed with slag, and con- 
gealed streams of slag may be seen over the other new areas of 
the wall 
Bncks were removed from each of the sections in which tem- 
peratures were for examination by the Bureau of 
Standards 


Fig. 13 shows graphically the 


20UTS 


Inspec- 


measured 


extent of slag penetration and 
markedly apparent vitrification of the of the bricks 
The depth of penetration of slag 
brick No. 7 in the front wall to 5/,:. in. 
The depth 
of vitrification ranged from * , in. in brick No. 8 in the bridge 
wall to 1°, im. m brick No. 2 im the side wall 


structure 
from the various positions 
ranged from ° Im. im 


in bnck No. 2 im the lower part of the side wall. 


The ash content of the fuel oil was so low that no attempt was 
made to prepare 8 sample of the ash in the laboratory for chemical 
analysis. However, a sample of coke residue which contained 
enough ash for analvsis was obtained from the bottom of the 
column 1 of Table 2 gives the com- 
which is probably similar to that of the 
The presence of nickel and the high content of 
The total content of flux, the con- 
stituents other than silica and alumina, was 88.3 per cent. An 
average flux content of coal ash is about 30 per cent; therefore, 
if such a coal were to contain the same amount of flux per pound 
Alt hough 
the ash and flux content of the ail are very low in comparison 
with coal, the high alkali content, 21.9 per cent of NaO and KO, 
denotes an active flux 

The ash accumulated on the walls and at furnace temperatures 
formed a viscous slag which flowed over the wall and collected 


furnace below the burners; 
positon of this sample 
ash of the ail 


vanadium are of interest 


as the fuel oil, it would heave but 0.2 per cent of ash 


in the bottom of the furnace. When cold the slag was dark 
brown to black in color and glassy. 


TABLE 2 COMPOSITION OF ASH, SLAG, AND DUST FROM OIL- 


FIRED FURNACE, PER CENT 
Slag 
from 


Dust 

from 

bottom of boiler 
furnace tubes 

Silica 53 5.7 

Alumina 26 

Ferric oxide 

Vanadium oxide 

Nickel oxide 

Calcium oxide 

Magnesium oxide 

Sodium oxide 

Potassium oxide 

Sulphur trioxide 

Softening temperature, deg 


Ash of 
coke 


Constituent residue 
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Fic. 13 Extent or StaG PENETRATION AND VITRIFICATION OF 
Bricks 1x O-Firep Furnace, Pawrvucket, R. I. 


Column 2 of Table 2 gives the composition of a sample of slag 
taken from the bottom of the furnace. The total flux content 
of this sample was 20.2 per cent. The increased silica and alu- 
mina obviously came from solution of the brick from the wall. 
The softening temperature of the slag was 2220 deg. Column 
3 gives the composition of a sample of dust taken from the boiler 
tubes exposed to the furnace. Its composition was roughly 
similar to that of the ash from the coke residue, given in col- 
umn 1. 

No means were available to determine the relative amounts 
of the ash in the oil which was deposited on the walls or in the 
furnace and which passed out of the furnace to be deposited on 
the tubes or in the breeching or flue. However, from the in- 
creased percentage of alkalis in the dust on the tubes over that 
in the ash of the coke residue, and from the relatively smal] per- 
centage of alkali in the slag from the furnace, it appears probable 
that a considerable part of the alkalis passed out of the furnace 
and did not attack the refractories. The actual erosion of the 
refractories by combination with the slag was relatively slight 

Fig. 11 and the accompanying discussion have shown that 
the rate and frequency of change of temperature in the brick 
at position 2, in the lower part of the side wall of the oil-fired fur- 
nace, were not greater than in a brick in a powdered-coa) furnace 
in which the temperature was similar, but where spalling was not 
a factor in the failure of the refractories. Although the tem- 
perature changes in the oil-fired furnace may have been the imme- 
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diate cause of spalling, there were obviously some other factors 
present which were absent in the powdered-coal furnace. 

Pinching may have been a factor, but it was probably not one 
of major importance; the dimensions of the walls were not great, 
and the spalled face of the bricks was more nearly parallel to the 
original face than would be expected from a fracture by a com- 
pression force, which gives a fracture of greater depth at the 
sides than in the middle. 

Because the slag in the oil-fired furnace was of such different 
character from that in the coal-fired furnace, it is considered most 
probable that there was a close relation between the slag and 
the spalling. It is possible that some mineral or minerals sensi- 
tive to thermal shock formed in the slag or in the combination 
of slag and brick; or the mineral may have had a much different 
coefficient of thermal expansion from that of the brick, and frac- 
ture resulted from the difference in the contractions on cooling. 
The relatively deep fractures on the side and front walls bear 
out the former conception, and the thin fractures or peeling on 
the bridge wall, the latter. 

Petrographic examination by the Bureau of Standards to 
determine the minerals and their properties formed in the slag 
and bricks should furnish valuable information on the action 
causing spalling. 


SUMMARY OF INVESTIGATION 


The results of this investigation may be briefly summarized as 
follows: 

1 The range of values for the service conditions which govern 
the life of refractories in a furnace burning fuel oil with mechan- 
ical-atomizing burners has been determined and recorded. 

2 The maximum temperature measured in the furnace gases 
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was not higher than has been measured in stoker and powdered- 
coal fired furnaces; and, although the temperature in the area of 
flame impingement was higher than that of the gases, probably 
because of surface combustion, the temperature attained was 
not high enough to cause fusion of the refractory. The slag 
formed in the furnace was therefore the result of the fusion of 
the ash of the oil, but, because of its small amount, the slag did 
not cause severe erosion of the walls. However, it appears 
that the slag action was probably related to the spalling, be- 
cause it has been shown that this is the principal factor which 
is different from those obtaining in other furnaces in which 
spalling is not a cause of failure. 
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